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THIS MONTH IN

976 Carbon Footprint of General, Regional, and Combined Anesthesia for 
Total Knee Replacements

Health care produces greenhouse gases both directly (electricity and gas) and indirectly from emissions associated with consump-
tion of goods and services. For anesthesiologists to reduce their workplace carbon footprint, they must understand the sources 
and amounts of the greenhouse gases produced as they care for patients in the operating room. The carbon footprints in carbon 
dioxide equivalent emissions associated with general anesthesia (n = 9), spinal anesthesia (n = 10), and combined (general 
and spinal) anesthesia (n = 10) for total knee replacement surgery in Melbourne, Australia, were similar. Single-use equipment, 
electricity for the patient air warmer, and pharmaceuticals were major sources of carbon dioxide equivalent emissions across all 

anesthetics. Sevoflurane was a significant source of the carbon dioxide equivalent emissions of both general anesthesia and combined anesthesia. Washing 
and sterilizing reusable items contributed substantially to the carbon dioxide equivalent emissions of both spinal and combined anesthesia. Oxygen use was an 
important contributor to the carbon footprint of spinal anesthesia. See the accompanying Editorial on page 937. (Summary: M. J. Avram. Image: “This is the waste 
of one operation…my operation” by Dutch spacial artist Maria Koijck, created with waste generated during her own surgery; cover photograph by Eva Glasbeek, 
published with permission from the artist.)

992 Spinal Anesthesia with Targeted Sedation based on Bispectral Index 
Values Compared with General Anesthesia with Masked Bispectral Index 
Values to Reduce Delirium: The SHARP Randomized Controlled Trial

The estimated incidence of postoperative delirium after lumbar spine fusion surgery, which is common in older adults, is 10 to 
30%. The hypothesis that spinal anesthesia with targeted light sedation based on bispectral index (BIS) values (BIS more than 60 
to 70) would reduce the incidence of postoperative delirium compared to general anesthesia with masked BIS values was tested 
in a randomized controlled superiority trial of 217 older patients undergoing lumbar spine fusion surgery. The median (interquartile 
range) average BIS value in the spinal anesthesia group was 62 (53 to 70), whereas that in the general anesthesia group was 45 

(41 to 50). The overall incidence of delirium, defined as any positive assessment during hospitalization, was 22% (48 of 217). The incidence of delirium in the 
spinal anesthesia group, 25% (28 of 111), was not different from that of the general anesthesia group, 19% (20 of 106), in the intention-to-treat analysis; the 
absolute difference (95% CI) was 6.4% (–4.6 to 17.4%) and the relative risk (95% CI) was 1.22 (0.85 to 1.76). See the accompanying Editorial on page 940. 
(Summary: M. J. Avram. Image: J. P. Rathmell.)

1004 Pressure Support versus Spontaneous Ventilation during Anesthetic 
Emergence—Effect on Postoperative Atelectasis: A Randomized 
Controlled Trial

Postoperative atelectasis is a common pulmonary complication that increases the risk of hypoxemia and provides the pathophysi-
ologic basis for other postoperative pulmonary complications. Laparoscopic colectomy and robot-assisted laparoscopic prostatec-
tomy are associated with a higher risk of postoperative atelectasis due to the high intra-abdominal pressure and the Trendelenburg 
position. The hypothesis that pressure support ventilation reduces the incidence of postoperative atelectasis compared to sponta-
neous respiration with intermittent manual assistance was tested in a randomized, controlled, patient- and evaluator-blinded trial 

of 97 patients undergoing laparoscopic colectomy or robot-assisted laparoscopic prostatectomy. All patients were evaluated using lung ultrasonography 30 min 
after their postanesthesia care unit arrival. Anesthesia-induced atelectasis was considered to be clinically significant if more than three of the twelve lung sections 
evaluated showed any sign of atelectasis. The incidence of postoperative atelectasis diagnosed by lung ultrasonography was 33% (16 of 48) in the pressure 
support group and 57% (28 of 49) in the control group; the risk ratio (95% CI) was 0.58 (0.35 to 0.91). See the accompanying Editorial on page 943. (Summary: 
M. J. Avram. Image: J. P. Rathmell.)

1091 Preoperative Paravertebral Block and Chronic Pain after Breast Cancer 
Surgery: A Double-blind Randomized Trial

Chronic pain after breast cancer surgery is frequent and affects quality of life. The existing evidence on the role of paravertebral 
block in preventing chronic pain after breast cancer surgery is weak and conflicting. The hypothesis tested in a double-blind, 
randomized, placebo-controlled study of 352 patients undergoing partial or complete mastectomy with or without lymph node 
dissection for cancer was that preoperative ultrasound-guided paravertebral block with ropivacaine reduces the incidence of pain 
greater than or equal to 3 on a 0 to 10 visual analog scale 3 months after surgery. In the intention-to-treat population, 93 of 178 
(52%) patients in the paravertebral block group and 83 of 174 (48%) patients in the control group had pain greater than or equal to 

3 on the visual analog scale 3 months after surgery. The associated odds ratio (95% CI) was 1.20 (0.79 to 1.82). Similar results were obtained for the secondary 
outcomes of pain greater than or equal to 3 at 6 and 12 months after surgery. (Summary: M. J. Avram. Image: Adobe Stock.)
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1076 Treatments Associated with Lower Mortality among Critically Ill COVID-
19 Patients: A Retrospective Cohort Study

The mortality rate of critically ill COVID-19 patients admitted to intensive care units declined over time from approximately 50% in 
the early stage of the pandemic, possibly due to effective treatments. This retrospective cohort study used multivariable analysis 
to test the hypothesis that certain treatments would be associated with lower mortality in 2,070 patients treated for COVID-
19–related complications in the intensive care units of six hospitals affiliated with an academic North American health system 
from February 2020 to March 2021. Only treatments that were used in at least 5% of patients were included in the analysis. The 
all-cause in-hospital mortality was 29% (593 of 2,070). The results of the 23 hypotheses tested, corresponding to all treatments 

included in the multivariable analyses, were corrected for multiple hypothesis testing using the Bonferroni method. Of 23 treatments analyzed, apixaban (used in 
20% [408 of 2,072] of patients; hazard ratio [95% CI], 0.42 [0.34 to 0.52]) and aspirin (used in 66% [1,335 of 2,072] of patients; hazard ratio [95% CI], 0.72 
[0.54 to 0.96]) were associated with lower mortality. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1042 Effect of Global Ventilation to Perfusion Ratio, for Normal Lungs, on 
Desflurane and Sevoflurane Elimination Kinetics

Understanding the elimination kinetics of inhaled anesthetics is of more practical importance than understanding their uptake 
kinetics. Normal lungs are assumed to play a major role in the elimination of inhaled anesthetics in the early rapid stages and a 
negligible role subsequently. The fraction of cardiac output that is completely cleared of anesthetic in one pass is the fractional 
clearance. A mathematical model of inhaled anesthetic elimination was developed in a post hoc analysis of anesthetic partial 
pressures measured in mixed venous and arterial blood samples after simultaneous administration of desflurane and sevoflurane 
to seven piglets under normal, low, and high alveolar ventilation to cardiac output ratio (V ̇

A
/Q̇) conditions. After a brief and rapid 

decline in alveolar anesthetic partial pressure, the fractional clearance of anesthetic became constant, and incomplete clearance from the lungs slowed tissue 
washout. Slowing of tissue elimination by incomplete lung clearance became more pronounced at low V̇

A
/Q̇ ratios and was predicted to become more pronounced 

as blood/gas solubility increases. See the accompanying Editorial on page 948. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1122 Prevention of Healthcare-associated Infections in Intensive Care Unit 
Patients (Clinical Focus Review)

Healthcare-associated infections in higher-income countries affect up to 30% of intensive care unit (ICU) patients who are vul-
nerable because of not only underlying comorbidities and immunosuppression but also the presence of invasive catheters and 
devices. They increase morbidity, mortality, and costs. Surgical site infection, central line–associated bloodstream infection, and 
ventilator-associated events are strongly associated with mortality, whereas catheter-associated urinary tract infection is not 
consistently associated with it. Contact transmission is the most common route by which healthcare-associated infections are 
spread in the ICU. This Clinical Focus Review discusses evidence-based strategies for reducing healthcare-associated infections 

in ICU patients, ranging from hand hygiene and transmission-based precautions to hospital Infection prevention departments with dedicated personnel to perform 
healthcare-associated infection surveillance and implement control measures. Specific strategies discussed include appropriate perioperative antibiotic prophy-
laxis to prevent surgical site infection, the use of chlorhexidine as an adjunct for central line–associated blood stream infection prevention, and antimicrobial 
stewardship to prevent Clostridioides difficile infection. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1132 Sleep, Pain, and Cognition: Intervenable Targets for Optimal Perioperative 
Brain Health (Review Article)

Perioperative neurocognitive disorders include postoperative delirium, delayed neurocognitive recovery, and postoperative neuro-
cognitive disorder. Postoperative delirium is an acute, fluctuating disturbance in attention and awareness that is associated with 
higher risk of long-term cognitive impairment and poor functional outcomes. Delayed neurocognitive recovery and postoperative 
neurocognitive disorder are characterized by deficits in memory and executive function that are barriers to optimal functional 
recovery. Three intervenable targets to consider in a multicomponent intervention designed to optimize perioperative brain health 
are sleep, pain, and cognition. Sleep and circadian disturbances are risk factors for development of neurodegenerative diseases, 

which are predisposing factors for postoperative delirium. Severe or uncontrolled preoperative or postoperative pain and increased levels of pain from the preop-
erative to the postoperative period are associated with postoperative delirium. Poor baseline cognition is strongly associated with perioperative neurocognitive dis-
orders. Multicomponent interventions optimizing sleep, pain relief, and cognition can be effective in preventing postoperative delirium, but further work is needed 
to determine if they can prevent delayed neurocognitive recovery and postoperative neurocognitive disorder. (Summary: M. J. Avram. Image: From original article.)
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  The carbon footprint in carbon dioxide equivalent emissions associated 
with general anesthesia (n = 9), spinal anesthesia (n = 10), and combined 
(general and spinal) anesthesia (n = 10) for total knee replacement surgery 
in Melbourne, Australia, were similar. Single-use equipment, electricity 
for the patient air warmer, and pharmaceuticals were major sources of 
carbon dioxide equivalent emissions across all anesthetics. Sevoflurane 
was a significant source of the carbon dioxide equivalent emissions of 
both general anesthesia and combined anesthesia. Washing and sterilizing 
reusable items contributed substantially to the carbon dioxide equivalent 
emissions of both spinal and combined anesthesia. Oxygen use was an 
important contributor to the carbon footprint of spinal anesthesia.  

◇

◇◆

ON THE COVER: Health care itself contributes to climate change. Anesthesia is a “carbon hotspot,” yet few data exist to 
compare anesthetic choices. In this issue of Anesthesiology, McGain et al. examined the carbon dioxide equivalent emissions 
associated with general anesthesia, spinal anesthesia, and combined (general and spinal anesthesia) during a total knee replace-
ment. In an accompanying editorial, Struys and Eckelman discuss how practicing anesthesiologists can lower the environmen-
tal footprint of anesthesia. Cover Design: A. Johnson, Vivo Visuals Studio. Cover Image: “This is the waste of one operation…
my operation” by Dutch spacial artist Maria Koijck, created with waste generated during her own surgery. Cover Photograph: 
Eva Glasbeek, published with permission from the artist.
•  McGain et al.: Carbon Footprint of General, Regional, and Combined Anesthesia for Total Knee Replacements, p. 976
•  Struys and Eckelman: Environmental Footprint of Anesthesia: More than Inhaled Anesthetics! p. 937
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Spinal Anesthesia with Targeted Sedation based on Bispectral Index 
Values Compared with General Anesthesia with Masked Bispectral 
Index Values to Reduce Delirium: The SHARP Randomized Controlled 
Trial

C. H. Brown IV, C. Edwards II, C. Lin, E. L. Jones, L. R. Yanek,  
M. Esmaili, Y. Gorashi, R. Skelton, D. Kaganov, R. Curto, N. L. Lessing,  
S. Cha, E. Colantuoni, K. Neufeld, F. Sieber, C. L. Dean,  
C. W. Hogue ..................................................................................992

This prospective single-center trial randomized patients undergoing spine 
surgery to spinal anesthesia with targeted sedation to Bispectral Index 
greater than 60 to 70 versus general anesthesia without Bispectral Index 
guidance. There was no difference in the incidence of postoperative 
delirium between randomized groups in the trial. Future studies are needed 
to determine whether these findings can be replicated at other centers and 
whether the results differ by cognitive status.

Pressure Support versus Spontaneous Ventilation during Anesthetic 
Emergence—Effect on Postoperative Atelectasis: A Randomized 
Controlled Trial

H. Jeong, P. Tanatporn, H. J. Ahn, M. Yang, J. A. Kim,  
H. Yeo, W. Kim .............................................................................1004

A randomized trial in patients undergoing laparoscopic colectomy or 
robot-assisted prostatectomy compared pressure support ventilation 
to spontaneous ventilation with intermittent manual assistance during 
anesthetic emergence. The outcome was atelectasis in the postanesthesia 
recovery unit, using lung ultrasound. The incidence of atelectasis was 
significantly lower and the Pao

2
 was significantly higher with pressure 

support ventilation; however, in the 48-h postoperative observation period, 
the incidence of oxygen saturation measured by pulse oximetry less than 
92% was not different between groups.

Preoperative Opioid Utilization Patterns and Postoperative Opioid 
Utilization: A Retrospective Cohort Study

C. A. Rishel, M. S. Angst, E. C. Sun ...............................................1015

In a national claims database of 57,000 chronic opioid users undergoing 
common surgical procedures, 41, 22, and 37%, respectively, had stable, 
decreasing, or increasing preoperative opioid utilization (more than 20% 
change). After adjustment for potential confounders, 96, 89, and 94% 
of patients with stable, decreasing, or increasing preoperative opioid use 
utilized opioids (prescriptions filled) between postoperative days 91 and 
365. All three groups had similar average daily oral morphine milligram 
equivalent utilization. Changes in preoperative opioid utilization were not 
associated with clinically significant differences in postoperative opioid 
utilization.

BASIC SCIENCE

Arterial and Mixed Venous Kinetics of Desflurane and Sevoflurane, 
Administered Simultaneously, at Three Different Global Ventilation to 
Perfusion Ratios in Piglets with Normal Lungs

M. Kretzschmar, J. E. Baumgardner, A. Kozian, T. Hachenberg,  
T. Schilling, G. Hedenstierna, A. Larsson .......................................1027

The washin and washout kinetics of simultaneously administered 
desflurane and sevoflurane were assessed in seven piglets by measuring 
P

mv
 and P

art
 during uptake and elimination under normal, low, and high 

ventilation/perfusion ratio (V̇
A
/Q̇) conditions. Faster arterial kinetics for 

desflurane were generally maintained for both washin and washout under 
all V̇

A
/Q̇ conditions. The low V̇

A
/Q̇ condition decreased the differences in 

scaled P
art

 between 0 and 5 min; the high V̇
A
/Q̇ condition increased these 

differences from the low V̇
A
/Q̇ value to a value approaching or exceeding 

the value for normal V̇
A
/Q̇. Mixed venous kinetics were slower than arterial 

kinetics for washin and washout and were less influenced by V̇
A
/Q̇.

Effect of Global Ventilation to Perfusion Ratio, for Normal Lungs, on 
Desflurane and Sevoflurane Elimination Kinetics

J. E. Baumgardner, M. Kretzschmar, A. Kozian, T. Hachenberg,  
T. Schilling, A. Larsson, G. Hedenstierna .......................................1042

A mathematical model of inhaled anesthetic elimination was developed 
in a post hoc analysis of anesthetic partial pressures measured 
in mixed venous and arterial blood samples after simultaneous 
administration of desflurane and sevoflurane to seven piglets under 
normal, low, and high ventilation/perfusion ratio conditions. After a brief 
and rapid decline in alveolar anesthetic partial pressure, the fractional 
clearance of anesthetic became constant, and incomplete clearance 
from the lungs slowed tissue washout. Slowing of tissue elimination by 
incomplete lung clearance became more pronounced at low ventilation/
perfusion ratios, and was predicted to become more pronounced as 
blood/gas solubility increases.

Intubation Biomechanics: Clinical Implications of Computational 
Modeling of Intervertebral Motion and Spinal Cord Strain during 
Tracheal Intubation in an Intact Cervical Spine

B. C. Gadomski, B. J. Hindman, M. I. Page, F. Dexter,  
C. M. Puttlitz ...............................................................................1055

Based on simulation of an adult cervical spine, pathologic motion does not 
occur even with intubation force up to twice that commonly encountered 
during routine tracheal intubation. However, in patients who have increased 
susceptibility to strain-related cord injury, potentially injurious cord strain 
may occur during routine tracheal intubation conditions.
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Critical Care Medicine

CLINICAL SCIENCE

Respiratory Drive in Patients with Sepsis and Septic Shock: 
Modulation by High-flow Nasal Cannula

T. Mauri, E. Spinelli, B. Pavlovsky, D. L. Grieco, I. Ottaviani, M. C. Basile,  
F. D. Corte, G. Pintaudi, E. Garofalo, A. Rundo, C. A. Volta,  
A. Pesenti, S. Spadaro .................................................................1066

Respiratory drive and effort and dynamic lung compliance were evaluated 
in 25 nonintubated patients with extrapulmonary sepsis or septic shock 
using arterial blood gases, esophageal pressure monitoring, and electrical 
impedance tomography at baseline with low-flow nasal oxygen therapy, 
during high-flow nasal cannula support and again with low-flow nasal 
oxygen therapy. Patient comfort was evaluated using a 10-point visual 
analog scale at each step. High-flow nasal oxygen therapy significantly 
reduced elevated respiratory drive and effort. There was no correlation 
between patient perceived comfort and measures of drive and effort. The 
impact of the findings from this physiologic study on patient outcome 
remain to be determined.

Treatments Associated with Lower Mortality among Critically Ill 
COVID-19 Patients: A Retrospective Cohort Study

X. Zhao, C. Gao, F. Dai, M. M. Treggiari, R. Deshpande, L. Meng ....1076

In a retrospective cohort consisting of 2,070 critically ill COVID-19 patients 
treated in six hospitals, multivariable regression analysis showed lower 
in-hospital mortality associated with apixaban, aspirin, or enoxaparin 
treatment. Propensity score–matching analyses demonstrated lower 
mortality for patients receiving apixaban (27% [96 of 360] vs. 37% [133 
of 360]), aspirin (26% [121 of 473] vs. 30% [140 of 473]), or enoxaparin 
(25% [87 of 347] vs. 34% [117 of 347]) compared to matched controls.

Pain Medicine

CLINICAL SCIENCE

Preoperative Paravertebral Block and Chronic Pain after Breast 
Cancer Surgery: A Double-blind Randomized Trial

A. Albi-Feldzer, S. Dureau, A. Ghimouz, J. Raft, J.-L. Soubirou,  
G. Gayraud, C. Jayr .....................................................................1091

More than 350 study participants undergoing mastectomy were 
randomized to either paravertebral blocks with ropivacaine or saline 
injections. Both groups received multimodal analgesia. Although 
paravertebral block using ropivacaine had a small analgesic effect in the 
immediate postoperative period, no differences in pain 3, 6, and 12 months 
after surgery were detected.

Postoperative Pain and Age: A Retrospective Cohort Association Study
J. F. M. van Dijk, R. Zaslansky, R. L. M. van Boekel, J. M. Cheuk-Alam,  
S. J. Baart, F. J. P. M. Huygen, M. Rijsdijk ......................................1104

Data from the PAIN OUT registry involving more than 11,000 patients 
undergoing spinal surgery, joint replacement, and laparoscopic 
cholecystectomy were used in a retrospective cohort analysis. Pain reported 
postoperative day 1 declined slightly with age. Severe postoperative pain 
was prevalent regardless of age or surgical type.
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Systemic Air Embolism during Percutaneous Transthoracic Lung 
Biopsy

V. Arora, G. Burks ........................................................................1120

Tracheal Varicose Veins Associated with Klippel–Trenaunay Syndrome
K. Mukaihara, K. Godai, T. Moriyama ............................................1121

CLINICAL FOCUS REVIEW

Prevention of Healthcare-associated Infections in Intensive Care Unit 
Patients

M. Mazzeffi, S. Galvagno, C. Rock ................................................1122

Healthcare-associated infections contribute to morbidity, mortality, and 
increased cost in intensive care unit patients. Understanding evidence-
based prevention strategies can help to optimize patient outcomes.

REVIEW ARTICLE

Sleep, Pain, and Cognition: Modifiable Targets for Optimal 
Perioperative Brain Health

B. P. O’Gara, L. Gao, E. R. Marcantonio, B. Subramaniam ..............1132

Multicomponent interventions are effective in preventing postoperative 
delirium, and work is ongoing to determine whether they can be effective 
in preventing other postoperative neurocognitive disorders. Interventions 
optimizing sleep, pain, and cognition are essential components for 
clinicians to include in strategies to maximize the recovery of body and 
mind of vulnerable patients.
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Key Papers from the Most Recent Literature Relevant to Anesthesiologists 

SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST 

Martin J. London, M.D., Editor

An ACE inhibitor reduces bactericidal activity of human neutrophils in vitro and 
impairs mouse neutrophil activity in vivo. Sci Transl Med 2021; 13:eabj2138. 
PMID: 34321319.
Angiotensin-converting enzyme (ACE) inhibitors represent a valuable class of drugs used to treat hypertension, diabetic kidney 
disease, and heart failure. Recent evidence suggests that ACE inhibitors can negatively affect neutrophil function. In a transla-
tional study using in vitro cellular experiments and in vivo mouse models, loss of ACE activity either by ACE inhibition (ramipril) 
or gene deletion (knockout model) reduced the capacity of murine neutrophils to produce an oxidative burst and thus eliminate 
bacteria such as Staphylococcus aureus, Pseudomonas aeruginosa, or Klebsiella pneumoniae. In contrast, the angiotensin 

receptor blocker losartan had no adverse effect. In vivo, ACE inhibitor administration increased susceptibility to infection in a murine model of endocarditis 
in a manner similar to an ACE knockout strain alone (ACE knockout 100% infected, wild type treated with ramipril 90% infected, wild type untreated 40% 
infected). It also reduced the probability of survival (all ACE knockout mice dead after 3 days vs. only 40% of wild-type mice). In seven healthy human vol-
unteers, neutrophils collected after short-term ramipril treatment (5 mg daily for 1 week) showed reduced antibacterial activity compared with neutrophils 
from volunteers without ramipril exposure or after a 7-day drug washout. (Article Selection: Michael Zaugg, M.D., M.B.A., F.R.C.P.C. Image: Adobe Stock.)
Take home message: These translational studies suggest a potentially detrimental and as yet unrecognized effect on the immune response to bacterial 
infections by an otherwise highly beneficial angiotensin-converting enzyme inhibitor.

Second asymptomatic carotid surgery trial (ACST-2): A randomised compar-
ison of carotid artery stenting versus carotid endarterectomy. Lancet 2021; 
398:1065–73. PMID: 34469763.
The relative clinical benefit and safety of prophylactic carotid endarterectomy versus carotid arterial stenting in preventing 
stroke in patients with asymptomatic severe (70 to 99%) carotid stenosis is unclear. Asymptomatic patients (N = 3,625) with 
severe unilateral or bilateral carotid stenosis recruited from 130 centers in 33 countries were randomly allocated to receive 
either carotid endarterectomy or stenting and followed annually for a mean of 5 yr. Overall, 1% had a disabling stroke or death 
and 2% a nondisabling stroke periprocedurally (30 days). There were no significant differences between the groups, except 

that slightly more patients having a stenting procedure had nondisabling procedural strokes (2.7% vs. 1.6%, P = 0.03). There was no difference in subse-
quent strokes over the 5-yr follow-up: 5.3% after stenting versus 4.5% after endarterectomy (rate ratio = 1.16; 95% CI, 0.86 to 1.57; P = 0.33). Combining 
rate ratios for any nonprocedural stroke in all previous published trials (this trial doubled the number of available subjects), the rate ratio between stenting and 
endarterectomy was similar in both symptomatic and asymptomatic patients (overall rate ratio = 1.11; 95% CI, 0.91 to 1.32; P = 0.21). (Article Selection: 
Jamie Sleigh, Ph.D. Image: J. P. Rathmell.)
Take home message: Carotid endarterectomy or stenting have similar periprocedural stoke risks and effect on stroke prevention at 5 yr in patients with 
asymptomatic severe carotid stenosis.

Therapeutic anticoagulation with heparin in critically ill patients with COVID-19. 
N Engl J Med 2021; 385:777–89. PMID: 34351722.
COVID-19 is known to be associated with lethal thrombotic complications. Although prophylactic and therapeutic anticoagula-
tion have been recommended, the optimal strategy remains controversial. This pragmatic international, adaptive, multiplatform 
(three trials with independent data and safety monitoring boards reporting from 393 sites in 10 countries), randomized, 
controlled trial aimed to determine whether an initial strategy of therapeutic anticoagulation with unfractionated or low- 
molecular–weight heparin improved in-hospital survival and reduced the duration support in critically ill patients with COVID-
19. The primary outcome was organ support–free days (cardiovascular or respiratory) up to day 21 for survivors on an ordinal 

scale (death in hospital by day 90 assigned –1). A total of 1,098 patients were assigned to either standard of care (n = 564) or therapeutic anticoagulation 
(n = 534). The percentage of patients who survived to hospital discharge was similar in the two groups (63% and 65%, respectively; adjusted odds ratio, 
0.84; 95% credible interval, 0.64 to 1.11). The median value for organ support-free days was 1 (interquartile range, −1 to 16) among the patients receiving 
therapeutic anticoagulation and was 4 (interquartile range, −1 to 16) among the patients receiving standard of care anticoagulation (adjusted proportional 
odds ratio, 0.83; 95% credible interval, 0.67 to 1.03). (Article Selection: David Faraoni, M.D., Ph.D. Image: J. P. Rathmell.)
Take home message: In critically ill patients with COVID-19, therapeutic anticoagulation was not associated with better survival rates or reduced days of 
intensive care support when compared to standard of care thromboprophylaxis.

SMAMARTIN J. LONDON, M.D., EDITOR

ANESTHESIOLOGY, V 135   •   NO 6 DECEMBER 2021 DOI: 10.1097/ALN.0000000000004069
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Key Papers from the Most Recent Literature Relevant to Anesthesiologists 

Therapeutic anticoagulation with heparin in noncritically ill patients with 
COVID-19. N Engl J Med 2021; 385:790–802. PMID: 34351721.
The role of prophylactic anticoagulation in noncritically ill patients with COVID-19 is uncertain. This open-label, adaptive, 
multiplatform (three trials with independent data and safety monitoring boards reporting from 121 sites in 9 countries), 
controlled trial randomized noncritically ill COVID-19 patients (absence of critical care–level organ support at enrollment) to 
receive either therapeutic anticoagulation with heparin or usual care thromboprophylaxis. The primary outcome was organ 
support–free days, evaluated on an ordinal scale that combined in-hospital death (assigned a value of −1) and the number 
of days free of cardiovascular or respiratory organ support up to day 21. A total of 1,181 patients were enrolled in the group 

receiving therapeutic anticoagulation and 1,050 were enrolled in the usual care group. Prespecified criteria for superiority were set. Among 2,219 patients 
in the final analysis, the probability that therapeutic anticoagulation led to greater support–free days when compared to usual care was 98.6% (adjusted 
odds ratio, 1.27; 95% credible interval, 1.03 to 1.58). The adjusted absolute between–group difference in survival until hospital discharge without organ 
support favoring therapeutic anticoagulation was 4.0 percentage points (95% credible interval, 0.5 to 7.2). Major bleeding occurred more commonly in 
those on therapeutic anticoagulation (1.9% vs. 0.9%). (Article Selection: David Faraoni, M.D., Ph.D. Image: Adobe Stock.)
Take home message: Noncritically ill patients with COVID-19 and therapeutic anticoagulation had a greater probability of survival to hospital discharge 
with reduced use of cardiovascular or respiratory organ support as compared to standard of care.

Dual antiplatelet therapy after PCI in patients at high bleeding risk. N Engl J 
Med 2021 Aug 28 [Epub ahead of print]. PMID: 34449185.
Patients with a high risk of bleeding were randomized to discontinue dual antiplatelet therapy immediately (abbreviated 
therapy) or to continue for at least 2 additional months (standard therapy) 1 month after receiving a biodegradable-polymer 
sirolimus-eluting coronary stent. Primary outcomes assessed at 335 days were adverse clinical events (death from any 
cause, myocardial infarction, stroke, or major bleeding), major adverse cardiac or cerebral events (death from any cause, 
myocardial infarction, or stroke), and major or clinically relevant bleeding. The first two outcomes were assessed for 
noninferiority in the per-protocol population (4,434 patients), and the third outcome for superiority in the intention-to-treat 

population (4,579 patients). Adverse events occurred in 165 abbreviated therapy patients (7.5%) and in 172 standard therapy patients (7.7%; −0.23 
percentage point difference; 95% CI, −1.80 to 1.33; P < 0.001 for noninferiority). A total of 133 abbreviated therapy patients (6.1%) and 132 standard 
therapy patients (5.9%) had a major adverse cardiac or cerebral event (0.11 percentage point difference; 95% CI, −1.29 to 1.51; P = 0.001 for non-
inferiority). Major or clinically relevant nonmajor bleeding occurred in 148 abbreviated therapy patients (7%) and in 211 standard therapy patients (9%) 
(−2.82 percentage point difference; 95% CI, −4.40 to −1.24; P < 0.001 for superiority) in the intention-to-treat population. (Article Selection: BobbieJean 
Sweitzer, M.D., F.A.C.P. Image: J. P. Rathmell.)
Take home message: After the implantation of a sirolimus-eluting coronary stent, dual antiplatelet therapy for 1 month was noninferior to at least 2 
additional months with regard to adverse clinical events and major adverse cardiac or cerebral events, while resulting in a lower incidence of major or 
clinically relevant nonmajor bleeding.

Effect of low–normal vs high–normal oxygenation targets on organ dysfunc-
tion in critically ill patients: A randomized clinical trial. JAMA 2021; 326:940–
8. PMID: 34463696.
Controversy exists regarding the safety of hyperoxemia in patients with critical illness. This randomized clinical trial included 
400 adult patients in The Netherlands (median age, 68 yr; 35% female; 72 to 73% intubated) admitted with two or more 
systemic inflammatory response criteria excluding elective surgical admissions. The low–normal oxygen target group (n 
= 205) had Pao

2
 maintained between 8 and 12 kPa versus high–normal (n = 195) between 14 and 18 kPa. The primary 

outcome was a ranked outcome score of nonrespiratory organ failure quantified by components of the Sequential Organ 
Failure Assessment score (SOFARANK; lower scores indicate faster organ failure improvement) summed over the first 14 days, intensive care unit dis-
charge or death. The median Pao

2
 difference between the groups was −1.9 kPa (95% CI, −2.1 to −1.7; P < 0.001). The median SOFARANK score was 

−35 points in the low–normal Pao
2
 group versus −40 in the high–normal Pao

2
 group (median difference, 10; 95% CI, 0 to 21; P = 0.06). Median duration 

of mechanical ventilation (3.4 vs. 3.1 days; median difference, −0.15; 95% CI, −0.88 to 0.47; P = 0.59) and in-hospital mortality (32% vs. 31%; odds 
ratio, 1.04; 95% CI, 0.67 to 1.63; P = 0.91) were similar. (Article Selection: Martin J. London, M.D. Image: J. P. Rathmell.)
Take home message: Among patients admitted to the ICU with two or more systemic inflammatory response syndrome criteria, targeting a low–normal 
Pao

2
 versus a high–normal Pao

2
 had no significant impact on nonrespiratory organ dysfunction.
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Haemodynamic-guided management of heart failure (GUIDE-HF):  
A randomised controlled trial. Lancet 2021; 398:991–1001. PMID: 31150790.
Hemodynamic-guided management via implantable pulmonary artery pressure monitors has been shown to reduce heart 
failure hospitalizations in patients with moderately symptomatic (New York Heart Association functional class III) heart failure 
irrespective of ejection fraction. Its role in patients across the spectrum of heart failure severity has not been determined. 
The hemodynamic-GUIDEd management of heart failure (GUIDE-HF) trial was a multicenter, single-blind study at 118 cen-
ters in the United States and Canada incorporating a randomized arm (among a larger ongoing single-arm observational 
study). One thousand patients of varying ejection fractions, New York Heart Association functional class II–IV chronic heart 

failure, and either a recent heart failure hospitalization or elevated natriuretic peptides with successful implantation of a pulmonary artery pressure monitor 
were randomized to either hemodynamic-guided heart failure or a usual care control group. The primary endpoint was a composite of all-cause mortality 
and total heart failure events (heart failure hospitalizations and urgent heart failure hospital visits) at 12 months. There were 253 primary endpoint events 
(0.563 per patient-year) in the hemodynamic-guided management group and 289 (0.640 per patient-year; hazard ratio, 0.88; 95% CI, 0.74 to 1.05; P =  
0.6). A prespecified pre-COVID-19 impact analysis demonstrated a significant effect (hazard ratio, 0.81; 95% CI, 0.66 to 1.00; P = 0.049). (Article 
Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: Overall, hemodynamic-guided management of heart failure did not result in a lower composite endpoint rate of mortality and total 
heart failure events. However, a pre-COVID-19 impact analysis indicated a possible benefit of hemodynamic-guided management on the primary outcome 
in the pre-COVID-19 period, driven by a lower heart failure hospitalization rate.

Effect of lower tidal volume ventilation facilitated by extracorporeal carbon 
dioxide removal vs standard care ventilation on 90-day mortality in patients 
with acute hypoxemic respiratory failure: The REST randomized clinical trial. 
JAMA 2021; 326:1013–23. PMID: 34463700.
The role of extracorporeal carbon dioxide removal to facilitate further reduction in tidal volume below the current 6 ml/kg 
standard in patients with acute hypoxemic respiratory failure has not been tested. This multicenter, randomized, open-label, 
pragmatic clinical trial with a planned sample size of 1,120 from 51 intensive care units in the United Kingdom randomized 
patients to lower tidal volume ventilation (3 ml/kg ideal body weight) facilitated by extracorporeal carbon dioxide removal for 

48 h to 7 days (n = 202) or conventional low tidal volume ventilation (6 ml/kg ideal body weight; n = 210). The primary outcome was all-cause mortality 
90 days after randomization. Among 412 patients who were randomized (mean age, 59 yr; 35% female), 405 completed the trial. The trial was stopped 
early by the data monitoring and ethics committee for futility. There was no significant difference in the primary outcome (42% in the extracorporeal carbon 
dioxide removal group vs. 40% in the standard care group; risk ratio, 1.05; 95% CI, 0.83 to 1.33; difference, 2%; 95% CI, −7.6 to 11.5%; P = 0.68). 
Serious adverse events occurred in 31% in the extracorporeal carbon dioxide removal group versus 9% in the standard care group, including intracranial 
hemorrhage (5% vs. 0%). (Article Selection: Martin J. London, M.D. Image: J. P. Rathmell.)
Take home message: The use of extracorporeal carbon dioxide removal to facilitate lower tidal volume mechanical ventilation in patients with acute 
hypoxemic respiratory failure, compared to standard care, did not significantly reduce 90-day mortality and was associated with more adverse events.

Tracheal aspirate RNA sequencing identifies distinct immunological features 
of COVID-19 ARDS. Nat Commun 2021; 12:5152. PMID: 34446707.
Transcriptional profiling of RNA from tracheal aspirates from ventilated patients with acute respiratory distress syndrome 
(ARDS) revealed dysregulated host responses with reduced proinflammatory gene expression in patients with COVID-19 
compared to patients with other etiologies. The findings conflict with the classical “cytokine storm” hypothesis proposed in 
other studies of COVID-19 ARDS. A complex picture of upregulation of genes with nontraditional roles in inflammation and 
granulocyte colony-stimulating factor signaling were identified and were predicted to be therapeutically decreased by dexa-
methasone. Increased phosphatase and tensin homolog protein, interferon-γ and ciliary neurotrophic factor gene expres-

sions were present with decreased genes classically activated by IL-10, an anti-inflammatory cytokine. These findings demonstrate that dysregulated 
inflammatory activation combined with impaired attenuation of inflammation (e.g., decreased IL-10) may contribute to COVID-19 ARDS. In silico modeling 
was used to predict which therapeutics would target dysregulated gene expressions using a database containing 13,000 drug treatment-induced tran-
scriptional profiles. Dexamethasone had the highest predicted likelihood to counteract the dysregulated gene expression patterns. This matching of in 
silico predictions with clinical data for dexamethasone provides a remarkable translational correlation with the identified dysregulated gene profiles herein. 
(Article Selection: Charles Emala, M.D. Image: J. P. Rathmell.)
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Take home message: RNA profiling of genes in the tracheal aspirates of ventilated patients with ARDS from COVID-19 challenges the classical descrip-
tion of “cytokine storm” and instead reveals a complex upregulation of genes not classically linked to inflammation and immunity and the downregulation 
of anti-inflammatory genes. In silico profiling predicted dexamethasone would have beneficial effects on these dysregulated genes.

Battery-free, wireless soft sensors for continuous multi-site measurements 
of pressure and temperature from patients at risk for pressure injuries. 
Nature Commun 2021; 12:5008. PMID: 34429436.
Continuous monitoring of pressure and temperature at critical skin locations has the potential to reduce pressure injuries in a 
variety of hospitalized or immobile patients, including those undergoing prolonged surgical procedures. This article introduces 
the development and operating characteristics of a soft, skin-mountable sensor system incorporating a pressure-responsive 
element using membrane deflection and battery-free, wireless operation using multisite measurements on vulnerable loca-
tions. Pressure and temperature are transmitted using a pair of antennas mounted under the bedding to a multiplexer at the 

bedside. The pressure sensor can measure pressures across the entire relevant range (less than 10 kPa) without hysteresis or drift, and with high degrees 
of linearity, verified in benchtop studies and numerical simulations. Clinical trials were conducted of two hemiplegic and a tetraplegic patient verifying the 
feasibility, functionality, and long-term stability of this technology in the clinical setting. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: A new class of wireless, battery-free soft skin sensors capable of reporting local pressure and temperature at multiple body sites 
has been developed, which ultimately may assist in reducing pressure injuries in immobilized patients.

Lactate sensing mechanisms in arterial chemoreceptor cells. Nat Commun 
2021; 12:4166. PMID: 34230483.
Although previously considered only a byproduct of anaerobic metabolism, lactate is gaining relevance as a signaling 
molecule. Murine models were used to evaluate the role of the carotid body in lactate signaling. Using mice with deficient 
carotid bodies and wild-type mice, they found that hypoxia-induced lactatemia was reduced by the carotid body. Lactate 
stimulated the carotid body in an external calcium-dependent manner, similar to the effects of hypoxemia. They found that 
lactate activates the carotid body specifically by binding to an atypical olfactory receptor (Olfr78) highly expressed in the 
glomus cells, the main oxygen-sensing arterial chemoreceptor cells of the carotid body. As lactate is transported into the 
glomus cells, it causes a rapid increase in the cytosolic NADH/NAD+ ratio, leading to action potential firing and calcium 

influx. It also leads to decreased intracellular pH and increased mitochondrial reactive oxygen species, further activating the glomus cells. These data 
demonstrate the importance of the carotid body to lactate homeostasis, and that lactate and hypoxia (although sensed by different mechanisms) share 
the same signaling pathway to activate the carotid body glomus cells and cause compensatory cardiorespiratory reflexes. (Article Selection: Meghan Prin, 
M.D., M.S. Image: Adobe Stock.)
Take home message: The carotid body glomus cells are lactate sensors and the carotid body is essential to lactate homeostasis. Lactate and hypoxia 
share the same signaling pathway to elicit compensatory cardiorespiratory responses.

Trends in prevalence of diabetes and control of risk factors in diabetes 
among US adults, 1999–2018. JAMA 2021; 326:704–16. PMID: 34170288.
Understanding the prevalence of diabetes as well as the control of risk factors for cardiovascular disease in diabetics are 
critical from a public health perspective. The data was evaluated from both the self-report interview and mobile examination 
components of the National Health and Nutrition Examination Survey (NHANES) reports from 1999 to 2000 through 2017 to 
2018 to identify trends in the prevalence of diabetes and cardiovascular risk factors. They found that the age-standardized  
prevalence of diabetes increased significantly from 9.8% (95% CI, 8.6 to 11.1%) in 1999 to 2000 to 14.3% (95% CI, 
12.9 to 15.8%) in 2017 to 2018 (P < 0.001). The trends in many subgroups, including men, women, and persons of all 

educational levels, showed similar patterns. Of particular concern, the prevalence of diabetes rose in populations already disproportionately affected, 
including Mexican Americans and those with abdominal obesity. Only 21% of those with diagnosed diabetes achieved their individualized hemoglobin A1c 
targets, blood pressure less than 130/80 mmHg, and low-density lipoprotein cholesterol level less than 100 mg/dl: three key goals in reducing the risk of 
cardiovascular disease. (Article Selection: J. David Clark, M.D., Ph.D. Image: Adobe Stock.)
Take home message: There has been a steady rise in the prevalence of diabetes in the American population over the past two to three decades with 
only approximately 20% achieving adequate control of cardiovascular risk factors.
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GA, general anesthesia; TIVA, total intravenous anesthetic.  
Infographic created by Jonathan P. Wanderer, Vanderbilt University Medical Center, and James P. Rathmell, Brigham and Women’s Health Care/Harvard Medical School. Illustration by 
Annemarie Johnson, Vivo Visuals Studio. Address correspondence to Dr. Wanderer: jon.wanderer@vumc.org.
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 Environmental Footprint of Anesthesia: More than Inhaled 
Anesthetics!       
      Michel M. R. F.     Struys    ,   M.D., Ph.D., F.R.C.A.    ,       Matthew J.     Eckelman    ,   Ph.D.                         

 Climate change is an increas-
ingly apparent global real-

ity. According to the new United 
Nations  (New York, New York) 
Intergovernmental Panel on 
Climate Change report, published 
on August 9, 2021, the scienti� c 
consensus is that there is still time 
to act, but immediate action is 
required and “demands strong and 
sustained reduction in carbon diox-
ide and other greenhouse gases.”  1 

Although fossil fuel burning is still 
the major source of greenhouse 
gas emissions, each sector can take 
action to reduce its share of emis-
sions, including indirect emissions 
that occur in the supply chain. 
A series of studies over the past 
half decade have revealed that the 
global environmental footprint of 
health care is signi� cant  2  ; its con-
tribution to total global greenhouse gas emissions (in car-
bon dioxide equivalents) is nearly 5%.  2 , 3   These studies make 
it clear that clinicians and health care professionals have a 
vital role to play in tackling climate change, deemed by the 
World Health Organization (Geneva, Switzerland) as “the 
greatest threat to global health in the 21st century.” 

 In recent years, various (inter)national anesthesia societ-
ies have launched initiatives to minimize the environmental 
impact of our profession, largely focusing on the manage-
ment of waste anesthetic gases.  4   Along with nitrous oxide, 
these halogenated ethers are themselves potent greenhouse 
gases with signi� cant global warming potentials. Taken 
together, their direct emissions are responsible for an esti-
mated 3% of the climate footprint of national healthcare 
systems in industrialized countries and can account for more 
than 50% of greenhouse gas emissions from the perioper-
ative chain.  5   Recommendations include the utilization of 
low fresh gas � ows, the avoidance of high-impact inhaled 

anesthetics (des� urane, nitrous 
oxide), the consideration of intra-
venous and regional techniques, 
and the investment in waste anes-
thetic gases trapping or destroying 
technology.  6 

 While the greatest emphasis 
to date in the anesthesia literature 
has understandably been on the 
carbon footprint of inhaled anes-
thetics,  4   they are just one envi-
ronmental consideration within 
the complex system of products 
and services that make up anes-
thesia practice. If we are to make 
evidence-based decisions on how 
to deliver perioperative care in the 
most sustainable manner, we need 
a holistic picture of what matters 
and what does not. “Life cycle” 
studies can provide this perspec-
tive and have been published on 

a range of products and procedures, often making com-
parisons among options. But as we all know, every case is 
unique. What has been mostly lacking to date is research 
that analyzes the environmental impacts of health care  across
multiple cases so that we can understand variations, quantify 
uncertainty, and test whether a recommendation is gener-
ally applicable or more case dependent.  7 

 In this issue of  Anesthesiology , McGain  et al . provide 
a detailed comparison of the carbon footprint of general, 
regional, and combined anesthesia for total knee replace-
ment in Australia, using a small cohort of 10 patients per 
group.  8   Aiming for a complete picture, they collected input 
data on anesthetic consumables, gases and drugs, and elec-
tricity for patient warming and the anesthesia machine. (In 
the general anesthesia group, sevo� urane or propofol was 
used, but no des� urane or nitrous oxide.) The investigators 
then conducted a Life Cycle Assessment to convert all of 
these input data into estimates of carbon footprint, with 

 “[What is] the carbon 
footprint of general, regional, 
and combined anesthesia?” 
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the hypothesis that spinal anesthesia would have the low-
est impacts. They instead observed that the mean value was 
similar for general, spinal, and combination approaches, with 
signi� cant overlap among the CIs. Within each group, there 
were large variations in results stemming from case-by-case 
di� erences in how anesthesia was administered. Examining 
the relative contributions of each input reveals some import-
ant trade-o� s and o� ers lessons for our own practices. 

 First considering the anesthetic agents, sevo� urane was 
an important contributor but did not dominate results. 
For general anesthesia, sevo� urane contributed an average 
of 4.7 kg carbon dioxide equivalents (range, 2.7 to 8.6 kg 
carbon dioxide equivalents) or 35% of the total carbon 
footprint. (It should be noted that the contribution of inha-
lational gases would certainly have been higher if des� urane 
or nitrous oxide were used in the included cases.) Patients 
receiving total intravenous anesthesia were at the low end 
of the range of general anesthesia results. In the combined 
group, the contribution of sevo� urane was only 19% on 
average. The spinal group of course had zero contribution 
from inhaled anesthetics, but this relative carbon savings was 
more than o� set (on average) by a large increase in emis-
sions from washing and sterilization of surgical items (4.5 kg 
carbon dioxide equivalents) and the production of oxygen 
(2.8 kg carbon dioxide equivalents) for high-� ow nasal can-
nula during locoregional anesthesia. 

 Other considerations were more consistent across 
groups. Single-use items have received much attention and 
contributed a substantial 25% of the total carbon footprint, 
with slightly higher results for the combined group. Perhaps 
surprisingly, the next largest contributor was electricity for 
the patient warmer at approximately 20%, while pharma-
ceuticals were nearly 10% of the total across groups. 

 What does this mean for clinical practice? Because of the 
large variations in results for each of the groups, the investi-
gators were able to note practices that led to lower impacts. 
Some were speci� c to the anesthetic technique applied, 
such as using low-� ow anesthesia or total intravenous 
anesthesia in general anesthesia or reducing oxygen � ows 
when possible for spinal anesthesia. Other recommenda-
tions cut across all techniques, such as reducing single-use 
plastics or improving energy e�  ciency of patient warmers. 
The shift from single-use to reusable items has been a focus 
of multiple studies with results showing environmental and 
economic bene� ts in nearly every case.  9 , 10   Taking multiple 
actions to reduce emissions was found to be more bene� cial 
than simply shifting to a di� erent anesthetic technique. 

 Although the study expanded the boundaries of what is 
typically included in a clinical care Life Cycle Assessment, 
it is impossible to consider every possible input and per-
mutation. Of particular note is the exclusion of heating, 
ventilation, and air conditioning systems and lighting sys-
tems, which are often a target of healthcare sustainabil-
ity programs. Another important area is waste generation. 
Surgical and anesthesia procedures using mostly single-use 

items produce a signi� cant amount of “medical trash,” as 
illustrated in  � gure 1    by the Dutch artist Maria Koijck, who 
created an artwork using all disposable items from her own 
breast reconstruction surgery and anesthesia. The analysis 
from McGain  et al. 8   assumed that nonpharmaceutical waste 
is either recycled or land� lled, with little consequence for 
the results. If instead this waste were incinerated (and its car-
bon liberated), then its contribution to emissions would be 
much higher. Also, it is important to remember that climate 
change is just one (albeit critical) environmental challenge 
we are facing. Air pollution, water pollution, depletion of 
� nite resources, and numerous other impacts can also be 
modeled using Life Cycle Assessments.  

 The study by McGain  et al. 8   is a small, single-center, pro-
spective, nonrandomized, observational, unblinded study 
with various limitations that make comparison between 
anesthetic groups and between countries uncertain. The 
authors included only 10 patients per group (“convenience 
sample”), and the study is clearly underpowered to compare 
the footprint of various anesthetic techniques, as cautiously 
stated by the authors. As such, this study doesn’t o� er a de� n-
itive answer about which anesthetic method is the most det-
rimental to the climate, and it should not be misquoted to 
favor or reject the use of a speci� c anesthetic technique. What 
this study does o� er is an interesting example of how clinical 
or cohort studies can be used for sustainability analysis (even 
with low numbers of included patients). As such, it shows a 
next step in a progression of research that has been slowly 
revealing di� erent aspects of sustainability in clinical care. 

 Some aspects of a carbon footprint are location-
dependent; for example, the emissions associated with elec-
tricity use depend on how electricity is generated locally. 
The Life Cycle Assessment is � exible in being able to 
test di� erent assumptions about where di� erent products 
originate or where certain processes take place, and the 
authors use this � exibility well to estimate how the results 
would change for clinical settings in Europe, the United 
Kingdom, or the United States. Those aspects of anesthe-
sia that are electricity-intensive, such as steam sterilization, 

 Fig. 1.      Dutch spatial artist Maria Koijck created an artwork with 
trash from her own surgery and anesthesia (photo: Maria Koijck 
and Eva Glasbeek, published with permission).    
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oxygen compression, and patient warming, had one fourth 
the emissions in Europe/United Kingdom than in Australia 
because of di� erences in the carbon intensities of electricity 
between the two regions. Therefore, a valuable lesson that 
the authors highlight is that recommendations for sustain-
able clinical care must consider local conditions. We can-
not assume  a priori  that actions to reduce emissions in one 
clinical setting or country will have exactly the same e� ect 
somewhere else. Future studies, carbon accounting tools, 
and reporting frameworks that are developed for anesthesia 
and health care generally should ideally be � exible enough 
that clinicians can extract recommendations that are accu-
rate for their own institutions, wherever they are.    
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 Baseline Vulnerabilities May Play a Larger Role than Depth 
of Anesthesia or Sedation in Postoperative Delirium       
    Pratik P.     Pandharipande    ,   M.D., M.Sc.    ,       Elizabeth L.     Whitlock    ,   M.D., M.Sc.,            Christopher G.     Hughes     ,   M.D., M.Sc.                        

 Studies in mechanically venti-
lated patients have brought to 

the forefront the iatrogenic harm 
of deep sedation, particularly 
with continuous benzodiazepine 
infusions.  1 , 2   Interventional tri-
als modifying sedation paradigms 
( e.g. , with nonbenzodiazepine 
medications)  3   and delivery pat-
terns ( e.g. , daily awakening trials, 
targeted light sedation),  4   as well 
as large-scale implementation tri-
als of bundled supportive care 
(ABCDEF Bundle  5  ;  http://www.
iculiberation.com , accessed August 
1, 2021), have shown a decrease in 
sedative medication burden asso-
ciated with clinically meaningful 
outcome bene� ts, including delir-
ium, time on mechanical venti-
lation, and even mortality. The 
Society of Critical Care Medicine’s 
Guidelines for the Prevention and 
Management of Pain, Agitation/
Sedation, Delirium, Immobility, 
and Sleep Disruption,  6   therefore, 
recommend targeting light seda-
tion when needed, minimizing overall sedative medication 
exposure, and avoiding benzodiazepine infusions. With the 
high incidence and associated morbidity of postoperative 
brain dysfunction, there has been interest in utilizing sim-
ilar techniques in the operating room. Unfortunately, it is 
unclear if the bene� cial � ndings of reducing delirium by 
targeting lighter sedation in critically ill patients extrapo-
lates to patients in the operating room undergoing general 
or regional anesthesia. 

 In this issue of  Anesthesiology , Brown  et al.  build on 
earlier work to elucidate the role of depth of sedation in 
the context of an anesthetic on delirium outcomes.  7   In the 
SHaping Anesthetic techniques to Reduce Postoperative 

delirium (SHARP) trial, investiga-
tors randomized 219 older patients 
undergoing lumbar fusion to either 
spinal anesthesia with propofol 
sedation titrated to a Bispectral 
Index (BIS) value greater than 60 
to 70 (intervention)  versus  gen-
eral anesthesia (control), where 
the anesthesiologist was blinded 
to the BIS values.  7   Patients were 
evaluated for delirium for the � rst 
3 postoperative days using the 
Confusion Assessment Method. 
In the primary intention-to-treat 
analysis, median BIS values were 
62 (interquartile range, 53 to 70) 
in the group that underwent spinal 
anesthesia with propofol sedation 
versus  45 (interquartile range, 41 
to 50) in the group that under-
went general anesthesia. Despite 
this, there were no statistically 
signi� cant di� erences in delirium 
incidence rates: 25% in the spinal 
anesthesia with propofol group  ver-
sus  19% in the general anesthesia 
group. Subgroup analyses factoring 

in age, comorbidities, and previous cognitive impairment 
did not yield any su�  ciently powered results that would 
lend strong support to the use of one technique in favor of 
the other. 

 This study adds to the growing literature from randomized 
controlled trials that depth of anesthetic or sedation while 
undergoing regional anesthesia does not signi� cantly alter 
delirium rates in the postoperative period in older patients. 
Two recent studies help contextualize this. In the ENGAGES 
(Electroencephalography Guidance of Anesthesia to Alleviate 
Geriatric Syndromes) study,  8   patients (aged older than 60 yr and 
undergoing major surgery) were randomized to receive elec-
troencephalogram (EEG)–guided anesthetic administration 

Image: J. P. Rathmell.    
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 “Should we be surprised by 
the lack of an e� ect of depth 
of anesthesia or sedation on 
delirium outcomes during 
surgery, when studies in 
ICU patients have strongly 
suggested otherwise?” 
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(n = 614) or usual anesthetic care (n = 618). The median 
end-tidal volatile anesthetic concentration and median cumu-
lative time with EEG suppression was signi� cantly lower in 
the EEG-guided group than the usual-care group. Delirium 
during postoperative days 1 to 5 was not di� erent in the two 
groups and occurred in 26% in the EEG-guided group and 
23% in the usual-care group. The double-blind STRIDE 
(Strategy to Reduce the Incidence of Postoperative Delirium 
in Elderly Patients) study  9   included older patients (aged 65 
yr or older) who were undergoing nonelective hip fracture 
repair with spinal anesthesia and propofol sedation. Patients 
were randomized to heavier (Modi� ed Observer’s Assessment 
of Alertness and Sedation score of 0 to 2) or lighter (Observer’s 
Assessment of Alertness/Sedation score of 3 to 5) levels of 
intraoperative propofol sedation. The overall incident delir-
ium risk again was similar in both groups when measured on 
postoperative days 1 to 5. 

 Should we be surprised by the lack of an e� ect of depth 
of anesthesia or sedation on delirium outcomes during a sur-
gical procedure, when studies in intensive care unit (ICU) 
patients have strongly suggested otherwise? Or are there fun-
damental di� erences in the patient populations, study design, 
and outcomes assessed that provide insight for future inter-
ventional trials? Baseline patient vulnerabilities may play the 
major role in development of delirium, with modi� able risk 
factors such as sedation/anesthetic depth and early mobiliza-
tion, among others, providing some opportunity for targeting 
interventions.  10   Importantly, patients with greater vulnera-
bilities are probably more likely to bene� t from addressing 
modi� able risk factors. The SHARP study patients had a 
median American Society of Anesthesiologists physical status 
classi� cation of 2 (interquartile range, 2 to 3) and Charlson 
Comorbidity Index of 1 (interquartile range, 0 to 1), indi-
cating a lower degree of comorbidity than ICU patients and 
highlighting a lower vulnerability risk. Like other studies in 
the operating room, including STRIDE,  9   the exposure to the 
intervention (deep  vs.  light sedation) was also brief (median, 
approximately 2 h) as compared with 2 to 3 days of sedation 
exposure in critically ill patients. Delirium was also not mea-
sured on postoperative day 0, a day where the contribution of 
sedation depth on delirium could have been higher.  11   These 
factors may help, in part, to explain the disparity in results 
between ICU and operating room studies. Additionally, cur-
rently identi� ed surrogate markers of anesthetic or sedation 
depth using BIS or EEG may be inappropriate to target inter-
ventions aimed at addressing depth of anesthetic and sedation 
to make a signi� cant impact on delirium outcomes. While 
there was a statistically signi� cant di� erence between the 
groups in the SHARP trial  7   with regard to the BIS scores (62 
in intervention; 45 in control), that di� erence may not be clin-
ically meaningful in the context of the spinal anesthesia group 
still getting propofol in doses up to 125 mcg · kg −1  · min −1

(median highest dose, 80 mcg · kg −1  · min −1 ), which may have 
contributed to higher-than-expected rates of delirium in the 
intervention. Future studies may help identify speci� c EEG 
patterns that are associated with worse delirium outcomes, 

allowing us to better focus interventions on a hypothetical 
vulnerable subpopulation ( e.g. , the sensitive brain hypothesis, 
reduced cognitive reserve). ICU studies have shown that even 
a short duration of burst suppression (minutes) is associated 
with delirium after recovery from coma. The ENGAGES 
trial  8   was able to demonstrate a reduction in EEG suppression 
time from 13 min to 7 min, yet those 7 min may also be too 
much of an insult and something that perhaps can be avoided 
completely. 

 While the search for a surrogate marker of anesthetic or 
sedation depth with good speci� city and sensitivity in the 
operating room is ongoing, adequately powered trials that 
help us understand the impact of anesthetic strategies on 
patients with high vulnerability and potential to bene� t from 
modi� cation of risk factors should be conducted. The cur-
rent SHARP study was unfortunately powered assuming an 
almost 40% incidence of delirium and with an ambitious 
goal of reducing delirium by almost 50%, while in actual-
ity the base rates of delirium were found to be much lower. 
This prevents a robust evaluation of statistical interactions 
between the interventions and key baseline vulnerabilities 
such as cognitive impairment, higher age, and comorbid sta-
tus; although the cognitively impaired subgroup appeared to 
bene� t from spinal anesthesia, the subgroup analysis itself was 
underpowered. Nonetheless, the authors’ prespeci� ed and 
post hoc  subgroup analyses o� er provocative hypotheses about 
the potential interactions of baseline cognitive impairment or 
of intrathecal morphine with the potential for harm or ben-
e� t of general anesthesia (some of which con� ict with extant 
data in these areas). There is certainly more here that needs 
to be studied. Until we have stronger evidence to the con-
trary or higher � delity measures to target anesthetic depth, it 
appears that baseline vulnerabilities and many determinants 
of the hospital course play larger roles in the multifactorial 
and complex underpinnings of delirium than the brief expo-
sure to anesthetics and sedatives in the operating room does.    
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 Pursuing the Importance of Postoperative Atelectasis       
    Luca     Bigatello    ,   M.D.    ,       Erland     Östberg    ,   M.D., Ph.D.                         

 Atelectasis develops shortly 
after preoxygenation and 

induction of general anesthesia 
and impairs oxygenation by cre-
ating an intrapulmonary shunt. 
The pioneering use of computed 
tomography by Professor Göran 
Hedenstierna and collaborators 
in the 1980s  1   opened the way to 
understanding the pathophysiol-
ogy of perioperative atelectasis. 
Atelectasis occurs in most anes-
thetized patients, generally a� ect-
ing a small portion of dependent 
lung regions, but is more conspic-
uous in certain conditions such 
as patients who are overweight, 
have abdominal distention, or are 
in the Trendelenburg position.  2 

Atelectasis may persist after sur-
gery and may contribute to the 
development of postoperative pul-
monary complications.  3 

 Atelectasis during general anes-
thesia may be prevented by limiting the fraction of inspired 
oxygen ([F io

2
 ] “absorption atelectasis”)  4   and by promoting 

alveolar recruitment with positive end-expiratory pressure 
(PEEP) and recruitment maneuvers.  5   The e� ectiveness 
of these interventions has been thoroughly investigated 
during induction and maintenance of anesthesia. However, 
the same conditions that contribute to early formation of 
atelectasis are often present during, and shortly after, emer-
gence from anesthesia. Therefore, ventilatory strategies 
during emergence may counteract evidence-based strate-
gies used intraoperatively, facilitating the development of 
postoperative atelectasis. 

 In this issue of  Anesthesiology , Jeong  et al .  6   report the 
results of a clinical trial comparing the e� ects of pressure 
support ventilation with PEEP  versus  spontaneous ventila-
tion during anesthetic emergence on postoperative atelec-
tasis. In this randomized study, blinded to investigators of 
lung ultrasound and outcome assessments, 100 nonobese 
patients undergoing laparoscopic colectomies or radical 

prostatectomy received either the 
intervention of 5 cm H 

2
 O pres-

sure support over 5 cm H 
2
 O PEEP 

throughout emergence, or the 
control where ventilation was pro-
vided manually as needed, without 
PEEP. Emergence was 8 to 9 min 
on average and F io

2
  was 0.4 in 

both groups. The main � nding 
of the study is that maintaining a 
consistent positive pressure at the 
airway with pressure support and 
PEEP during emergence from 
general anesthesia results in lower 
incidence of atelectasis (measured 
by lung ultrasonography) and 
higher P ao

2
  in the postanesthesia 

care unit. Unfortunately, but not 
unusually, no signi� cant e� ect was 
detected in reducing the number 
of episodes of desaturation (Sa o

2

less than 92%) nor of any prede-
termined clinical outcomes up to 
48 h postoperatively. 

 More detailed information regarding the precise method 
of manual ventilation in the control group, especially the 
level of positive pressure, would have helped understanding 
to what extent the study groups di� ered in treatment other 
than in PEEP level. Also, the authors choice to omit preox-
ygenation before emergence is somewhat surprising: similar 
to the induction of anesthesia, increasing F io

2
  before extu-

bation is a safeguard against the consequences of a prob-
lematic extubation. Finally, the quantitative di� erence in 
atelectasis between the two groups (table 2 in Jeong  et al. 6  ) 
is somewhat indistinct: while the number of atelectatic seg-
ments is signi� cantly lower in the intervention group, the 
di� erence in atelectasis score does not reach signi� cance. 
Regardless of these possible shortcomings, the study from 
Jeong  et al. 6   is important for several reasons. 

 First, maintaining a consistent positive pressure at the 
airway throughout emergence from anesthesia for laparo-
scopic procedures limits the development of postoperative 
atelectasis. While numerous studies have demonstrated the 

 “[What is] the link between 
optimal ventilatory strategies 
and a reduced incidence of 
postoperative pulmonary 
complications?” 
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bene� cial e� ects of PEEP, individualized or not, during 
maintenance of anesthesia, the current study reminds us 
that this practice should be continued during emergence. 
From a physiologic point of view, and in accordance with 
the � ndings of the study, it is important to avoid airway 
closure and the development of areas with low ventilation/
perfusion ratios (susceptible to atelectasis formation) during 
the entire course of anesthesia. This can be done by main-
taining PEEP during emergence, with or without inspira-
tory support. 

 Second, Jeong  et al. 6   limited F io
2
  to 0.8 during induc-

tion and 0.4 during maintenance and emergence, even 
with unexpected di�  cult intubations in nine study subjects. 
Given that the F io

2
  was equal between study groups, it is 

impossible to speculate on its e� ects on the development of 
atelectasis. The issue of F io

2
  on emergence remains an open 

one. Currently, we can only state that when concerns exist 
on the ability of a patient to maintain adequate oxygenation 
postoperatively because of di�  cult airway, morbid obesity, 
and obstructive sleep apnea, among others, an F io

2
  of 1 is 

indicated and recommended. In healthy patients undergo-
ing nonabdominal procedures where a PEEP of 7 to 9 cm 
H 

2
 O was maintained throughout the surgery, an F io

2
  of 

1 during awakening did not produce clinically signi� cant 
atelectasis.  7   This raises the question why one would refrain 
from emergence preoxygenation even in low-risk patients. 

 Third, computed tomography remains the accepted 
standard when measuring atelectasis. However, exposure 
to radiation and the need to transport the anesthetized or 
newly operated patient to the radiology department lim-
its its use. Jeong  et al. 6   used the still developing technique 
of ultrasonography, with its advantages of being portable, 
dynamic, and free of radiation. Lung ultrasound is judged 
to be reliable in detecting postoperative atelectasis, and one 
of several proposed scores has been shown to correlate with 
the volume of atelectasis measured by computed tomogra-
phy.  8   Here, Jeong  et al.  looked at the incidence of atelec-
tasis, and compared the number of patients in each group 
having a positive sign of atelectasis in more than 3 out of 
12 examined lung sections. The numbers give a perhaps less 
intuitive appreciation of the extent of atelectasis formation 
and emphasizes that a standardized scoring system for lung 
ultrasound and atelectasis would be much welcomed. 

 A clear continuum between atelectasis and postopera-
tive pulmonary complications is still elusive. Despite years 
of excellent research, the link between optimal ventilatory 
strategies and a reduced incidence of postoperative pulmo-
nary complications does not consistently include prevent-
ing atelectasis. Despite much script and some important 
experimental data,  9   the clinical evidence is yet to come. 
Nearly 4 decades after the visual demonstration of atelecta-
sis by chest computed tomography in humans undergoing 
general anesthesia, the knowledge in this � eld is orders of 
magnitude greater. However, we still need to add import-
ant pieces to the story to be able to link the prevention of 

atelectasis to the ability to improve outcomes. A possible 
feature of this process is the use of dynamic imaging that 
may complement what we know from computed tomog-
raphy studies with a real-time exam with technologies such 
as ultrasonography and electrical impedance tomography. 
The study of Jeong  et al.  constitutes a small but signi� cant 
building block in this trail.    
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 Preoperative Chronic Opioid Trajectories: A Change 
(in Any Direction) Would Do You Good?       
      Patrick J.     Tighe    ,   M.D., M.S.                        

 Aside from the risk of misuse, 
addiction, overdose, and/or 

death, chronic preoperative opioid 
use is associated with numerous 
facets of postoperative recovery, 
including rates of surgical compli-
cation, length of hospital stay, and 
hospital readmission.  1–3   Increasing 
recognition of these adverse events 
has driven e� orts to wean opioids 
in the preoperative setting.  4–6   With 
more than one in four patients 
who present for surgery report-
ing preoperative opioid use, such 
e� orts could potentially o� er a 
signi� cant public health impact.  7 

Results from single-center pro-
spective randomized controlled 
pilot studies suggest that preoper-
ative opioid weaning interventions 
( e.g. , weekly phone calls guiding 
and supporting cessation e� orts) 
are feasible and lead to a quicker 
return-to-baseline and/or cessa-
tion of opioids after surgery.  5   In a 
more generalized approach, a sin-
gle-site retrospective cohort comparison of those patients 
achieving a 50% reduction in opioids before total joint 
arthroplasty through self- or physician-guided weaning 
with unweaned patients suggested that patients who suc-
cessfully weaned their opioid dose had greater improve-
ments in postoperative outcomes 6 to 12 months after 
surgery.  4   However, it remains unclear whether such wean-
ing practices can translate to larger populations and practice 
settings. It is also unclear whether such � ndings general-
ize to practices outside of interventions speci� cally geared 
toward preoperative opioid weaning. 

 To answer the question of whether decreasing, or even 
increasing, opioid prescriptions in the weeks to months 
before surgery is associated with di� erences in persistent 
postoperative opioid prescriptions after surgery, Rishel  et al .  8 

examined a retrospective cohort of surgical patients using 

administrative health claims data. 
This study cohort comprised 
patients � lling at least 10 opioid 
prescriptions, or 120 days of opi-
oids, in the year before surgery. 
Surgeries included a selection of 
common elective ( e.g. , total knee 
arthroplasty) and urgent/emergent 
( e.g. , appendectomy) procedures 
that were performed between 
2004 and 2018. Importantly, a sub-
set of these procedures ( e.g ., total 
knee arthroplasty, mastectomy) 
have been previously associated 
with increased rates of persistent 
postsurgical pain.  9   The primary 
outcome was the amount of opi-
oid(s) prescribed between 91 
and 365 days after surgery, a time 
frame commonly associated with 
varying de� nitions of subacute 
to persistent postsurgical pain.  9 

To examine the e� ect of preop-
erative opioid weaning, exposure 
was de� ned as patients with a 20% 
increase or decrease in average 

daily opioid dose across two sequential time intervals: 365 
to 91 days before surgery and 90 to 7 days before surgery. 

 Surprisingly, Rishel  et al .  8   found that after adjusting for 
confounding e� ects, either a 20% decrease or increase in 
opioids prescribed in the 90 days before surgery was linked 
to a lower rate that any opioids would be prescribed 91 to 
365 days after surgery when compared with patients with 
stable opioid prescription rates before surgery. Notably, the 
absolute reductions were small: a 7% reduction for the group 
with decreasing preoperative opioid use, and 2.6% for the 
group with increasing preoperative opioid use, against a ref-
erence prevalence of 96.4% of patients with stable preoper-
ative opioid use who continued to � ll opioid prescriptions 
in this postoperative follow-up period. For patients who 
did receive an opioid prescription in this postoperative time 
frame, patients with increasing opioid prescriptions 90 days 

 “[Are] decreasing or increasing 
opioid prescriptions in the 
weeks to months before surgery 
associated with di� erences in 
persistent postoperative opioid 
prescriptions?” 
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before surgery had a very slightly lower adjusted average 
daily dose of opioid (a decrease of just 2.2 oral morphine 
milligram equivalents against a reference adjusted average 
daily dose of 46.5 oral morphine milligram equivalents 
in the opioid-stable group) 91 to 365 days after surgery. 
Secondary analyses did not detect di� erences in the rate of 
postoperative adverse events, healthcare costs, or the num-
ber of days of postoperative hospitalization across the three 
groups of preoperative opioid trajectories. 

 Among other points of their methodology, Rishel  et al .  8 

should be particularly commended for their robust 
approach to sensitivity analyses used throughout their study; 
their careful consideration strengthens the support of their 
results and anticipates questions on whether select assump-
tions ( e.g ., the de� nition of chronic opioid use) could have 
altered the � ndings. 

 As with many great research reports, these � ndings 
raise several interesting questions. First, how do we explain 
the decrease in longer-term opioid prescriptions for both 
preoperative opioid escalators and de-escalators? Without 
insight into the driving factors leading to opioid escala-
tion or de-escalation before surgery, it remains impossible 
to de� ne mechanisms explaining this linkage. Such conjec-
tures become more challenging when one considers that 
between 2004 and 2018, our understanding of the dangers 
of perioperative opioids became much more widespread, as 
did alternative analgesic approaches. In one potential expla-
nation, the authors posit that for patients with increasing 
preoperative opioid use, worsening pain may have driven 
increasing opioid use and a decision for surgery that then 
ameliorated the underlying pain generator. They do note, 
however, that the observed results held for nonelective pro-
cedures, whereby intentional reduction of opioids in prepa-
ration for surgery may not have been feasible. It may be that 
it is not the increase or decrease itself that is relevant, but 
rather the responsive practice dynamic that drove a mini-
mum-necessary approach to opioid prescription. It is also 
possible that for subsets of both escalators and de-escalators, 
di� erent motivations nevertheless lead to the same use of 
various behavioral, interventional, or multimodal analgesic 
strategies that in� uenced postoperative opioid prescrip-
tions. In such cases, patients on a stable opioid regimen 
may not have had similar incentives to use such analge-
sic adjuncts. Given these and other possible explanations 
for the observed � ndings, it is important to consider that 
the health claims data used in this analysis originated with 
patient members of commercial and Medicare Advantage 
health plans; this may pose limitations in generalizability for 
other socioeconomic groups in the United States. 

 Relatedly, this article highlights opportunities to better 
understand which conditions initiated an analgesic pre-
scription. Rishel  et al .  8   wisely selected both elective and 
emergent procedures, as well as procedures associated and 
not associated with chronic preoperative and postopera-
tive pain. Despite extensive sensitivity analyses, no major 

di� erences emerged between these procedure groups. 
Notably, 8.6% of patients on long-term preoperative opi-
oids had cessation of opioid prescriptions 91 to 365 days 
after surgery. These � ndings comport with those of Jivraj 
et al .,  10   who found in a cohort of chronic opioid users that 
surgery was associated with increased likelihood of opioid 
discontinuation, especially if the mean preoperative opioid 
dose was less than 90 morphine milligram equivalents, and 
that discontinuation was greater for surgical  versus  medi-
cal patients.  10   It is plausible that for some of these patients, 
the surgery directly addressed the underlying pain gener-
ator and obviated the need for continued opioid therapy. 
However, such presumptions may be called into question if, 
for example, the opioids were prescribed for back pain and 
yet the patient underwent a laparoscopic appendectomy for 
appendicitis. Such discernments are simply not feasible with 
contemporary data commonly used in pharmacoepidemi-
ology. It is worth highlighting that opioid consumption is 
not the same as opioid prescription, that previous works 
highlighting the number of opioids prescribed after sur-
gery can substantially exceed the amount consumed, and 
that increased prescriptions are associated with increased 
consumption.  11 

 This research project also highlights more systematic 
opportunities in how health data are collected and man-
aged. Following established approaches to pharmacoepide-
miology, Rishel  et al .  8   carefully de� ne exposures, which in 
this case are opioid trends (escalating, de-escalating, stable). 
In e� ect, these trends represent decisions, or perhaps a series 
of decisions over time, that establish the observed trends. 
But what drove these decisions? Was there a particular state 
change that led the prescribers to modify their analgesic 
approach? Without this sequence of state–action–outcome, 
it becomes di�  cult to understand how we might more 
fully incorporate these results into our day-to-day decision-
making. Such opportunities are systematic throughout 
health outcomes research. While causal inference and related 
methods can plausibly address some of these shortcomings, 
they remain constrained by the features and organization of 
data commonly found in outcomes research. 

 Another opportunity relates to how outcomes surround-
ing pain are collected in both clinical and research con-
structs. While this study captured information pertaining to 
opioid prescriptions, it is reasonable to presume that such 
opioids were most likely prescribed due to increased pain 
intensity. After surgery, pain intensity absent context provides 
little support for clinical decisions; a pain intensity rating of 
8 out of 10 may be reassuring (at least, from an analgesic 
titration perspective) as a postoperative patient continues to 
lap the ward at an 8-min mile pace, yet 0 out of 10 would 
be quite concerning in a patient with respiratory compro-
mise. Similarly, data on opioid use (whether prescription or 
administered doses) absent context on pain intensity, pain 
quality, and normalized indices of patient function provide 
only limited insight into quality of recovery. 
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 In summary, the report by Rishel  et al .  8   suggests that 
regarding preoperative opioid therapy, a change in use in 
any direction may be associated with small improvements in 
postoperative opioid requirements, at least as measured by 
opioids prescribed. We look forward to learning more about 
the potential clinical relevance of these � ndings, as well as 
the practice patterns that could motivate such trends in 
both perioperative opioid–related exposures and outcomes.    
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 The Big Match: Lung Ventilation and Blood Flow during 
Inhalational Anesthesia and Recovery—Is There a 
Winning Combination?       
    Philip J.     Peyton    ,   M.D., Ph.D., F.A.N.Z.C.A.     ,       R. Ross     Kennedy    ,   M.B., Ch.B., Ph.D., F.A.N.Z.C.A.                        

 For most anesthesiologists, vol-
atile anesthetic agents remain 

a core tool that we use on a daily 
basis. Real-time tidal gas concen-
tration measurement is one great 
strength of inhalational anesthesia. 
However, an end-tidal concentra-
tion is just one intermediate point 
in the complex process between 
a dialed vaporizer concentration 
and drug e� ect. While many of the 
principles of this process are taught 
during training, we suggest that 
achieving the highest standards 
of patient care in our specialty 
requires an understanding, and the 
daily application, of the principles 
of inhalational pharmacokinetics. 

 In two papers in this issue of 
Anesthesiology ,  1 , 2   Kretzschmar  et 
al . and Baumgardner  et al . present 
data from animal studies explor-
ing the changes in blood concentrations of sevo� urane and 
des� urane during uptake and elimination of these agents. 
This work was conducted at the Hedenstierna laboratory 
in Uppsala, Sweden. 

 There are two salient features of these studies. As the authors 
point out, there is very little published  in vivo  work on elim-
ination of inhalational anesthetic agents, and yet this phase of 
anesthesia is important for several reasons. As many texts on 
inhalational anesthesia point out, in contrast to induction, 
where we can use “over-pressure” to accelerate onset, we are 
limited in our ability to manipulate the partial pressure gradient 
in the same way to accelerate elimination and recovery. Second, 
the primary focus of these studies was blood content. Most 
studies of inhalational agents use concentrations in end-expired 
gases as a questionable surrogate for blood partial pressures. 
However, it is the partial pressure gradient between inspired 
gas, blood, and tissues that drives onset and o� set of e� ect. 

 There are several key � nd-
ings from these studies. First, 
they show how, at any given car-
diac output, overall lung alveolar 
ventilation quickly becomes the 
main determinant of the rate of 
rise or fall of the partial pressure 
of the agent in arterial and mixed 
venous blood, and that this e� ect 
persists for at least the � rst 45 min 
after commencement or cessation 
of administration of these agents. 
The authors further � nd that after 
10 min into the washout phase, 
volatile agent elimination can be 
represented by a simple model 
consisting of just two body com-
partments: the muscle group and 
the lungs. 

 Interestingly, the authors have 
in the process con� rmed  in vivo
the � ndings of previous theoretical 

analyses that posed the question, “What e� ect does cardiac 
output have on the rate of elimination of a volatile agent?” 
These studies predicted that a higher cardiac output slowed 
the washout or rate of fall in partial pressure of volatile 
agents in the vessel-rich tissues such as the brain during 
emergence, in a similar fashion to its slowing of washin 
during induction.  3   While computer models are instructive, 
their inherent simpli� cations can deceive us and need to be 
challenged or validated with real measurements to reassure 
us of their reliability. Kretzschmar  et al . have supported this 
in their piglet model, where the overall alveolar ventilation/
perfusion ratio (V

.
A
 /Q

.
) was manipulated by either doubling, 

or almost halving from baseline, cardiac output using dobu-
tamine or atrial occlusion, respectively, accompanied by 
more modest opposite changes in ventilation. They found 
the rate of decline in venous blood partial pressure is slowed 
by a lower overall V

.
A
 /Q

.
,  i.e. , a higher cardiac output, and 

Image: J. P. Rathmell.    
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 “The practice of anesthesiology 
prides itself on having a strong 
basis in science.” 
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accelerated by lower cardiac output. The authors have gone 
on to interpret this as  in vivo  evidence that overall alveo-
lar ventilation rate persists into the postoperative period as 
the rate-limiting step in the elimination of modern volatile 
agents from the body. 

 The implications for the physiology and conduct of anes-
thesia in humans need to be critically examined. First, under 
clinical conditions, we do not deliberately modulate global 
V
.
A
 /Q

.
 ratio by manipulation of cardiac output, beyond ensur-

ing adequate � uid and volume resuscitation and blood pres-
sure support to attempt to optimize the patient’s circulation. 
Rather, the tool we have most readily at hand in everyday 
practice is the ability to modulate overall alveolar ventilation 
rate through control of lung minute ventilation. What does 
this do to the variables measured in this study, where global 
tissue perfusion remains relatively steady? We may have to 
rely on computer simulations a little longer to answer this 
question. In the meantime, the data from Kretzschmar  et al . 
are reassuring that the assumptions we have relied upon and 
taught for some years are largely correct. These results sug-
gest maintaining minute ventilation during emergence will 
enhance clearance of inhalation agents from body tissues, and 
this e� ect continues into the recovery period. Conversely, 
factors decreasing minute ventilation such as postoperative 
opioid-induced respiratory depression may slow elimination 
of these drugs. 

 A second reason to question simple extrapolation of these 
� ndings to our patients is the assumption that the lungs can 
be treated as a single uniform compartment with no signif-
icant variation in V

.
A
 /Q

.
 ratio throughout the lung ( i.e. , no 

V
.
A
 /Q

.
 scatter). Increased V

.
A
 /Q

.
 scatter manifests as widening 

of end-tidal or alveolar to arterial partial pressure gradients 
for gases being taken up or eliminated by the lung. This sim-
pli� cation is commonly made in computer simulations of 
inhalational pharmacokinetics and was not unreasonable for 
their piglet model where the degree of  V

.
A
 /Q

.
 scatter appears 

relatively small, as indicated by the alveolar to arterial gradi-
ents measured for carbon dioxide. For this reason, the end-
tidal volatile agent partial pressures in the piglets are likely 
to have been close to the measured arterial partial pressure. 

 However, these assumptions generally do not hold 
true in the anesthetized patient. As � rst shown elegantly 
almost 40 yr ago by Goran Hedenstierna and colleagues in 
Stockholm using the multiple inert gas elimination tech-
nique, signi� cant scatter in distributions of  alveolar venti-
lation rate and cardiac output is the norm even in healthy 
human lungs under general anesthesia.  4   Consequently, 
relatively large alveolar to arterial partial pressure gradi-
ents for volatile agents persist for the duration of surgery.  5 

Nevertheless, there is no  a priori  reason to think that the 
typical reduction in e�  ciency of lung gas exchange seen in 
anesthetized humans should contradict the authors’ � nd-
ing  1 , 2   that alveolar ventilation acts as the primary brake on 
volatile agent elimination from the body at any given level 
of cardiac output. 

 The characteristics of the main phase of elimination 
found by the authors were relatively rapid and similar to 
those seen from muscle alone. That may surprise some. 
Does this mean that obesity and volatile anesthesia are 
not such uncomfortable bedfellows as is often assumed? 
In clinical practice, we are generally a long way from 
equilibrium with our inhaled volatile agents. In partic-
ular, the body fat compartment has relatively low perfu-
sion, thus taking a long time to reach equilibrium. Even 
with des� urane, the time constant for the fat compart-
ment is 22.5 h.  6   The e� ect of this extremely slow uptake 
into fat has recently been neatly shown by Weber  et al ., 
who, using computer simulation with GasMan (Med 
Man Simulations, Inc., USA), showed that after 10 h of 
anesthesia, des� urane partial pressure in fat is only about 
one third of that in the brain.  7   This modeling is sup-
ported by clinical data, with Lemmens  et al . observing 
that the e� ect of increasing body mass index on uptake is 
minimal,  6   while McKay  et al . found that duration of vol-
atile agent administration had a much greater e� ect on 
recovery times than increasing body mass index.  8   These 
various results support the suggestion of the data from 
Baumgardner  et al . that fat plays a lesser role than gener-
ally assumed in onset and o� set of activity, at least over 
short-term anesthetic and postoperative time frames. 

 The practice of anesthesiology prides itself on having a 
strong basis in science. This compels us to continue to push 
the boundaries of what we know about what we do, and 
to practice based on an understanding of the underlying 
processes rather than taking a one-size-� ts-all cookbook 
approach to drug administration. Kretzschmar  et al . and 
Baumgardner  et al . have added valuable insight into sevo� u-
rane and des� urane pharmacokinetics, as well as hints about 
models that can help simplify our understanding of their 
pharmacology. In the process, the authors have reminded 
us of the importance of seeking a better understanding of 
the physiology behind our practice, and have shown us that 
there is much in the world of inhalational anesthesia that is 
yet to be explored. 

 We conclude by sadly acknowledging the recent passing 
of Goran Hedenstierna. During a research career spanning 
several decades, Professor Hedenstierna led an innovative 
and wide-ranging program of both clinical and preclinical 
studies with particular focus on the factors that impact lung 
function and ventilation/perfusion matching during anes-
thesia and critical care, and the potential interventions to 
ameliorate these e� ects. The global anesthesiology commu-
nity has lost a distinguished leader, and many of us have lost 
a great friend and mentor, whose warmth, good humor, and 
generosity of knowledge will be greatly missed.    
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SPECIAL ARTICLE

ANESTHESIOLOGY, V 135   •   NO 6 DECEMBER 2021 951

 Elastomeric respirators are reusable respirators made of 
plastic or non–latex-containing rubber materials with 

exchangeable � lter cartridges or canisters. Elastomeric res-
pirators have been widely used in industry, but not in health 
care. We believe there is an urgent need to develop elas-
tomeric respirators speci� cally for respiratory protection 
from pandemic respiratory viruses. While such elastomeric 
respirator development may not take place in time for wide-
spread use during the current COVID-19 pandemic, it is 
vitally important to be prepared for the next respiratory 
pandemic, which could occur at any time.  1   There is also the 
possibility that immune escape of SARS-CoV-2 variants 
could result in a protracted COVID-19 pandemic, height-
ening the importance of e� ective respiratory protection.  2   In 
this article, we explain why respiratory protection is import-
ant, describe the major types of respiratory protection, and 
elaborate on the potential role for elastomeric respirators. 

  Airborne Pathogens 
 Respiratory viruses may spread by fomite (touching a 
contaminated surface and then transferring the virus to 
the respiratory tract), droplet, or airborne routes ( table 1   ). 
Determining the relative importance of these routes for 
an individual virus is di�  cult and may be controversial; for 
SARS-CoV-2, the fomite route of transmission is thought to 
be less important.  3 , 4   Many experts now believe that there is a 
continuous spectrum of di� erent sized respiratory particles 

produced by persons infected with respiratory viruses, and 
that the traditional distinction between droplet and air-
borne transmission is arbitrary and obsolete.  5–7   During the 
current COVID-19 pandemic, there has been controversy, 
as in previous respiratory virus pandemics, concerning 
whether respiratory protection should protect against only 
droplet or droplet and airborne particles.  8   However, there 
is now substantial evidence that airborne transmission of 
SARS-CoV-2 transmission is likely  5 , 9–12  ; inhalation of respi-
ratory particles may be the predominant route of transmis-
sion. Di�  culty in culturing putative airborne pathogens 
from air samples because of various technical obstacles does 
not rule out airborne transmission.  5 , 12   Therefore, it seems 
prudent to protect healthcare workers (and the public) 
accordingly, by using respiratory protection whenever 
possible. The two major categories of respirators used for 
respiratory protection in health care include negative and 
positive pressure mode respirators.   

  Negative Pressure Mode Respirators 
 The wearer of a negative pressure mode respirator draws air 
through a � lter and into a facepiece during inhalation. There 
are two main types of negative pressure respirators: dispos-
able � ltering facepiece respirators  13   (such as the N95 � ltering 
facepiece respirators, familiar to many healthcare workers), and 
elastomeric respirators,  14   which are reusable ( table 1 ;  � g. 1   ). 
The e� ectiveness of respiratory protection depends upon � t, 
� ltering e�  ciency, and resistance to breathing ( table 1 ).   

  ABSTRACT 
 Respiratory viruses are transmitted  via  respiratory particles that are emit-
ted when people breath, speak, cough, or sneeze. These particles span 
the size spectrum from visible droplets to airborne particles of hundreds of 
nanometers. Barrier face coverings (“cloth masks”) and surgical masks are 
loose-fi tting and provide limited protection from airborne particles since air 
passes around the edges of the mask as well as through the fi ltering material. 
Respirators, which fi t tightly to the face, provide more effective respiratory 
protection. Although healthcare workers have relied primarily on disposable 
fi ltering facepiece respirators (such as N95) during the COVID-19 pandemic, 
reusable elastomeric respirators have signifi cant potential advantages for the 
COVID-19 and future respiratory virus pandemics. However, currently avail-
able elastomeric respirators were not designed primarily for healthcare or 
pandemic use and require further development to improve their suitability for 
this application. The authors believe that the development, implementation, 
and stockpiling of improved elastomeric respirators should be an internat ional 
public health priority.  
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  Negative Pressure Mode Respirator Fit 
 Fit de� nes the extent to which there is an occlusive seal of 
the respirator with the face, preventing leakage and forcing 

all inhaled and exhaled air to pass through the � ltering 
material (or in some cases through an exhalation valve). In 
contrast, barrier face coverings  15   (“cloth masks”) and surgi-
cal masks  16   are not designed to make a tight seal to the face 
( table 1 ). Only when there is an occlusive seal with the face, 
as with a respirator, does almost all of the air entering the 
facepiece pass through the � ltering material, providing the 
optimal opportunity to remove particles from the air.  17 , 18 

In the United States, the Occupational Safety and Health 
Administration (Washington, D.C.) Respiratory Protection 
Standard  19   requires that employees must be medically 
cleared to wear a respirator and that employers must mea-
sure the � t of respirators for employees upon � rst selection 
and annually thereafter using standardized tests that may be 
qualitative or quantitative.  19   Numerous studies have shown 
that the � t of a � ltering facepiece respirator varies consid-
erably depending upon the particular design and materi-
als, and the facial characteristics of an individual user; not 
all respirators � t the full range of human faces.  20   The face 
must be clean-shaven in order to obtain an e� ective � t. 
A recent American Society for Testing and Materials (West 
Conshohocken, Pennsylvania) standard for “respirator � t 
capability” may be used to characterize how well a par-
ticular respirator will � t a variety of facial characteristics.  21 

Moreover, � ltering facepiece respirators are disposable, and 
the quality of the � t may deteriorate with repeated use.  22 

  Negative Pressure Mode Respirator Filtering 
Effi ciency 
 Filtering facepiece respirators typically utilize a layer of melt-
blown polypropylene (or other synthetic material) fabric as 
the � lter. The randomly oriented � bers of the melt-blown 
fabric � lter particles by a combination of impaction, di� u-
sion, and interception.  23   In addition, an electrostatic charge 
is often added to enhance � ltration, causing the material to 
function as a permanent magnet, or “electret.”  24 

 Elastomeric respirators are constructed of various solid plas-
tic or rubber materials that form the mask body and the por-
tion of the mask that seals to the face. Filtering is accomplished 
by one or more exchangeable � lters, constructed of material 
similar to that of � ltering facepiece respirators, that attach to 
the mask body. The � ltering material may be protected within 
a canister or cartridge ( � gs.  1  and  2   ). In the United States, 
the National Institute for Occupational Safety and Health 
(Washington, D.C.), a branch of the Centers for Disease 
Control and Prevention (Atlanta, Georgia), certi� es the � lter-
ing e�  ciency of respirators using standardized tests  25   ( table 1 ).   

  Negative Pressure Mode Respirator Resistance to 
Breathing 
 In addition to � t and � ltration, resistance to breathing is an 
important property. Increased resistance to breathing results in 
increased negative and positive pressures inside the respirator 
during inhalation and exhalation, respectively, which could 

 Fig. 1.      Examples of fi ltering facepiece respirators, elastomeric 
respirators, and a hybrid respirator.  Elastomeric respirators with 
P100 fi lters enclosed in plastic cartridges are shown in  A  and  C . 
Both elastomeric respirators have exhalation valves at the bottom 
of the front of the mask. The respirator in  A  also has a “speaking 
diaphragm” in the center front of the respirator. A closeup view 
of the speaking diaphragm is shown in  B . The fi ltering facepiece 
respirator in  D  is a typical N95. The fi ltering facepiece respirator 
in  E  is a unique strapless N95 that is attached to the face by an 
adhesive strip around the edge of the mask. An example of a hybrid 
respirator design is shown in  F , combining a plastic mask body and 
sealing surface with a melt-blown fabric fi ltering area. The example 
shown is a “quarter face” respirator that does not cover the chin; 
the other respirators shown are “half face” respirators; quarter face 
respirators have an Assigned Protection Factor of 5, while half face 
respirators have an Assigned Protection Factor of 10 (see  table 1 ).    
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increase leakage around the respirator facepiece. Resistance 
to breathing also a� ects comfort and tolerability.  26   In the 
United States, the National Institute for Occupational Safety 
and Health requires that respirator � ltering material be tested 
for the pressure gradient across the � ltering material at 85 l/
min constant air� ow; the “inspiratory” pressure gradient must 
be less than 35 mm H 

2
 O (343 Pa), and “expiratory” pressure 

gradient must be less than 25 mm H 
2
 O (245 Pa). Methods 

for testing the pressure gradient across � ltering material 
typically specify the cross-sectional area of the material to 
be tested, since the cross-sectional area a� ects the pressure 
gradient under conditions of constant volumetric � ow rate. 
The National Institute for Occupational Safety and Health 
method for certifying � ltering facepiece respirators speci� es 

that the entire respirator is sealed onto a plate for testing; 
approved � ltering facepiece respirators typically have inspi-
ratory and expiratory pressure gradients in the approximate 
range of 5 to 15 mm H 

2
 O at 85 l/min air� ow.  27   Currently, 

there is not a standardized test for measuring the pressure 
gradient across a respirator during actual use. A study of a 
single model of a � ltering facepiece respirator found peak 
pressure gradients of less than 20 mm H 

2
 O during exercise.  28 

  Positive Pressure Mode Respirators 
 Powered air purifying respirators employ a fan or pump that 
brings air through the � lter and into the facepiece. Filtration 
is important, but � t is less so; a powered air purifying 

 Fig. 2.      Examples of elastomeric respirator fi lters. The outer facing side of the fi lters is shown in the  upper photos , and the side of the fi lters 
that attaches to the respirator is shown in the  lower photos . Both fi lters are P100 (equivalent to  high-effi ciency particulate air). The fi ltering 
material of the  left  fi lter is exposed, while the fi ltering material of the  right  fi lter is completely enclosed in plastic. The  right  fi lters are also 
shown mounted on an elastomeric respirator in  fi g. 1C .    
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respirator with a loose-� tting hood o� ers greater protec-
tion to the wearer than an N95 � ltering facepiece respirator 
because it provides more than enough � ltered air to over-
come any inward air� ow between the hood and the wearer’s 
head.  29   Powered air purifying respirators with a loose-� tting 
hood generally have an Assigned Protection Factor ( table 1 ) 
of 25, or 2.5 times the Assigned Protection Factor of 10 for 
a � ltering facepiece or elastomeric respirator.  19   Loose-� tting 
powered air purifying respirators have the advantage of not 
requiring � t testing, and contrary to negative pressure mode 
respirators, do not increase resistance to breathing. Their 
performance is not a� ected by the presence of facial hair as 
they do not make a tight seal to the face. It is important to 
understand that the exhaled air passes around the edges of a 
loose-� tting powered air purifying respirator hood without 
� ltration; only the inhaled air is � ltered. 

 Disadvantages of powered air purifying respirators 
include their greater complexity of use ( i.e. , fan motors and 
batteries), higher cost, and the possibility of impaired com-
munication caused by fan noise. A potentially serious short-
coming of loose-� tting powered air purifying respirators is 
that the exhaled air is exhausted into the ambient air without 
� ltration. This could hypothetically result in contamination 
of a sterile � eld or transmission of a respiratory pathogen 
by the wearer.  30   The un� ltered exhaust from a powered air 
purifying respirator is analogous to an un� ltered exhalation 
valve on a negative pressure mode respirator. We suggest 
that powered air purifying respirators should be available 
for healthcare workers who, because of facial features or 
facial hair, are unable to be � tted for a � ltering facepiece 
or elastomeric respirator, or when an increased Assigned 
Protection Factor is desired. However, we also suggest that 
during a pandemic, negative pressure mode respirators 
( i.e. , � ltering facepiece respirators or elastomeric respira-
tors) are likely to be a better solution for providing respi-
ratory protection for large numbers of healthcare workers. 

 Tight-� tting half facepiece powered air purifying respi-
rators are also available, although they have been used much 
more widely in industry than in health care ( � g. 3   ). Tight-
� tting powered air purifying respirators require � t testing 
and would not be suitable for use with facial hair that inter-
feres with the seal of the mask body to the face. An Assigned 
Protection Factor of 50 is possible, � ve times that of a nega-
tive pressure elastomeric respirator and twice that of a typical 
loose-� tting powered air purifying respirator,  19   making this an 
attractive option when higher levels of protection are desired.   

  Full Face Respirators 
 Full face elastomeric respirators (sometimes referred to as “gas 
masks”) that cover the eyes, nose, and mouth within a single 
mask body are another option to consider. Such respirators 
are used routinely by the military, police, and � re � ghters and 
for industrial applications in which infectious agents, chemical 
toxins, or radioactive particles can irritate or damage the eyes 

or gain entry to the body through the eyes, as well as the respi-
ratory system. While eye protection in the form of glasses or 
goggles has been advised for protection from SARS-CoV-2,  31 

the evidence for respiratory viruses causing infection from 
contact with the conjunctiva is not strong.  32–37   In general, full 
face masks are heavier, are less comfortable in warm envi-
ronments, and may have greater interference with the � eld 
of vision in comparison to half masks (which do not cover 
the eyes). Nevertheless, a study of acceptability to healthcare 
workers of military-style elastomeric full face respirators in 
comparison to � ltering facepiece respirators (used with eye-
glasses or goggles) found a high level of acceptance for the full 
face respirators when worn for brief periods (up to 40 min).  38 

  Surgical Masks 
 It is important to note that while surgical masks are typically 
constructed from melt-blown fabric, and bear some super-
� cial physical resemblance to � ltering facepiece respirators, 
surgical masks are not respirators. Some surgical masks are 
cleared for marketing (in the United States) by the Food and 
Drug Administration (Silver Spring, Maryland) and meet 
American Society for Testing and Materials F2100 standards  16 

( table  1 ). Surgical masks are intended to block large drop-
lets, splashes, sprays, or splatter from reaching the mouth or 
nose and to prevent the user’s droplets from exposing others. 
Surgical masks may capture some but not all of the parti-
cles contained in a wearer’s cough or sneeze.  39   Since surgical 
masks are not designed to make an occlusive seal with the 
face, the protection from inhalation or exhalation of infectious 
particles will be limited in comparison to a properly � tted 
respirator.  40–46   The American Conference of Governmental 
Industrial Hygienists (Cincinnati, Ohio) has published an 
informative graphic illustrating the comparative e� ectiveness 
of cloth face coverings, surgical masks, and respirators.  47 

  Filtering Facepiece  versus  Elastomeric Respirators 
 Filtering facepiece respirators such as N95 or the European 
Union equivalent FFP2 have been avidly sought during the 
COVID-19 pandemic; public health authorities initially 
advised that these respirators should only be used by health-
care workers, but recently some governments have recom-
mended or even required their use by the public.  48   While 
� ltering facepiece respirators provide e� ective respirator 
protection when properly � tted, they have signi� cant short-
comings ( table 2   ). A major shortcoming is the overwhelming 
number of respirators required during a respiratory pandemic, 
inevitably resulting in acute shortages, even when respirators 
are stockpiled in advance. During the COVID-19 pandemic, 
due to the shortage of respirators, there were numerous 
attempts to construct homemade respirators using three-di-
mensional printed materials, respiratory therapy equipment, 
anesthesia circuit � lters, and other available components.  49–51 

This situation revealed the critical shortage of commercially 
available respiratory protection. To the contrary, elastomeric 
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respirators can be used for prolonged periods of time, and 
thus provide a durable solution during a pandemic.  

 Elastomeric respirators are widely used outside of health 
care for protection from aerosols and harmful vapors and 
gases. Their use in health care has been limited, but success-
ful implementation has been reported.  52–54   In 2019, before 
the COVID-19 pandemic, a consensus report from the 
National Academy of Sciences, Engineering, and Medicine 
(Washington, D.C.)concluded that “reusable elastomeric res-
pirators could be a viable option for use in surge situations” 
and that surge use would be enhanced if “reusable elasto-
meric respirators were a part of healthcare facilities’ day-to-
day respiratory protection program.”  55   However, the report 
also acknowledged the shortcomings of existing elastomeric 

respirator products, and recommended “design of innova-
tive reusable respirators and the implementation of robust 
respiratory protection programs…taking into account the 
distinctive characteristics of the healthcare workplace…” In 
light of the experience gained with respirators during the 
COVID-19 pandemic, this document now seems prescient. 

 There are several potential advantages of elastomeric 
respirators in comparison to � ltering facepiece respirators 
( table 2 ).  56   Elastomeric respirators are ideally suited to pan-
demic surge use because they can be reused inde� nitely, 
and � lter cartridges or canisters can last for extended peri-
ods of time (see  the Durability of Elastomeric Respirators 
section). Elastomeric respirators are capable of robust user 
seal checks because occlusion of the � lter ports completely 

 Fig. 3.      An example of a tight-fi tting, half facepiece powered air purifying respirator is shown in  A  (CleanSpace Technology; Australia); 
the unfi ltered exhalation valve is in the center of the facepiece. In  B , another view of the battery and fan unit is shown. In  C , a view of the 
accessory  N95 fi lter attachment for the exhalation valve is shown; when used, fi ltration of the exhalation valve provides “source control,” 
preventing the wearer of the respirator from exhaling respiratory pathogens into the surrounding air. This respirator is intended to make a 
highly effective seal against the face, and should be fi t tested before use, just as with a negative pressure elastomeric respirator or fi ltering 
facepiece respirator. Air is drawn through a  high-effi ciency particulate air fi lter (shown in  D ) and pushed into the respirator under positive 
pressure by the battery-powered fan located behind the wearer’s head. Exhalation occurs through an unfi ltered valve on the front of the 
respirator, unless the accessory N95 fi lter is attached to the exhalation  valve (the replaceable N95 fi lter is shown inside of the fi lter holder 
in  E ). This respirator has at least three advantages compared to a loose-fi tting powered air purifying respirator. First, because this respirator 
has both a tight seal against the face and positive pressure produced by the battery powered fan, the Assigned Protection Factor is 50, twice 
that of a typical loose-fi tting powered air purifying respirator, or fi ve times that of a negative pressure elastomeric respirator. Second, it is 
possible to fi lter the exhaled air, which is not possible with a loose-fi tting powered air purifying respirator. Third, if the power source or fan 
fails (for example, if the battery is exhausted), the respirator will function as an ordinary negative pressure elastomeric respirator, with the 
wearer pulling inhaled air through the  high-effi ciency particulate air fi lter; if a loose-fi tting powered air purifying respirator power source or 
fan fails, there is no respiratory protection.    
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prevents breathing if the mask makes an e� ective seal to the 
face. In addition, elastomeric respirators tend to have better 
� t  57   than � ltering facepiece respirators.  

  Durability of Elastomeric Respirators 
 As already mentioned, the advantage of elastomeric respira-
tors is that a set of � lters can last for an extended period of 
time  58  ; however, the precise longevity is uncertain because the 
concentration and nature of particles to be � ltered will have a 
signi� cant e� ect on the lifetime of the � lter. High-e�  ciency 
� lters such as 95 (FFP2), 99 (FFP3), 100 series (N, R, or P), 
or  high-e�  ciency particulate air � lters can be used until they 
load with particles to the point that the resistance to breathing 
becomes excessive. Particles that are � ltered become tightly 
bound to the � ltering material by Van der Waals forces and do 
not come out of the � lter in signi� cant quantitites.  59   When 
� lters are used in relatively dust-free environments such as 
hospitals, they would be expected to be highly durable, possi-
bly allowing users to work through a pandemic with one or 
two sets of � lters. Filters can be encased in plastic enclosures 
that can be handled without touching the � lter material itself, 
allowing for external cleaning by, for example, disinfecting 
wipes ( � gs. 1  and  2 ). An ideal elastomeric respirator for a pan-
demic should be designed with � lter ports able to accommo-
date � lters from multiple manufacturers (to prevent supply 
chain disruptions). Since there is not a universal � lter con-
nection design, the use of � lters from multiple sources would 
require the use of adapters speci� cally made for this purpose.  38 

Sources of � lters during a surge might include anesthesia and 
ventilator breathing circuit � lters.  60   In the United States, the 
National Institute for Occupational Safety and Health would 
need to be involved in the design and certi� cation of novel 
elastomeric respirators designed for use with a variety of � lters.  

  Developing Elastomeric Respirators 
 Existing elastomeric respirators should undergo further devel-
opment to improve their functionality. The properties of ideal 
elastomeric respirators are shown in  table 3   , and an artist’s con-
ception of a future respirator is shown in  � g. 4    (� lters removed 
to show the respirator facepiece more clearly). Elastomeric 
respirators can make verbal communication di�  cult, in most 
cases more so than � ltering facepiece respirators.  61 , 62   A few 

elastomeric respirators are equipped with a “speaking dia-
phragm” ( � g. 1 ), which transmits sounds by a thin disc located 
in a circumscribed area of the mask body. For elastomeric 
respirators to succeed in health care, sound transmission must 
be improved substantially by the use of “speaking diaphragms” 
or other measures. Transparent mask materials may also assist 
with e� ective communication by making facial expressions 
and lip movement discernable.  63   Management of moisture is 
also a potential challenge since condensation of exhaled water 
vapor inside the mask can result in accumulation of moisture.   

 All but a few available elastomeric respirators have an 
un� ltered, valved exhalation port, which is undesirable in 
healthcare settings. Un� ltered exhaled air may contaminate 
a sterile � eld during a procedure, or result in transmission of 
a respiratory pathogen if the person wearing the respirator 
is infected. While these exhalation ports can be overcome 
by user modi� cations, such as by covering the exhalation 
port and removing the inhalation port valves, a respira-
tor designed either without an exhalation port or with an 
exhalation port that can be switched o�  would be prefera-
ble. In some nonpandemic situations, un� ltered exhaled air 
may be acceptable—for example, if the person wearing the 
respirator is extremely unlikely to be infected with a spe-
ci� c transmissible respiratory pathogen ( e.g. ,  Mycobacterium 
tuberculosis  in low prevalence areas). Some users have worn 
surgical masks over an elastomeric respirator with the idea 
of providing � ltration for the exhaled air; however, this 
solution is unreliable due to the shortcomings of surgical 
masks described  in the Surgical Masks section.  

  Cleaning Elastomeric Respirators 
 One of the potential challenges for elastomeric respirators is 
cleaning. Reusable respirators require periodic cleaning and 
decontamination. Elastomeric respirators have typically been 
designed for low-level disinfection such as cleaning with soap 
and water, disinfectant wipes, dishwasher disinfection at low 
temperature, or immersion in relatively weak chemicals such as 
diluted bleach.  64   While the SARS-CoV-2 virus is inactivated 
by low-level disinfection, many other pathogens are resistant to 
this method. The elastomeric respirator is in close proximity to 
the user’s mouth, nose, and airway, has contact with respiratory 
secretions, and has potential contact with a wide variety of 

 Table 2.      Elastomeric Respirator Compared to Filtering Facepiece Respirator   

      Elastomeric Respirator    Filtering Facepiece Respirator   

 Value during a surge  Extended use, could last for entire pandemic. Filters can last for extended 
periods. 

 Disposable. Very large numbers of masks required during a 
sustained pandemic. 

 User seal check  User seal check is robust.  User seal check is not robust. 
 Cost  Individual respirator and set of fi lters more expensive than a single fi ltering 

facepiece respirator but much less expensive during prolonged usage. 
 Individual respirators less expensive than an elastomeric respi-

rator and fi lters but more expensive during prolonged usage 
due to the large numbers of respirators required. 

 Cleaning and disinfection  Required.  Disposable. 
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pathogens commonly found in the healthcare environment, 
including multidrug-resistant organisms. Therefore, an argu-
ment could be made that elastomeric respirators are semicrit-
ical devices that should be subject to high-level disinfection.  65 

Semicritical devices are those that come into contact with 
intact mucous membranes. High-level disinfection destroys 
all microorganisms except some bacterial spores. High-level 
disinfection could be particularly important if elastomeric 
respirators are processed by a hospital central processing unit 
and reissued to multiple users. High-level disinfection would 
require that elastomeric respirators be submersible (with the 
� lter cartridges removed), and that the materials be resistant to 
heat or chemicals required for high-level disinfection. During 
surge conditions when other disinfection processes may be in 
short supply, heat-resistant respirator materials could be disin-
fected with boiling water.  66   The hard surfaces of reusable � lter 
cartridges or canisters ( � g. 2 ) could be cleaned with disinfec-
tant wipes (low-level disinfection) between uses.  

  Hybrid Filtering Facepiece and Elastomeric 
Respirator Designs 
 There are several examples of respirators that combine a 
plastic or rubber mask frame and sealing surface with melt-
blown fabric � ltering, rather than � lter cartridges or canis-
ters. Thus, these respirators have features of both traditional 
� ltering facepiece respirators and elastomeric respirators. 
An example of such a hybrid respirator is shown in  � g. 1 .  

  Environmental, Equity, Diversity, and Economic 
Considerations 
 The environmental impact of elastomeric respirators in 
comparison to disposable � ltering facepiece respirators has 
not been well-studied. The environmental impact of clean-
ing reusable respirators should be considered. Respiratory 
protection must be e� ective and available for all people who 
need it. The experience of the COVID-19 pandemic has 
clearly shown that control of viral transmission must occur 
everywhere in the world in order to prevent the selection 
of more � t and dangerous variants of the virus. Respirators 
must be designed to e� ectively � t the wide variety of facial 
shapes and sizes found around the globe. Respirators must be 
produced in large enough numbers and at a low enough cost 
to ensure availability to low- and middle-income countries. 

  Conclusions 

 Elastomeric respirators have signi� cant advantages during 
respiratory pandemics due to their durability and capac-
ity for repeated use. Unlike � ltering facepiece respirators, 
elastomeric respirators allow for robust user seal checks. 
However, to optimize their utility in healthcare settings, 
elastomeric respirators should be further enhanced with 
respect to ease of communication, moisture control, suit-
ability for high-level disinfection, capacity to � lter exhaled 
air, and adaptability to � lters from multiple manufacturers. 
The authors believe that the development, implementation, 

 Table 3.      Properties of an Ideal Pandemic Elastomeric Respirator   

 Desired Property  Details   

 Possibility for high level disinfection *   Would tolerate heat or chemicals required for disinfection. 
 Good fi t for most users  The design of the mask body and straps would result in such good fi t for most users that a user seal check could reason-

ably replace the need for formal fi t testing during emergency or surge use. Currently such respirators do not exist, and 
regulators in the United States require fi t testing of all respirators. Manufacture an adequate range of sizes to accommo-
date all users. 

 Comfortable for prolonged use  Lightweight, with a sealing surface that is comfortable for several hours of continuous use. 
 High-effi ciency fi lter cartridges could be 

subjected to low level decontamination 
of the plastic enclosing the fi lter 

 High-effi ciency fi lters enclosed in plastic cartridges can be subjected to low-level surface decontamination with disinfec-
tant wipes. Filter life expectancy during use in relatively dust-free environments could be measured in months to years. 

 Adaptable to fi lters from diverse sources  In anticipation of supply chain disruption during a pandemic, the fi lter ports should be designed with adaptors for compatibil-
ity with fi lters from multiple sources, possibly including fi lters for anesthesia machine and ventilator circuits. In the United 
States, such designs would require approval by National Institute for Occupational Safety and Health  (Washington, D.C.). 

 Low resistance to breathing  Filter surface area would be large enough to minimize resistance to breathing. 
 Unfi ltered exhalation valve would either be 

eliminated or could be disabled 
 Exhalation fi ltered through the same fi lter cartridges as inhalation. 

 Designed for communication  Ease of communication would be a key design feature including a transparent mask body and a speaking diaphragm, or 
other speech-enhancing features. 

 Moisture management  Mitigation of condensation of moisture inside the mask body. 
 Compatibility with eyeglasses, goggles, and 

face shields with good fi eld of view 
 The body of the respirator should not interfere with eye protection such as goggles or face shields. Filters should be kept 

small enough not to interfere with fi eld of view. 
 Magnetic resonance image scanner 

compatibility 
 Ferromagnetic parts should be avoided for magnetic resonance image scanner compatibility. 

 Long storage life  Mask bodies and fi lters should be stable during prolonged storage to facilitate stockpiling. 
 Minimize environmental impact  Recyclable materials are preferred when possible. 
 Minimize costs  Minimizing costs facilitates stockpiling and implementation in middle- and low-income countries. 

   *High-level disinfection is the process of complete elimination of all microorganisms in or on a device, with the exception of a small numbers of bacterial spores.   
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and stockpiling of improved elastomeric respirators around 
the world should be an international public health priority.  
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 Lulling Carnations to Sleep, Ethylene Ripens with 
Anesthetic Powers                  

 In 1878, famed French physiologist Claude Bernard reported on ether’s ability to “anesthetize”  Mimosa pudica , a 
plant known for its rapid movements to touch. Placing an ether-soaked sponge next to the species had abolished 
its sensitivity to contact. Thirty years later, North American carnation growers mourned the mysterious narcoti-
zation of their � owers ( right ) in Chicago’s greenhouses. Scientists at the University of Chicago soon determined 
that ethylene ( left ), a fruit-ripening greenhouse gas, had caused open carnation petals to droop and nascent buds 
to remain closed. Physiologists A. B. Luckhardt and J. B. Carter then tried to determine ethylene’s toxicity in 
animals, only to discover its anesthetizing properties instead. In 1923, they reported in  JAMA  (8:765–70) eth-
ylene-induced surgical anesthesia � rst in animals and then in humans ( i.e. , the study authors and two surgeons). 
That same year, Isabella Herb, M.D., chief physician anesthetist at Chicago’s Presbyterian Hospital, became the 
� rst to administer ethylene clinically. Initially lauded as a superior alternative to nitrous oxide for both faster 
onset and deeper anesthetic e� ect, ethylene’s popularity bloomed for a time but then wilted, given its odor and 
explosivity. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.) 
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  ABSTRACT 
 Ellison C. Pierce, Jr., M.D., and a small number of specialty leaders and sci-
entists formed a remarkable, diverse team in the mid-1980s to address a 
dual crisis: a safety crisis for anesthetized patients and a medical malpractice 
insurance crisis for anesthesiologists. This cohesive team’s efforts led to the 
formation of the Anesthesia Patient Safety Foundation, the American Society 
of Anesthesiologists’s Committees on Standards of Care and on Patient Safety 
and Risk Management, and the society’s Closed Claims Project. The com-
monality of leaders and members of the Anesthesia Patient Safety Foundation 
and American Society of Anesthesiologists initiatives provided the strong 
coordination needed for their efforts to effect change, introduce standards of 
care and practice parameters, obtain fi nancial support needed to grow patient 
safety–oriented new knowledge, integrate industry and other relevant leaders 
outside of anesthesiology, and involve all anesthesia professions. By imple-
menting successful patient safety initiatives, they promoted the recognition 
that anesthesiology and patient safety are inextricably linked.  

(ANESTHESIOLOGY  2021 ;  135 : 963 – 75 )      

 The Evolution of the 
Anesthesia Patient Safety 
Movement in America: 
Lessons Learned and 
Considerations to Promote 
Further Improvement in 
Patient Safety  
 Mark A.     Warner    ,   M.D.    ,       Mary E.     Warner    ,   M.D.  

ANESTHESIOLOGY  2021 ;  135 : 963 – 75 

 The anesthesia patient safety movement in the United 
States, heralded by the development and implemen-

tation of the American Society of Anesthesiologists’ (ASA; 
Shaumburg, Illinois)  Ad Hoc  Committee on Patient 
Safety and Risk Management in 1984 and Committee 
on Standards in 1985 and the Anesthesia Patient Safety 
Foundation (APSF) in 1985, has been lauded as a landmark 
of successful collaboration between a national professional 
society and a related foundation.  1   The impact of the move-
ment has been recognized as one of the most in� uential 
medical advances of the past century. By any account, the 
ASA and APSF have formed a remarkable team during the 
past 36 yr and have stimulated changes that improved the 
safety of patients who undergo anesthesia. 

 As with any collaboration in a dynamic, changing envi-
ronment, the strength of the relationship between partners 
may � uctuate over time and require periodic reassessment 
and adjustment to maintain or improve outcomes. The ASA, 
speci� cally its Committee on Patient Safety and Education 
(formerly the Committee on Patient Safety and Risk 
Management), its Committee on Standards and Practice 
Parameters (formerly the Committee on Standards), its 
Committee on Professional Liability, and the APSF have 
recently or currently are making adjustments to their mis-
sions and charges. Therefore, this period in 2021 provides an 
excellent opportunity to review the historical links between 
the two entities, understand the dynamics and shared goals 
that produced such a positive impact on anesthesia patient 

safety, and contemplate opportunities to promote additional 
collaboration into the future. 

 For the purposes of this paper, the years 1982 to 2000 are 
considered the era of the origin of the anesthesia patient safety 
movement. Born out of an increasing awareness of anesthet-
ic-related injuries to patients and a growing malpractice insur-
ance crisis, the nascent anesthesia patient safety movement 
during this period generated highly successful and innovative 
patient safety initiatives. A remarkable group of dedicated ASA 
and APSF leaders led these initiatives during a time of a dra-
matic reduction in patient harm associated with anesthesia. 

  The Origins of the Anesthesia Patient Safety 
Movement 
 The 1970s and early 1980s in the United States saw a rapid 
increase in innovative procedural practices in medicine and 
surgery. Technological advances boomed concomitant with 
the acceleration of the space programs, computerization, 
and other disruptive innovations. These advances were sup-
ported by increased governmental funding, an expansion of 
academic programs in science and mathematic � elds, and 
an in� ux of both men and women into the biologic sci-
ences and medicine. Surgical, nonsurgical procedural, and 
anesthetic disciplines were transformed by the resulting 
evolution of biomedical equipment, biologic monitoring, 
and medications and adjuvant agents. The advances also 
increased pressure to o� er these procedural services to a 
greater breadth of the population, particularly reaching out 
to patients of advanced ages and a growing level of medical 
and surgical conditions and general dysfunction or disability. 

  Submitted for publication May 26, 2021. Accepted for publication September 2, 2021. Published online fi rst on October 19, 2021. From the  Department of Anesthesiology and 
Perioperative Medicine, Mayo Clinic ,  Rochester, Minnesota.  

 Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2021 ;  135 : 963 – 75  . DOI:   10.1097/ALN.0000000000004006  
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 Anesthesiology adapted to these rapid changes, but not 
always in synchrony with the pace of the growing complexity 
of the procedural practice and surgical patient population. As 
a result, the risk of patient harm increased during this period, 
and medicolegal actions against anesthesiologists grew rap-
idly.  2   Medical malpractice insurers quickly responded to the 
increase in anesthesia-related lawsuits, and rates for malprac-
tice insurance coverage jumped dramatically. Malpractice 
insurance coverage became di�  cult to obtain in certain geo-
graphic locations of the United States. An insurance crisis was 
looming. In addition, the public was becoming increasingly 
aware of patient harm associated with anesthesia care. This 
awareness peaked on Thursday evening, April 22, 1982, when 
the ABC television network aired its  20/20  production “The 
Deep Sleep: 6,000 Will Die or Su� er Brain Damage.”  3   Public 
concern spiked, as did the desire of ASA members for actions 
that would address both the malpractice insurance crisis and 
the public’s concerns. The stage was set for leaders to step 
forward and improve anesthesia patient safety. 

 Fortunately, anesthesiology had leaders in place who 
advocated for the resources and changes needed in the spe-
cialty to signi� cantly address these issues. The key leaders 
who participated in the anesthesia patient safety movement 
are shown in  � gure 1   .  Figure 2    provides a timeline of the 
historical developments that are described in this paper.    

  Development of Anesthesia Monitoring Standards 
 The Controlled Risk Insurance Company in Boston, 
Massachusetts, provider of malpractice insurance for the 
Harvard University hospitals, noted in 1983 that 11% of its 
payments to patients for harm were associated with malprac-
tice claims against its insured anesthesiologists despite these 
anesthesiologists representing only 3% of their insured phy-
sicians.  4   James F. Holzer, J.D., a director at the Controlled 
Risk Insurance Company and leader of Harvard’s Risk 
Management Foundation, asked the nine chiefs of the 
Harvard-a�  liated hospitals to determine how to solve this 
(Je� rey B. Cooper, Ph.D., Department of Anesthesia, Critical 
Care, and Pain Medicine , Massachusetts General Hospital, 
Boston, Massachusetts, April 20, 2021, verbal communication; 
John H. Eichhorn, M.D., emeritus Anesthesia Patient Safety 
Foundation Newsletter Editor-in-Chief, April 21, 2021,  San 
Jose, California, verbal communication). The chiefs subse-
quently formed a Risk Management Committee to review 
this issue. The committee had representatives from six Boston-
area hospitals and was led by Eichhorn, then of Beth Israel 
Hospital. In addition to Eichhorn, the department chiefs and 
members of the Risk Management Committee consisted 
of several individuals who would become key leaders in the 
anesthesia patient safety movement. These included Ellison C. 
(“Jeep”) Pierce, Jr., M.D.; Richard J. Kirtz, M.D.; and Cooper. 

 The Risk Management Committee determined during 
its e� orts in 1984 and 1985 that the major anesthesia-
related malpractice payouts by the Controlled Risk Insurance 

Company were associated with a handful of patients who suf-
fered severe injuries, and that most of these injuries may have 
been preventable with continuous monitoring of patients. They 
subsequently recommended that the Harvard-a�  liated hospi-
tals adopt monitoring standards, a recommendation accepted by 
each anesthesiology department chair.  5   The standards faced ini-
tial resistance in the Harvard-a�  liated hospitals, but their imple-
mentation in 1985 was supported by strongly aligned anesthesia 
chiefs and bolstered by a promise from Holzer and his insurance 
company to reduce anesthesia malpractice expenses by 15% or 
greater, a reduction that occurred by 1986. 

 Pierce was particularly in� uenced by this attention given 
to anesthesia patient safety. He had been interested in the issue 
for several years (Cooper, verbal communication; Eichhorn, 
verbal communication).    6     In 1982, as First Vice-President of 
the ASA, he was hearing often from ASA members and mal-
practice attorneys about catastrophic anesthetic-related harm 
to patients. He vowed to use his ASA leadership position to 
address this issue, a promise that would have a remarkable 
impact on not only the acceptance of anesthesia monitor-
ing standards in the United States but also anesthesia patient 
safety in general around the world in the coming decades.  

  Development of the ASA Committee on Patient 
Safety and Risk Management 
 In July 1983, the ASA’s Section on College recommended 
the production of a videotape program entitled “Patient 
Safety and Risk Management” by the Subcommittee 
on Resources and the Section on College. A sum “not to 
exceed $100,000” was budgeted “to plan and produce this 
program.”  7   Subsequently, President-elect Pierce a�  rmed the 
recommendation in his annual report to the ASA House of 
Delegates.  8   In his report, Pierce noted, “The broadcast  in 
1982 of the ABC 20/20 program concerning anesthesia 
accidents caused many of us to re� ect anew on the problem. 
Over 135 yr, numerous studies and commissions have exam-
ined morbidity and mortality in our � eld but produced little 
progress in modifying them. Most have suggested that the 
majority of anesthesia deaths are preventable… It is indeed 
possible that there may be some 5,000 anesthetic deaths each 
year in the United States out of some 20 million administra-
tions of anesthesia… Leadership must come from the world’s 
anesthesia societies, however, not from insurance companies 
and federal regulatory agencies… ASA and component edu-
cational programs will be costly but are essential to provide 
understandings of why mishaps occur. It is my belief that 
signi� cant relief from ever-increasing premiums for medical 
liability insurance will come only when the number of mis-
haps is signi� cantly reduced.” 

 In that same report, Pierce further proposed the forma-
tion of an  Ad Hoc  Committee on Patient Safety and Risk 
Management.  8   Since it was an  ad hoc  committee, he did 
not require ASA Board of Directors or House of Delegates 
approval. He appointed Howard L. Zauder, M.D., Ph.D., as 
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 Fig. 1.      Photographs of anesthesiology leaders who advocated for the resources and changes needed in the specialty to signifi cantly improve 
anesthesia patient safety and reduce patient harm during the years 1982 to 2000 during the evolution of the anesthesia patient safety 
movement.    
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the  ad hoc  committee’s chair. Future APSF directors on that 
ad hoc  committee included Cooper; William K. Hamilton, 
M.D.; Arthur S. Keats, M.D.; and Holzer. Zauder reported 
in July 1984 that the  ad hoc  committee’s primary functions 
included education and the acquisition of data related to 
adverse events in anesthesia.  9   In his March 1984 report, 
Zauder noted that the ASA Board of Directors had directed 
the responsibility for production of videotapes related 
to patient safety to be shared by the ASA Committee on 
Resources of the Section on College and the  ad hoc  com-
mittee.  10   The � rst two tapes were “Introduction/Index” 
and “Anatomy of an Anesthesia Machine.” The third was 
“Disconnection in Breathing Circuits.”  9   This initial anesthe-
sia patient safety videotape production initiative continued 
for 16 yr, ending in 2000 with its 24th videotape.  11   The  ad 
hoc  committee became the Committee on Patient Safety and 
Risk Management in 1985 upon a recommendation of then 
ASA President Pierce in 1984.  12   It � rst met in 1986 with 
Pierce as its inaugural chair. 

  Development of the ASA Committee on Standards 
(Subsequently the Committee on Standards and 
Practice Parameters) 
 Encouraged by Pierce, his predecessor as ASA president, H. 
Ketcham Morrell, M.D., promoted the development of stan-
dards of care, stating in his August 1985 Board of Directors 
Report, “There have, in the past, been discussions centered 
around the subject of ‘standards of care’ and whether or not 
ASA could or should publish what it believes is a standard of 
care in anesthesiology. I believe we owe it to our membership 
as well as the American public for ASA to set down guidelines 
concerning standards of care…”  13   In his subsequent September 
1985 report to the Board of Directors, he commented further, 
“The time has come to ‘get o�  the dime’ and promulgate stan-
dards of care satisfactory not only to the House of Delegates, 
but to the entire membership. When this element of patient 
care is attended to, quality of care must improve. The conduct 
of an anesthetic will be even safer than it is currently. We will 

 Fig. 2.      This timeline depicts major events that contributed to anesthesiology’s lead role in improving patient safety during the years 1968 
to 1992. ABC, American Broadcasting Corporation; APSF, Anesthesia Patient Safety Foundation; ASA, American Society of Anesthesiologists.    
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eventually have a signi� cant drop in morbidity and mortality 
and the people in the professional liability industry will have 
to take notice.”  14   He appointed an  Ad Hoc  Committee on 
Standards of Care, and Burton S. Epstein, M.D., was made the 
committee’s � rst chair. The initial committee included Pierce 
as a member and � rst met on October 14, 1985. 

 By July 1986, the  ad hoc  committee had met twice and decided 
to � rst tackle the issue of minimal monitoring for anesthetized 
patients. After a review of existing, relevant recommendations 
and standards and hearing from Eichhorn of the 1985 imple-
mentation of the Harvard monitoring standards,  15   the commit-
tee members agreed with all of them and recommended their 
approval in the  ad hoc  committee’s � rst annual report to the ASA 
Board of Directors.  16   The board approved the recommenda-
tion with a minor adjustment, and the ASA House of Delegates 
approved the “Standards for Basic Intra-Operative Monitoring” 
in � nal form on October 18, 1986.  17   This approval established 
ASA as a national leader in standards of care and accelerated the 
specialty’s anesthesia patient safety movement.  

  Development of the ASA Committee on 
Professional Liability 
 The ASA  Ad Hoc  Committee on Professional Liability 
Insurance was established in 1968 with a goal of imple-
menting professional liability resolutions passed by the 1968 
House of Delegates.  18   In its 1969 annual report, the  ad hoc 
committee suggested that the group continue with a main 
function to act as a clearinghouse for information about pro-
fessional liability insurance and to assist with educational pro-
grams pointed toward the prevention of malpractice claims.  19  

Harold L. Engel, M.D., chair of the  ad hoc  committee, sagely 
noted in that report, “Satis� ed patients do not sue.” 

 The  ad hoc  committee had a temporary setback in late 
1970 after a series of recommendations, including one that 
promoted the transition of the  ad hoc  committee into a 
standing Committee on Medical-Legal A� airs, were dis-
approved by the Board of Directors.  20   The disapprovals, at 
least in part, led to the abrupt resignation of William H. L. 
Dornette, M.D., J.D., the  ad hoc  committee chair. Into his 
place stepped J. Gerald Converse, M.D.  21  

 The malpractice insurance crisis continued over the next 
decade. Both the costs of insurance and the � nancial awards to 
plainti� s in anesthesia-related legal actions escalated. In 1984, 
Frederick W. Cheney, Jr., M.D., was the committee’s chair and 
contemplated the nascent concept of using closed malpractice 
claims to gain information on anesthesia patient harm. It was 
clear to Cheney and other anesthesia patient safety leaders that 
the single most e� ective way to reduce malpractice insurance 
expenses and plainti�  awards was to reduce patient harm.   8, 22  

While attending the inaugural International Symposium on 
Preventable Anesthesia Mortality and Morbidity (October 8 
to 10, 1984) organized by Pierce, Cooper, Kitz, and T. Cecil 
Gray, M.D., of the United Kingdom, he watched as Richard W. 
Solazzi, M.D., and Richard J. Ward, M.D., presented their anal-
ysis of anesthesia mishaps gleaned from medical liability cases.  23  

Encouraged by ASA Immediate Past President Pierce, Cheney 
asked Ward to help the ASA start a closed claims project and 
recruited Karen B. Domino, M.D., and Karen L. Posner, Ph.D., 
to assist. The Closed Claims Project, now one of the world’s most 
successful and sustained studies of anesthesia patient harm, bene-
� ted from Cheney’s prolonged leadership as he served as chair of 
the Committee on Professional Liability through 1995. Starting 
with the Closed Claims Project’s � rst peer-reviewed article by 
Robert A. Caplan, M.D., in 1998,  24   investigators associated with 
the project produced 67 novel peer-reviewed papers through 
the end of 2020. These papers have informed many patient 
safety changes and helped the ASA committees and APSF pri-
oritize the issues that they have addressed over the years.  

  Development of the APSF 
 The initial International Symposium on Preventable 
Anesthesia Mortality and Morbidity meeting in 1984 
proved to be a pivotal point in the rise of the anesthesia 
patient safety movement. It was held October 8 to 10 in 
Boston and was attended by approximately 50 anesthesiolo-
gists from the United States, Australia, the United Kingdom, 
South Africa, France, and Belgium with the goal of holding 
a candid discussion of anesthesia morbidity and mortality.  6  

After that meeting, a small subgroup consisting of Pierce, 
Cooper, Kitz, Gray, and Eichhorn met and decided that a 
patient safety foundation was needed to advance the ideas 
expressed at the (Cooper, verbal communication; Eichhorn, 
verbal commmunication).  These included the concept that 
a separate foundation was needed to promote input from 
all anesthesia professionals (in this case, speci� cally nurse 
anesthetists), the industry, the legal profession, the American 
Medical Association (Chicago, Illinois), and the Joint 
Commission on Accreditation of Healthcare Organizations 
(now The Joint Commission, Oakbrook Terrace, Illinois). In 
addition, the subgroup was convinced that it was important 
for patient safety initiatives to be supported � nancially by 
industry and foundations. The ASA, designated by the U.S. 
Internal Revenue Service as a 501(c)(6) organization, could 
not accept foundation funding at that time and had to be 
very speci� c in intent when receiving industry support. On 
the other hand, a new foundation, crafted to achieve desig-
nation by the Internal Revenue Service as a 501(c)(3) orga-
nization, could accept funds from these sources as long as 
con� ict of interest issues were addressed appropriately. The 
APSF was granted 501(c)(3) status on December 5, 1986.  25  

 Several other crucial decisions and initiatives related to 
the anesthesia patient safety movement arose from the ini-
tial International Symposium on Preventable Anesthesia 
Mortality and Morbidity meeting. It was clear to the subgroup 
that the foundation should be U.S.-centric. Attaching it to 
entities such as other anesthesiology societies and the World 
Health Organization (Geneva, Switzerland) would most 
likely be controversial, impeding the pace of change needed 
to improve patient safety in the United States (Cooper, ver-
bal communication; Eichhorn, verbal communication).    6     On 
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the other hand, the group didn’t wish to place restrictions 
on itself that would limit its ability to reach out internation-
ally. At the subgroup meeting, Cooper proposed naming the 
foundation “The Anesthesia Patient Safety Foundation,”  26  

avoiding any mention of country of origin that might hin-
der one of the APSF’s initial missions, “[the] international 
exchange of information and ideas on patient safety.” 

 As he did with other key ASA initiatives on patient safety, 
Pierce led the development of the APSF. He arranged the 
organizing meeting on July 10, 1985, in Washington, D.C. He 
was joined by Cooper; Kitz; Michael Scott, J.D.; and Zauder.  27  

After subsequent consultation with Pierce, ASA President 
Morrell recommended the formation of the foundation in his 
August 1985 President report to the ASA Board of Directors.  28  

Pierce, as the � rst chair of the Committee on Patient Safety 
and Risk Management, asked at that same meeting that the 
ASA approve APSF funding of $100,000 annually, using a vol-
untary “checko� ” on the ASA dues form to add a contribu-
tion of $25 per member to o� set the $100,000 commitment.  29  

The ASA Board of Directors initially disapproved his recom-
mendation and expressed a desire to see the draft bylaws of the 
foundation in order to better understand the proposed relation 
between the ASA and the APSF. Pierce and Scott produced 
the draft bylaws and on October 12, 1985, the ASA House of 
Delegates agreed to the $100,000 annual funding support and 
elected Pierce and Scott as the APSF’s � rst two directors.  30  

 As there were 30 APSF director positions approved in the 
bylaws, it fell to Pierce and Scott to arrange the election of 
the remaining directors.  31   They met on November 22 and 
December 13 that year, both times in New York City, to select 
a slate of nominees. Twenty-seven additional directors were 
recommended and elected on December 14, 1985.  32   Their 
election was followed immediately by the APSF’s � rst Board 
of Directors meeting.  33   A 30th director position was held 
open for a potential, unrealized nominee. The new board 
consisted of 16 anesthesiologists; 5 anesthesia and monitor-
ing equipment representatives; 3 insurance company leaders; 
a single nurse anesthetist; and one director each from the 
Food and Drug Administration (Silver Spring, Maryland), 
the American Hospital Association (Chicago, Illinois), the 
pharmaceutical industry, and the legal profession. 

 The addition of a nurse anesthetist to the APSF as a board 
member was controversial at the time. Key leaders within the 
ASA were initially against the nomination of a nurse anesthetist, 
but Pierce believed strongly that the nurse anesthesia profession 
must be represented (Cooper, verbal communication; Eichhorn, 
verbal communication).  In a compromise, it was agreed that a 
nurse anesthetist should be an APSF director, but the nomi-
nee could not be a leader within the American Association of 
Nurse Anesthetists (AANA; Park Ridge, Illinois). Pierce nom-
inated Beverly Nichols, C.R.N.A., and she was subsequently 
elected unanimously. Ironically, two additional nurse anesthe-
tists, including Je� ery M. Beutler, Deputy Executive Director of 
the AANA, had been elected by 1991. This act of compromise 
by Pierce has arguably driven the overall success of the APSF 

for its � rst 35 yr. He used this compromise to demonstrate his 
extraordinary belief in the importance of including all relevant 
people in the anesthesia patient safety movement. The culture 
of inclusivity that he sought through compromise continues 
to this day as the APSF Board of Directors and others on its 
committees consist of individuals from various anesthesia-re-
lated industries, the insurance and medicolegal � elds, nurse 
anesthesia and anesthesiologist assistant professions, surgeons, 
perianesthetic nurses, operating room nurses, regulatory agency 
representatives, and others. 

 Industry, in a broad de� nition that includes manufacturers 
( e.g. , those producing anesthesia-related equipment, physio-
logic monitors, and pharmaceuticals) and medicolegal insur-
ance companies, was well represented on the initial APSF 
Board of Directors and played a vital role in improving the 
safety of anesthesia care.  32   Industry leaders such as Burton 
A. Dole, Jr. (Puritan-Bennett Corporation, Overland Park, 
Kansas), William New, M.D. (Nellcor Corporation, Hayward, 
California), George Gri�  ths (Janssen Pharmaceuticals, Beerse, 
Belgium), James F. Holzer (Risk Management Foundation, 
Boston, Massachusetts), Mark D. Wood (St. Paul Fire and 
Marine Insurance Company, St. Paul, Minnesota), and W. Dekle 
Roundtree, Jr. (Ohmeda, Atlanta, Georgia) added credibility to 
the APSF within their � elds of industry. They were major con-
tributors to the APSF missions personally. Equally important, 
they were able to use their considerable collective in� uence 
to assist APSF and the specialty pursue changes within their 
industries and address major patient safety issues. For example, 
Wood collaborated with Cheney and the ASA Committee on 
Professional Liability to open the St. Paul Companies’ (St. Paul, 
Minnesota)  closed claims � les on anesthesia-related lawsuits 
and persuaded additional malpractice insurers to do the same, 
all of which made the ASA Closed Claims Project possible.  34  

These leaders also raised money to support the initial activities 
of the APSF, getting their own companies to support the foun-
dation but also helping obtain funding from other corporations 
and foundations. Perhaps the most important example in the 
� rst several years of the APSF’s existence was Dole’s in� uence 
in obtaining a grant of $450,000 over 3 yr (1986 to 1988) from 
the Parker B. Francis Foundation  (Kansas City, Missouri).  35  

Francis was founder of Dole’s Puritan-Bennett Corporation. 
Puritan-Bennett also provided in-house publishing support for 
the � rst years of the  APSF Newsletter  (Eichhorn, verbal com-
munication). The newsletter was particularly important for the 
dissemination of patient safety information and was distributed 
to all members of the ASA and AANA in its � rst year, 1986. 

  Historical Links between Key ASA Committees 
and the APSF 
 The APSF and these three ASA committees were very strong 
partners during the crucial development of the anesthesia 
patient safety movement from 1985 through 1995. Pierce 
played a very signi� cant role in building these partnerships, 
either directly appointing overlapping membership between 
the APSF directors and the committees or arranging it 

ALN_V135N6_Text.indb   968ALN_V135N6_Text.indb   968 01-Nov-21   20:54:2801-Nov-21   20:54:28

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



 Evolution of Anesthesia Patient Safety Movement

 Anesthesiology 2021; 135:963–75 969 M. A. Warner and M. E. Warner

through his in� uence on receptive and supportive ASA lead-
ers such as ASA Presidents Morrell, Franklin B. McKechnie, 
Zauder, and Arens (Cooper, verbal communication).      6,36   The 
interdigitation of members of the APSF Board and the ASA 
committees was crucial to coordinating an evolving, broad 
anesthesia patient safety movement. For example, during the 
� rst decade of its existence, 29 to 60% of the members of the 
ASA Committee on Patient Safety and Risk Management 
were APSF directors.  37   Pierce took this concept a step further 
by in� uencing the selection of the chairs of these ASA com-
mittees, many of whom were either APSF directors or ASA 
leaders who strongly supported the anesthesia patient safety 
vision that Pierce promoted (Cooper, verbal communication; 
George A. Schapiro, M.S.I.A., emeritus Anesthesia Patient 
Safety Foundation Executive Vice-President, April 22, 2021, 
Hillsborough, California, verbal communication).  APSF 
director Cheney was noti� ed in mid-1984 that he would be 
appointed to chair the 1985 ASA Committee on Professional 
Liability and its Closed Claims Project. He remained in that 
position for the entire � rst decade of the anesthesia patient 
safety movement (1985 to 1995). Epstein was appointed 
in 1985 to become the inaugural chair the Committee on 
Standards of Care. He led that committee for its � rst 9 yr. 
Pierce himself chaired the ASA Committee on Patient Safety 
and Risk Management from 1984 through 1990 and was 
followed by Caplan, also an APSF director. This interdigita-
tion of APSF directors onto these key ASA committees as 
members and chairs led to a strong union of forces and coor-
dination of e� orts to reduce patient harm from anesthesia. 

 During that time, the ASA Committee on Patient Safety 
and Risk Management was the primary resource for the ASA 
initiative to produce a series of videotapes on anesthesia patient 
safety issues. The APSF served as a conduit for industry funding 
to support the initiative. APSF directors also provided insights 
and guidance. The ASA Committee on Professional Liability, 
especially with its leadership role with the ASA Closed Claims 
Project, provided crucial information to guide APSF patient 
safety initiatives and promote anesthesia patient safety in gen-
eral within anesthesiology. The ASA Committee on Standards 
was tightly linked to the APSF during that same period. The 
committee recommended the ASA’s adoption of clinical stan-
dards.  16   The adoption of clinical standards was novel for a 
medical entity at the time, propelling anesthesiology and ASA 
to the forefront of patient safety in general worldwide.  38   The 
APSF and the three ASA committees shared their minutes or 
ASA reports starting in 1986, and a signi� cant number of their 
members and leaders overlapped. This interdigitation of mem-
bers and leaders led to a coordinated, collaborative e� ort to 
improve anesthesia patient safety. In many ways, it is reasonable 
to suggest that this coordination between these four groups 
markedly accelerated interest in and actions toward anesthesia 
patient safety, in essence starting the exponential rise of the 
anesthesia patient safety movement and patient safety across 
the broad spectrum of medical care. Pierce was the common 
link and was primarily responsible for this coordination. 

 From 1986 through 2000, the ASA Committee on Patient 
Safety and Risk Management augmented the education and 
training component of the APSF. The committee produced 
the ASA patient safety videotape series. The last of the initial 
series of 24 videotapes was � nalized in 2000.  11   Of course, the 
committee also had ASA-speci� c roles. These included serv-
ing the society as a resource for patient safety–related questions 
and requests, assisting the annual meeting and other education 
leaders in selecting speakers for speci� c patient safety-oriented 
topics, identifying potential patient safety–oriented authors 
for  ASA Newsletter  articles and other educational enduring 
materials, and generally advising the society and its members 
on methods to enhance the safety of anesthesia care.  39  

 The relationship between the APSF and the ASA 
Committee on Patient Safety and Risk Management was 
very e� ective during the initial 14-year period of 1986 to 
2000. During these years, the percentage of APSF directors 
who served on the committee ranged from 29 to 60%.  37  

With completion of the videotape series, a major component 
of the committee’s role fell away, and the committee went 
through a period of transition. In 2000, committee chair 
Casey D. Blitt, M.D., also an APSF o�  cer, noted, “The direc-
tion and charge of the committee continues to be somewhat 
nebulous.”  11   Successive committee chairs made similar com-
ments in their reports to the ASA House of Delegates and 
asked for a closer, o�  cial relationship with APSF.  39 , 40   By 2009, 
the percentage of APSF directors serving on the committee 
as members had decreased to less than 20%, and that down-
ward trend has continued. From 2014 through 2020, less than 
5% of the committee members were APSF directors, and the 
interchange in ideas between the committee and APSF fal-
tered. However, the committee has continued to ful� ll its 
ASA charge and assists the Committee on Annual Meeting 
Oversight and other ASA committees by suggesting topics 
and speakers for patient safety courses and lectures. It provides 
input to ASA patient-directed materials and other patient 
safety publications ( e.g. , a recent  International Anesthesiology 
Clinics  text), supported and maintained a now-inactive ASA 
Frequently Asked Questions webpage that primarily dealt 
with issues that impact patient safety, and has been asked by 
ASA leaders to serve as a resource for patients and members 
who have questions related to patient safety–oriented issues. 

 The ASA Committee on Professional Liability and 
Committee on Standards of Care never had a signi� cant 
percentage of their members who were APSF directors.  37  

However, the chairs of these committees from 1986 through 
1999 were primary either APSF directors or ASA leaders 
who were strong supporters of the anesthesia patient safety 
movement. For the Committee on Professional Liability, 
the chairs were Cheney (10 yr) and Caplan (4 yr). For the 
Committee on Standards of Care, the chairs were Epstein 
(9 yr), Ronald A. Gabel, M.D. (1 yr), and Eichhorn (4 yr). 
The sustained leadership of these committees by individuals 
who believed strongly in the anesthesia patient safety move-
ment in� uenced the many contributions of the committees 
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to advances that resulted in a dramatic reduction in patient 
harm during this remarkable 14-year period. For example, 
the Committee on Standards of Care recommended and 
supported the ASA’s adoption of minimal standards for the 
monitoring of anesthetized patients. The Committee on 
Professional Liability oversaw the implementation of the 
Closed Claims Project and the many in� uential publica-
tions produced by it that led to patient safety improvements. 

 The APSF and AANA have intermittently pursued sim-
ilar links. Three of the AANA’s chief operating o�  cers have 
been APSF directors. These include Beutler; Wanda O. Wilson, 
C.R.N.A., Ph.D.; and Randall Moore, II, C.R.N.A., D.N.P.  41  

The APSF Board of Directors has included at least one nurse 
anesthetist representative of the AANA since 1991 and has had 
as many as four at any one time. Although APSF is apolitical and 
inclusive, the relationship between the APSF and the AANA 
has � uctuated over the foundation’s 36-year history. The rela-
tionship has been impacted, at times, by disagreements on a 
variety of issues but especially scope-of-practice di� erences 
between anesthesiologists and nurse anesthetists. In general, 
however, the relationship has provided very valuable collabora-
tive interactions and exchanges of perspectives that have helped 
to advance anesthesia patient safety. 

  Refl ections 
 This history of the evolution of the anesthesia patient safety 
movement expands on the development of each major con-
tributing component ( i.e. , APSF and the three relevant ASA 
committees) and reveals how Pierce and his colleagues delib-
erately built a diverse but like-minded, highly regarded lead-
ership team across the spectrum of anesthesia professionals 
and industry leaders. Pierce also recruited key governmen-
tal and healthcare leaders such as Marlene E. Ho� ner, M.D., 
Director of the O�  ce of Health A� airs for the Food and 
Drug Administration; Martin J. Hatlie, Esq., General Counsel 
for the Joint Commission on Accreditation of Healthcare 
Organizations; and Mary Ann Kelly, Clinical Services, American 
Hospital Association, to the APSF Board of Directors.  41   He 
courted liaisons with our surgical colleagues, and C. Rollins 
Hanlon, M.D., was appointed as the APSF’s � rst representative 
from the American College of Surgeons (Chicago, Illinois).  41  

Colleagues from surgical � elds have been continuously repre-
sented on APSF’s Board of Directors or committees since the 
organization’s inception and have provided unique perspec-
tives that have contributed to patient safety initiatives that have 
expanded into the entire perioperative period. 

 Importantly, Pierce and his team provided sustained lead-
ership as they all contributed in their roles for the � rst decade 
of the evolution of the movement. During that period, the 
anesthesiologist leaders on the team also each contributed 
to the mentoring of the next generation of patient safety 
advocates and leaders. These future leaders of the movement 
included, but were not limited to, Robert K. Stoelting, M.D. 
(President, APSF); Caplan and Blitt (Committee on Patient 

Safety and Risk Management); Domino, Eichhorn, and 
Caplan (Committee on Professional Liability); and Eichhorn 
(Committee on Standards of Care). The movement’s indus-
try leaders mentored future key supporters such as George 
A. Shapiro (Andros Analyzers, Berkeley, California) and 
David Swedlow, M.D. (Nellcor Puritan-Bennett, Pleasanton, 
California). Together, Pierce’s diverse leadership team shaped 
an expansive, sustained anesthesia patient safety movement. 

 Missing in the movement’s � rst decade, however, was 
any speci� c attempt to add the perspective of patients and 
patient advocates. No public members or patient advocates 
outside of the anesthesia professions were added to the 
APSF Board of Directors or integrated into its commit-
tees.  41   This apparently was not for lack of trying to recruit 
patient advocates or public members to the ASPF Board 
(Eichhorn, verbal communication).  Patient advocates and 
public members were not prevalent on medical boards and 
foundations in the mid-1980s. The only public member 
of the APSF Board of Directors has been Harry Schwartz, 
Ph.D., in 1993.  41   He remained only until 1995. His contri-
butions to the APSF Board discussions were minimal during 
his time as a director (Eichhorn, verbal communication). 

 The pace of progress in reducing patient harm during 
the evolution of the anesthesia patient safety movement was 
rapid at � rst and then appears to have slowed and � uctuated. 
Initial reports of 10-fold and higher reductions in anesthesia-
related mortality in the early 1990s were greeted with exu-
berance.  42–44   These results even triggered comments that 
anesthesiology had made patient care so safe that the need to 
continue supporting patient safety initiatives had dwindled. 
Factions within ASA sought to reduce or even eliminate 
further � nancial support for APSF and unique ASA patient 
safety initiatives. Pierce recognized this growing undercurrent 
by 1989. He and his patient safety leadership team sought 
the support of in� uential ASA members and the leaders of 
the ASA’s other foundations, the Foundation for Anesthesia 
Education and Research and the Wood Library-Museum of 
Anesthesiology. They encouraged them to become advocates 
for expanded ASA funding of all three foundations, and in 
October 1990, the ASA House of Delegates approved a dues 
increase of $60 annually, with the increase speci� cally targeted 
to greater � nancial support of the foundations, including 
APSF.  45   To further remind ASA members of the continued 
need for support of anesthesia patient safety, Pierce noted in 
his 1995 Rovenstine Lecture at the ASA Annual Meeting, 
“Patient safety is not a fad. It is not a preoccupation of the 
past. It is not an objective that has been ful� lled or a re� ec-
tion of a problem that has been solved. It must be sustained 
by research, training, and daily application in the workplace.”  6  

  The Importance of Coordinated Efforts 
 Pierce built a strong team of like-minded leaders to initiate 
the anesthesia patient safety movement. They did not all agree 
on every issue and initiative, and they were dissimilar in many 
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ways. Yet they worked as a team and established a tradition of 
working respectfully together, a culture that carried through 
the � rst several decades of the movement. As the rapid 
improvements in patient safety peaked by the mid-1990s, the 
general sense of excitement about these improvements within 
the specialty started to wane. The malpractice insurance cri-
sis relented, and expenses for insurance dropped dramatically. 
The motivation and urgency to improve patient safety fell. 

 The anesthesia patient safety movement was entering a 
phase of slower progress by the early 1990s. The ASA House 
of Delegates became increasingly wary of adding more stan-
dards of care. Members expressed concern that the scienti� c 
evidence to support expanded standards of care was lacking. 
To compensate and still provide practice guidance, House 
of Delegates members suggested that the society develop 
practice parameters ( i.e. , guidelines and practice advisories). 
These practice parameters would not require the same level 
of adherence as standards of care but would provide recom-
mendations and insights to guide clinical practices. In a report 
to the ASA Board of Directors in August 1990, Immediate 
Past President Arens recommended the appointment of a task 
force to develop a proposal on the issue of producing practice 
parameters in anesthesiology.  46   The task force met over the 
winter of 1991 and recommended a standing Committee on 
Practice Parameters to the ASA Board of Directors in March 
1991.  47   Still wary of adding restrictions on the independence 
of the clinical practices of its members, the board disapproved 
of the recommendation. However, ASA President Betty P. 
Stephenson, M.D., a close colleague of Arens and a strong 
supporter of the movement, did not let the idea die. Instead, 
she appointed Arens as chair of an  Ad Hoc  Committee on 
Practice Parameters. After a year of concerted e� ort by Pierce, 
Arens, Stephenson, and other patient safety leaders to in� u-
ence reluctant ASA directors,  6   the ASA Board of Directors 
approved the standing committee in March 1992.  48   Arens 
remained as chair of the new standing committee, and the 
committee developed a number of important patient safety–
oriented practice parameters over the next decade. By 2005 
it was becoming clear that the ASA House of Delegates 
was unlikely to add more standards of care. In March 2005, 
Alexander A. Hannenberg, M.D., Chair of the ASA’s Division 
on Professional A� airs, recommitted that the Committee 
on Standards of Care be merged with the Committee on 
Practice Parameters.  49   This was approved, and the Committee 
on Standards and Practice Parameters was implemented 
in 2006 with Arens as chair. In essence, practice parameters 
had become the method by which patient care changes to 
improve safety would be advanced within the ASA. 

 By the late 2000s, many of the initial leaders of the anes-
thesia patient safety movement had retired or died. Speci� cally, 
key leaders such as Pierce, Eichhorn, Arens, Caplan, Epstein, 
and Cheney were no longer serving as chairs of the ASA 
Committee on Professional Liability, Committee on Standards 
(and Practice Parameters), and Committee on Patient Safety 
and Risk Management (renamed as the Committee on Patient 

Safety and Education in 2008). By 2009, the overlap of APSF 
directors and memberships of these committees had dwindled. 
For example, the overlap of committee members and APSF 
directors on the Committee on Patient Safety and Education 
dropped from a typical 40 to 60% to less than 20% in 2009, 
and this decrease continued during the past decade, reaching 
the point of no overlap in 2018.  37   Successive committee chairs 
after 2009 recommended that ASA approve an APSF liaison 
member position for the committee, recommendations that 
were disapproved by the ASA Board of Directors in 2011 and 
2014.  39 , 40   Similarly, APSF directors were included infrequently 
as members of the ASA Committee on Standards and Practice 
Parameters. After Arens stepped down from his committee 
chair position at the end of 2008, linkage back to the APSF was 
diminished. Since then, APSF requests for practice guidelines or 
practice advisories for several of its priority issues ( e.g. , monitor-
ing for residual neuromuscular blockade) have been declined, 
deferred, or delayed. Pierce’s grand vision of coordinated e� orts 
between APSF and the ASA committees had tumbled. 

 Despite the transition of anesthesia patient safety lead-
ers by 2000, the APSF and ASA have continued to make 
advances in reducing perioperative patient harm. The 
APSF continues to fund important anesthesia patient safety 
research. Through its annual consensus conferences, it devel-
ops recommendations and then uses its extensive interna-
tional outreach to advocate for them. APSF has strongly 
encouraged the inclusion of patient safety education and 
simulation in certi� cation requirements of the American 
Board of Anesthesiology (Raleigh, North Carolina) and 
accreditation requirements of the Accreditation Council for 
Graduate Medical Education (Chicago, Illinois). It’s been a 
leading advocate for the development and use of adjuncts 
such as crisis manuals and the integration of these adjuncts 
into electronic medical records. The ASA has funded and 
sta� ed the Anesthesia Quality Institute and its Anesthesia 
Incident Reporting System registry, developed many patient 
safety–oriented educational programs, and promoted patient 
safety though its publications and support of APSF. There is 
more progress to be made, and APSF and ASA are linked in 
tandem to further reduce perioperative patient harm.  

  Future Considerations 
 Based on this research and close, � rsthand observations of 
the anesthesia patient safety movement, the authors suggest 
the following four considerations to the APSF and the ASA. 

 First, the APSF and ASA should increase cross-member-
ship, and leadership, between APSF and the ASA Committee 
on Professional Liability, Committee on Standards and 
Practice Parameters, and Committee on Patient Safety and 
Education. This recommendation could be readily achieved 
with either the addition of  ad hoc  or  ex o�  cio  members of 
each, or encouragement for each to accept guests from the 
others. This interdigitation of APSF directors and committee 
members would promote shared ideas and collaborations. 
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 Second, leaders of the APSF and these committees 
should meet regularly and share information about their 
patient safety priorities and initiatives. This union of leaders 
could promote coordinated e� orts to reduce patient harm 
and, when appropriate, shared resources. For example, the 
ASA Committee on Patient Safety and Education and the 
APSF’s Committee on Education and Training might share 
a number of their responsibilities as both have common 
charges. A similar partnership is already present between 
the Foundation for Anesthesia Education and Research 
and the ASA. In 1988, the ASA Committee on Research 
was appointed as the  de facto  study section for Foundation 
for Anesthesia Education and Research.  50   It continues in 
this role today while retaining its unique ASA-related roles. 
Overall, a common APSF and ASA patient safety leader-
ship group could share the outcomes of its discussions with 
APSF and ASA leaders, increasing awareness of potential 
patient safety issues and opportunities for improvement. 

 Third, to paraphrase an oft-used statement, anesthesia 
patient safety is a team sport. The anesthesia patient safety 
movement achieved much of its success from a union of 
forces. No single group “owns” anesthesia patient safety. In 
the United States, approximately half of anesthesia profes-
sionals involved in the day-to-day, in-room provision of 
anesthesia care are not anesthesiologists. It is crucial for nurse 
anesthetists and anesthesiologist assistants to be involved in 
discussions about patient safety and the development and 
implementation of patient safety initiatives. The enthusiastic 
involvement of anesthesia and monitoring equipment and 
pharmaceutical manufacturers is vital for enhancing anesthe-
sia patient safety. To achieve perioperative care improvements, 
operating room nurses, perianesthetic nurses, and other 
postoperative nurses must be engaged and contribute their 
ideas on patient safety. Our surgical and other procedural 
colleagues need to be tightly linked to perioperative patient 
safety e� orts. Experts from the medicolegal � elds, insurance 
industry, and governmental and regulatory agencies also must 
be actively engaged. For this reason, it is imperative for the 
APSF to continue to be a wide-open tent, including directors 
and committee members who have all of these backgrounds. 

 Fourth, the APSF should remain an a�  liated founda-
tion of the ASA but continue to function independently. 
Harkening to its origin, it is imperative to have an indepen-
dent foundation that includes representation from the many 
entities that impact anesthesia patient safety. An indepen-
dent foundation, unencumbered by a large membership, has 
the ability to rapidly address new, potentially time-sensitive 
patient safety issues and shift resources quickly to support 
targeted initiatives and meet its missions and its vision, “that 
no one shall be harmed by anesthesia care.”  

  Potential Biases 
 The authors readily acknowledge their potential biases 
in this report. One (M.A.W.) is a past President of the 

APSF, ASA, and American Board of Anesthesiology and 
past executive committee member of Foundation for 
Anesthesia Education and Research. The other (M.E.W.) is 
a past, long-serving ASA House of Delegate member, past 
President of the Wood Library-Museum of Anesthesiology, 
and current Vice President of the Anesthesia Foundation. 
Together, they have been longtime supporters of all of the 
ASA-a�  liated foundations. Both have received grant fund-
ing from the APSF and have written multiple articles on 
anesthesia patient safety–related topics. 

 In most instances, they have referenced publications, 
archival sources such as ASA and APSF reports and minutes, 
and videotaped interviews to support their conclusions. 
However, these references do not always provide context 
or the sense and/or sensibilities of speci� c issues. In those 
instances, they have relied on and referred to personal com-
munications from individuals who were present at unique 
meetings to provide their perspectives. As authors who 
have been fairly involved in the ASA, American Board of 
Anesthesiology, and APSF during most of the 36 yr of the 
anesthesia patient safety movement and who have person-
ally known most of the individuals discussed in this report, 
their own perspectives have undoubtedly in� uenced the 
presentation of this history. Every e� ort has been made to 
reference source materials. 
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 Henry K. Beecher, Battlefi eld Professor: Research Meets 
Practice during World War II                  

 Henry K. Beecher, M.D. ( left ), Harvard’s � rst Anaesthetist-in-Chief, grew up in Kansas as Harry Unangst, 
a bookish and self-su�  cient lad. Young Harry would adopt the surname Beecher before matriculating at 
Harvard Medical School. As a medical student, Beecher’s research prowess impressed Edward Churchill, M.D., 
Professor of Surgery. In 1936, Churchill would appoint Beecher, then merely a novice anaesthetist, as Chief of 
Anaesthesia at the Massachusetts General Hospital (MGH). Seven years later, Beecher would follow his men-
tor into the Mediterranean Theater of World War II, where battles were “bitterly contested.” Away from the 
MGH’s hallowed halls, the battle� eld became both Beecher’s laboratory, and Beecher’s clinic. When he was not 
resuscitating wounded soldiers in “shock tents” ( upper right ) near the front lines, Beecher was scribbling furi-
ous notes and analyzing copious data on patients in hemorrhagic shock. Within two years, his investigations 
would lead to more e�  cient and e� ective rescue measures. Several treatments—elevation of the foot of the 
bed, nasal oxygen supplementation, whole blood transfusion, gastric drainage, and close monitoring of blood 
pressure—became the standard of care ( lower right , from Beecher HK,  Resuscitation and Anesthesia for Wounded 
Men , Charles C. Thomas, 1949). For his exceptional e� orts in wartime, Lieutenant Colonel Henry K. Beecher 
would receive the prestigious Legion of Merit. (Copyright © the American Society of Anesthesiologists’ Wood 
Library-Museum of Anesthesiology.) 

Jane S. Moon, M.D., University of California, Los Angeles, California, and Melissa L. Coleman, M.D., Penn State 
College of Medicine, Hershey, Pennsylvania.
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 Carbon Footprint of 
General, Regional, and 
Combined Anesthesia for 
Total Knee Replacements  
 Forbes     McGain    ,   F.A.N.Z.C.A, F.C.I.C.M., Ph.D.    ,   
 Nicole     Sheridan    ,   F.A.N.Z.C.A.     ,   
    Kasun     Wickramarachchi    ,   B.Sc., M.P.H., M.D.     ,   
    Simon     Yates    ,   M.D.     ,       Brandon     Chan    ,    M.B.B.S.,     
    Scott     McAlister    ,   B.Sc., P.grad., Dip.Sci., M.Eng.Sci.      

ANESTHESIOLOGY  2021 ;  135 : 976 – 91 

  ABSTRACT 
  Background:     Health care itself contributes to climate change. Anesthesia 
is a “carbon hotspot,” yet few data exist to compare anesthetic choices. The 
authors examined the carbon dioxide equivalent emissions associated with 
general anesthesia, spinal anesthesia, and combined (general and spinal 
anesthesia) during a total knee replacement.  

  Methods:     A prospective life cycle assessment of 10 patients in each of three 
groups undergoing knee replacements was conducted in Melbourne, Australia. 
The authors collected input data for anesthetic items, gases, and drugs, and 
electricity for patient warming and anesthetic machine. Sevofl urane or propo-
fol was used for general anesthesia. Life cycle assessment software was used 
to convert inputs to their carbon footprint (in kilogram carbon dioxide equiva-
lent emissions), with modeled international comparisons.  

 Results:     Twenty-nine patients were studied. The carbon dioxide equivalent 
emissions for general anesthesia were an average 14.9 (95% CI, 9.7 to 22.5) 
kg carbon dioxide equivalent emissions; spinal anesthesia, 16.9 (95% CI, 
13.2 to 20.5) kg carbon dioxide equivalent; and for combined anesthesia, 
18.5 (95% CI, 12.5 to 27.3) kg carbon dioxide equivalent. Major sources of 
carbon dioxide equivalent emissions across all approaches were as follows: 
electricity for the patient air warmer (average at least 2.5 kg carbon dioxide 
equivalent [20% total]), single-use items, 3.6 (general anesthesia), 3.4 (spi-
nal), and 4.3 (combined) kg carbon dioxide equivalent emissions, respectively 
(approximately 25% total). For the general anesthesia and combined groups, 
sevofl urane contributed an average 4.7 kg carbon dioxide equivalent (35% 
total) and 3.1 kg carbon dioxide equivalent (19%), respectively. For spinal and 
combined, washing and sterilizing reusable items contributed 4.5 kg carbon 
dioxide equivalent (29% total) and 4.1 kg carbon dioxide equivalent (24%) 
emissions, respectively. Oxygen use was important to the spinal anesthetic 
carbon footprint (2.8 kg carbon dioxide equivalent, 18%). Modeling showed 
that intercountry carbon dioxide equivalent emission variability was less than 
intragroup variability (minimum/maximum).  

  Conclusions:     All anesthetic approaches had similar carbon footprints (des-
fl urane and nitrous oxide were not used for general anesthesia). Rather than 
spinal being a default low carbon approach, several choices determine the 
fi nal carbon footprint: using low-fl ow anesthesia/total intravenous anesthesia, 
reducing single-use plastics, reducing oxygen fl ows, and collaborating with 
engineers to augment energy effi ciency/renewable electricity.    

(ANESTHESIOLOGY  2021 ;  135 : 976 – 91 )   

This article is featured in “This Month in Anesthesiology,” page A1. This article is accompanied by an editorial on p. 937. This article has a related Infographic on p. A15. This 
article has an audio podcast. This article has a visual abstract available in the online version. Presented at the Australia and New Zealand College of Anaesthetists Annual Scientifi c 
Meeting in Melbourne, Australia, April 30 to May 4, 2021.

   Submitted for publication April 12, 2021. Accepted for publication August 10, 2021. Published online fi rst on September 16, 2021. From the Departments of Anaesthesia and Intensive Care, 
Western Health, Melbourne, Australia (F.M., N.S., K.W., S.Y., B.C.); the Department of Critical Care, University of Melbourne, Melbourne, Australia (F.M., S.M.); and the School of Public Health, 
University of Sydney, Sydney, Australia (F.M.). 

 Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2021 ;  135 : 976 – 91  . DOI:   10.1097/ALN.0000000000003967  

 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Health care produces greenhouse gases both directly (electricity 
and gas) and indirectly from emissions associated with consump-
tion of goods and services  

•   For anesthesiologists to reduce their workplace carbon footprint, 
they must understand the sources and amounts of the greenhouse 
gases produced as they care for patients in the operating room    

  What This Article Tells Us That Is New  

•   The carbon footprint in carbon dioxide equivalent emissions asso-
ciated with general anesthesia (n = 9), spinal anesthesia (n = 10), 
and combined (general and spinal) anesthesia (n = 10) for total 
knee replacement surgery in Melbourne, Australia, were similar  

•   Single-use equipment, electricity for the patient air warmer, and 
pharmaceuticals were major sources of carbon dioxide equivalent 
emissions across all anesthetics  

•   Sevoflurane was a significant source of the carbon dioxide equiva-
lent emissions of both general anesthesia and combined anesthesia  

•   Washing and sterilizing reusable items contributed substantially to 
the carbon dioxide equivalent emissions of both spinal and com-
bined anesthesia  

•   Oxygen use was an important contributor to the carbon footprint of 
spinal anesthesia           

 Climate change has become a considerable health-
care threat of the 21st century,  1   yet health care itself 

produces greenhouse gases directly (electricity and gas), but 
also from indirect emissions associated with consumption 
of goods and services.  2 , 3   The Australian healthcare system 
is responsible for approximately 7% of the total Australian 
greenhouse gas emissions.  4   Within hospitals, the intensive 
care unit  5   and operating rooms  6   are the most demanding 
of natural and � nancial resources. Operating rooms require 
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large amounts of medical equipment, produce much waste,  7  

and have large energy requirements.  6 , 8   As climate change 
has become an environmental (and health) emergency,  1  

health systems need to investigate ways in which high-
quality health care can be delivered while minimizing the 
environmental impact. 

 MacNeill  et al .  6   studied three hospitals, one each in 
Canada, the United States, and the United Kingdom, � nding 
that anesthesia could have greater carbon dioxide equivalent 
emissions than (1) all surgical equipment and procurement, 
and (2) all operating room–associated energy require-
ments including heating, ventilation, and air conditioning.  6  

Multiple studies have focused on the surgical side of car-
bon dioxide equivalent emissions for di� erent operations 
( e.g. , hysterectomies,  8   cesareans,  9   and cataracts  10  ). The carbon 
dioxide equivalent emissions associated with the anesthetic 
gases des� urane and nitrous oxide are signi� cant.  11   Similar 
to the United Kingdom hospital in the study by MacNeill  et 
al .,  6   we observed minimal des� urane and nitrous oxide use in 
our hospital,  although we recognize variability in Australian 
anesthetic practice.  12   There are calls for studies to investi-
gate the e� ects of general  versus  regional anesthetic choice 
upon carbon dioxide equivalent emissions,  13   as this could be 
important even in the absence of des� urane or nitrous oxide. 

 We asked what was the carbon footprint of the anesthetic 
component of a total knee replacement, a common opera-
tion for which there is clinical equipoise between alternate 
anesthetic approaches. We aimed to quantify the carbon 
dioxide equivalent emissions of general anesthesia, spinal 
anesthesia, and combined general and spinal anesthesia. 

  Materials and Methods 
 This prospective, nonrandomized, single center life cycle 
assessment was performed and follows the observational 
study Strengthening the Reporting of OBservational studies 
in Epidemiology checklist (www.strobe-statement.org.). The 
hospital ethics committee gave study approval (HREC/2018/
Western Health/64), deeming that patient consent was not 
required (observational study not requiring patient data). We 
considered that 10 patients to each group (general anesthesia, 
spinal, and combined [general and spinal] anesthesia) pro-
vided an adequate convenience sample. We enrolled patients 
who were having elective total knee replacements consecu-
tively, only excluding patients due to researcher unavailability. 
Life cycle assessment is a scienti� c method used to quantify 
the environmental footprint of a product or service through-
out an entire life cycle.  14   Previous studies have examined the 
carbon footprint of anesthetic equipment, which we have 
incorporated.  15–17   Our study focused on the carbon footprint 
of anesthesia as climate change is becoming increasingly 
important. Appendix  1   and previous reviews  13 , 18   contain fur-
ther information about life cycle assessment methods. 

 Using the International Organization for Standardization 
(Geneva, Switzerland) ISO-14040 standards,  14   we de� ned 
our study’s  functional unit  as all anesthesia for a total knee 

replacement in a hospital in Victoria, Australia. The ISO-
14040 standards  8   life cycle assessment  system boundary 
de� nes inclusions/exclusions ( � g.  1   ). We did not include 
data for heating/ventilation/air conditioning, or any sur-
gical equipment. Electricity consumption for anesthesia 
devices was estimated (not measured) from manufacturer 
data  19   or from previous publications.  20 , 21  

 We obtained patient anesthetic start and stop times. 
General anesthetics could be either volatile gas anesthetics 
or total intravenous anesthesia, with all cases requiring an 
airway device (laryngeal mask/endotracheal tube). Spinal 
anesthetics were delivered with sedation and by de� ni-
tion required no airway device. We present carbon dioxide 
equivalent emissions as total data, not per hour. For many 
items (drugs, plastic syringes, spinal anesthetic trays and 
gowns, inhalational induction), considerably more were 
used during the � rst hour of anesthesia than subsequently. 

 We examined the composition and weights of reusable 
and disposable consumables: gloves, gowns, syringes, air-
way devices, patient warming blankets, temperature probes, 
intravenous � uids, drugs, and gases, and associated imme-
diate packaging. Volumes of oxygen 

, 
 medical air, volatiles, 

and nitrous oxide use were obtained from the anesthetic 
machine (Aisys CS 2 , GE Healthcare, USA) computer at the 
end of each case. Oxygen � ows for sedated patients were 
manually recorded. We used the Andersen  et al . study’s  11  

global warming potential data for anesthetic gases. We used 
two life cycle inventories (Ecoinvent,  22   Switzerland, and the 
Australian Life Cycle Inventory  23  ) to obtain carbon dioxide 
equivalent emissions associated with devices and processes. 

 For reusable items, previous data were used to estimate 
the environmental impacts of cleaning (sterile gowns,  24   face 
masks, anesthetic breathing circuits, laryngoscope blades,  15  

and drug trays  17  ). We thus attributed the energy costs of reus-
able anesthetic equipment,  i.e. , kilowatt-hour/size of item 
as a proportion of washer load,  25 , 26   and 1.9 kilowatt-hours/
kg  27   items sterilized (appendix  1 ). The reusable anesthetic 
breathing circuits were changed weekly unless contami-
nated,  28   so their contribution to total carbon dioxide equiv-
alent emissions was small (conservatively 25 operations per 
operating theater per week). Also included were the carbon 
dioxide equivalent emissions from carbon dioxide absor-
bent use (0.13 kg carbon dioxide equivalent emissions/h 
from Zhong  et al .  29  ). Energy requirements for liquid oxy-
gen were 0.001 kilowatt-hours/l for oxygen gas and 0.0003 
kilowatt-hours/l for compressed medical air (Ecoinvent  22  

for electricity data, Australian Life Cycle Inventory  23   for 
carbon dioxide equivalent emissions per kilowatt-hour). 

 Since we knew equipment mass, we used average pro-
duction data about carbon dioxide equivalent emissions/
kilogram waste from the Ecoinvent  22   and Australian  23  

life cycle inventories as appropriate. We assumed general 
waste for all disposables except for some polyvinyl chlo-
ride recycling  7   (face masks, oxygen tubing, and intrave-
nous � uid bags), and polypropylene (spinal tray sterile 
wrap). Contaminated items ( e.g. , suction tubing) were 
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assumed infectious/clinical waste (higher carbon dioxide 
equivalent emissions/kilogram, Ecoinvent), and pharma-
ceutical waste was assumed to undergo high-temperature 
incineration. 

 No public life cycle inventory data exist for most phar-
maceuticals.  30   We used the Parvatker  et al . study’s carbon 
dioxide equivalent emissions data approximations for 20 
common anesthetic pharmaceuticals.  31   From Parvatker  et 
al ., the average/mean g carbon dioxide  equivalent emis-
sions/g drug across the 20 drugs was 340 g carbon dioxide 
equivalent emissions/g drug, with, for example, propofol at 
21 g carbon dioxide equivalent emissions/g propofol, and 
midazolam 444 g carbon dioxide equivalent emissions/g 
midazolam.  31   Cefazolin, paracetamol, or tranexamic acid 
were unstudied, but we used this average 340 g carbon 
dioxide equivalent emissions/g drug  31   to calculate carbon 
dioxide equivalent emissions. We estimated carbon dioxide 

equivalent emissions associated with intravenous � uid man-
ufacture from our previous morphine life cycle assessment 
study (including production and sterilization of 0.9% NaCl 
bags).  30   Some recycling was already occurring in the oper-
ating room (plastics/paper/cardboard).  7 , 32  

 Data were modeled in SimaPro-9 life cycle assessment 
software (PRé Consultants, The Netherlands). We devel-
oped an inventory that quanti� ed materials and energy used, 
and modeled this using the Ecoinvent  22   (version 3.5) and 
Australian Life Cycle Inventory  23   databases. We used Monte 
Carlo software algorithms (SimaPro) to obtain results and 
95% CIs. We modeled our results with those for identical 
anesthetics being provided in China, the European Union, 
and the United States. We give the 95% CIs (from Monte 
Carlo analysis) only for the means/averages, and only for 
group aggregates (rather than individual components,  e.g. , 
plastics or electricity use), as the same assumptions are 

 Fig. 1.      System boundary.    
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inherent in modeling the components that make up the 
aggregates (producing CIs for each component is lengthy 
and the numbers small). The 95% CI of the mean (indirectly 
obtained by Monte Carlo) indicates what the variability of 
the results could be if the study was performed many times, 
and may not closely re� ect the directly obtained minima/
maxima results. Further details about life cycle assessment 
methods are contained within appendix  1 .  

  Results 
 Between January 9, 2019, and June 10, 2019, 36 patients 
underwent total knee replacements in operating room 4 
at Williamstown Hospital, Western Health, Melbourne. As 
planned for this convenience sample and dependent upon 
researcher availability, we obtained anesthesia data for 30 
patients: 10 patients in each group of general anesthesia, 
spinal anesthesia, and general plus spinal (combination). We 
excluded 1 patient (from combined general and spinal group) 
as they received nitrous oxide, leaving 29 patients (discussed 
later). The average/mean knee replacement anesthesia dura-
tion times (and ranges) were as follows: general anesthesia, 
161 (113 to 193) min, spinal, 200 (168 to 288) min, and 
combination, 189 (128 to 241) min. Eight general anesthesia 
patients received sevo� urane, one total intravenous anesthe-
sia, and one sevo� urane/total intravenous anesthesia combi-
nation. Six general anesthesia patients were intubated, while 
four had a laryngeal mask placed. All 10 patients receiving 
spinal anesthesia had sedative propofol infusions. For the 
patients receiving combination anesthesia, six received sevo-
� urane, and three received total intravenous anesthesia, while 
eight were given laryngeal masks, and two were intubated. 

  Background Data: Masses and Types of Disposables, 
Gases, and Electricity Used for Reusable Equipment 

 Appendices 1 and 2 give background data and calculations 
about the masses and energy required to wash reusable 
equipment. Appendix 3 gives masses of pharmaceuticals, led 
by cefazolin, tranexamic acid, paracetamol, and propofol, 
which are given in larger quantities/masses than other drugs. 
Intravenous paracetamol was given to one or two patients 
per group. Note (from Materials and Methods) that propofol 
has a carbon footprint of only 21 g carbon dioxide equivalent 
emissions/g propofol,  31   so using 3-h total intravenous anes-
thesia propofol at 700 mg/h will have carbon dioxide equiv-
alent emissions of less than 50 g carbon dioxide equivalent. 

Table  1    gives the equipment types used including the 
mean, 25%, 75% (interquartile range), and minimum–
maximum (range). The total masses of single-use equip-
ment used were as follows: general anesthesia (mean, 996 g; 
interquartile range, 873 to 1,033 g; range, 725 to 1,392 g), 
spinal anesthesia (mean, 997 g; interquartile range, 934 to 
1,076 g; range, 885 to 1,184 g), and combination anesthesia 
(mean, 1,237 g; interquartile range, 1,100 to 1,285 g; range, 
1,009 to 1,687 g). For single-use equipment, the majority of 

waste was from total plastics: average for general anesthesia, 
783/996 g (78%); spinal, 729/997 g (73%); and combina-
tion, 932/1,237 g (75%). Glass was the next most common 
discarded material. There were minor (less than 100 g total 
mass) masses of other materials discarded (copper, cotton, 
latex, neoprene, and steel).  

  Table  1  also indicates that delivered oxygen was much 
greater for spinal anesthesia (mean, 1,328 l; interquartile 
range, 1,080 to 1,545 l; range, 990 to 1,950 l)  versus  general 
anesthesia (mean, 197 l; interquartile range, 116 to 271 l; 
range, 74 to 320 l), or combination anesthesia (mean, 256 l; 
interquartile range, 131 to 332 l; range, 53 to 824 l). Seven 
patients having spinal anesthesia received oxygen � ow rates 
of 6 l/min, and three of 8 to 10 l/min. For the nine general 
anesthesia patients who received sevo� urane, the range was 
14 to 44 ml (range, 6 to 15 ml/h), and for the seven combined 
anesthesia patients, the range of sevo� urane use was 11 to 
50 ml (5 to 16 ml/h). Using 6 ml/h of (liquid) sevo� urane for 
3 h will have carbon dioxide equivalent emissions of approx-
imately 6 ml × 3 h × 1.5 (density) × 130 global warming 
potential in carbon dioxide equivalent emissions for sevo� u-
rane  13   = 3.5 kg carbon dioxide equivalent emissions. 

 Des� urane was unused, and nitrous oxide used for one 
patient. Both des� urane and nitrous oxide are known to 
have high global warming potential (2,540  11   and 265,  33  

respectively), which could easily skew overall results for 
this 30-patient convenience sample. The one patient who 
received nitrous oxide had 111 l N 

2 
O over 3.25 h. The car-

bon dioxide equivalent emissions for the nitrous oxide alone 
are 111/24.5 = 4.5 moles = 4.5 × 44 g = 200 g (0.2 kg) N 

2 
O 

= 0.2 × 265  33   = 53 kg carbon dioxide equivalent emissions. 
Thus, compared with using sevo� urane alone, the carbon 
dioxide equivalent emissions from using nitrous oxide are 
more than 10-fold greater. 

Table  2    indicates carbon dioxide equivalent emissions 
from anesthesia per patient anesthetic items as calculated 
from the types and masses of consumables used ( appendi-
ces 1 and 2 ), and the electricity requirements for washing/
sterilizing reusable equipment, patient warming, anesthetic 
gas scavenging, and the anesthesia machine. Note in  table 2  
the column heading “Carbon dioxide equivalent emissions 
per kg, item, ml, or l,” which indicates the di� ering carbon 
intensities of materials for their entire life cycle. Cotton has 
high carbon dioxide equivalent emissions per kilogram due 
to decomposition emitting methane ( vs.  steel and plastic, 
which are nonbiodegradable).  22   Considerably more plastics 
were used than  disposable  cotton; thus, plastics contributed 
the majority of the carbon dioxide equivalent emissions for 
disposable equipment. The summary carbon dioxide equiv-
alent emissions for each group in the last two lines of  table 2  
indicate the directly measured averages, and the indirectly 
measured 95% CIs as calculated by Monte Carlo analysis. As 
noted in the Materials and Methods, the 95% CIs may not 
be re� ective of the directly measured interquartile ranges 
and minima/maxima seen in  � gure 2   .    
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  Carbon Dioxide Equivalent Emissions: Effects of 
Anesthetic Duration 

 As  table 2  and  � gure 3    indicate, the average/mean duration 
of spinal and combined anesthesia were approximately 40 
and 30 min more ( i.e. , 20% longer) than general anesthesia. 
The increased duration for spinal/combined anesthesia is 
at least partly due to increased time to undertake the spinal 
anesthetic. The longer spinal and combined anesthetic dura-
tion increased the carbon footprint of electricity for the 
patient air warmer and scavenging by 0.8 and 0.6 kg carbon 
dioxide equivalent emissions, respectively. Further, because 
spinal anesthesia was 20% longer than general anesthesia, this 
added approximately 2.76 × 0.2 = 0.6 kg carbon dioxide 
equivalent emissions to oxygen use for the spinal anesthetic. 
A spinal anesthetic of 20% shorter duration would thus 
have approximately 1.4 kg carbon dioxide equivalent less 
emissions. The e� ects of anesthetic duration had a much 
lower magnitude of e� ect upon the carbon footprint of 
other anesthetic activities.   

  Carbon Dioxide Equivalent Emissions: Averages, 
Ranges, and Components 

 Using Monte Carlo modeling, we found that the carbon 
dioxide equivalent emission means/averages were similar 
for all three approaches, and that the 95% CIs overlapped 
considerably, resulting in di�  culty in making group com-
parisons. For general anesthesia, the mean was 14.9 kg car-
bon dioxide equivalent emissions (95% CI, 9.7 to 22.5); 
spinal anesthesia, 16.9 kg carbon dioxide equivalent emis-
sions (95% CI, 13.2 to 20.5); and combination anesthesia, 

18.5 kg carbon dioxide equivalent emissions (95% CI, 12.5 
to 27.3).  Figure 2  provides graphical contextualization of 
the means, interquartile ranges, and minimum-maximum 
ranges of the carbon dioxide equivalent emissions for the 
three anesthesia approaches.  Figure  2  indicates that the 
interquartile ranges are relatively close, but there are con-
siderable  intragroup  outliers. The range for spinal anesthesia 
was less than for general or combination anesthesia as there 
was a more standard approach (spinal procedure, propo-
fol infusion, no variability in [unused] anesthetic gas use, 
minor variation in oxygen delivery/hour). 

  Table  2  and  � gure  3  indicate that electricity for the 
patient air warmer was responsible for at least 2.46 kg 
carbon dioxide equivalent (16%) emissions of all anesthe-
sia approaches. Total single-use plastics, glass, and so forth 
were responsible for 3.5 (general anesthesia), 3.4 (spi-
nal), and 4.3 (combination) kg carbon dioxide equivalent 
emissions, respectively (20 to 25% total, with the majority 
from single-use plastics). All pharmaceuticals beyond gases 
were responsible for 1.2 to 1.3 kg carbon dioxide equiva-
lent emissions, 7 to 8% total for all three approaches. For 
general anesthesia, sevo� urane (global warming potential = 
130 times carbon dioxide)  11   for 9/10 patients was the prin-
cipal contributor; average 4.7 kg carbon dioxide equivalent 
emissions (32% total), range 2.7 to 8.6 kg carbon dioxide 
equivalent emissions. The patient who received total intra-
venous anesthesia represented the minimum 8.4 kg carbon 
dioxide equivalent emissions in the general anesthesia group. 
For the combination anesthesia group, sevo� urane contrib-
uted an average 3.1 kg carbon dioxide equivalent emissions 
(17% total), range 0.6 to 10.0 kg carbon dioxide equivalent 

 Fig. 2.      Carbon dioxide equivalent emissions for general, spinal, and combined anesthesia: mean, interquartile range (25%–75%), and 
minimum/maximum.    
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emissions. For spinal and combination anesthesia, washing 
and sterilizing reusable gowns, plastic spinal trays, and so 
forth contributed 4.5 kg carbon dioxide equivalent and 
4.0 kg carbon dioxide equivalent emissions, respectively 
(coal was 75% of electricity for Melbourne, with 1.1 kg 
carbon dioxide equivalent emissions/kilowatt-hour).  23 , 34  

Oxygen use was also important to carbon dioxide equiv-
alent emissions for spinal anesthesia (2.8 kg carbon dioxide 
equivalent emissions, 16% total) as O 

2 
 � ow rates were 6 to 

10 l/min, compared with 0.5 to 3 l/min for general and 
combination anesthesia approaches. 

  Environmental Impacts: International Comparisons 

Figure  4    indicates the modeled results of our data with 
electricity sourced in three other countries/regions: China, 
the European Union, and the United States (source: 
Ecoinvent).  22   The carbon dioxide equivalent emissions per 
kilowatt-hour varies due to di� erent energy sources. 
Australia and China have similar “carbon intensities” (car-
bon dioxide equivalent emissions per kilowatt-hour) due to 
their reliance on coal, while the European Union (and the 
United Kingdom) has large nuclear and hydro/wind/solar 
sources for electricity generation, and the United States is 
moving rapidly toward greater renewable electricity genera-
tion. Such modeling changed the carbon dioxide equivalent 

emissions for washing and sterilizing reusable equipment, 
and electricity for patient warming. We assumed that the 
carbon dioxide equivalent emissions due to the use of sin-
gle-use equipment were identical between countries,  i.e. , 
produced in China, as this is the major source for single-use 
items in Australia and anecdotally elsewhere.  

 From  � gure 4 , as expected, the carbon dioxide equiv-
alent emissions for all three anesthesia approaches for 
Australia and China are close. For the European Union and 
the United States, the carbon dioxide equivalent emissions 
for spinal anesthesia are decreased compared to Australia 
due to the greater predominance of renewable electricity 
used to clean reusable equipment/gowns. In the European 
Union, spinal anesthesia has a carbon footprint of approx-
imately 60% (9.9/16.9 kg carbon dioxide equivalent emis-
sions) that in Australia. Comparing the results of  � gure 2  
(Australian data) with  � gure 4  (international modeling), the 
minimum  carbon dioxide equivalent emissions for general 
anesthesia in Australia (total intravenous anesthesia) is less 
than the European Union general anesthesia  average  (8.4 
vs . 11.9 kg carbon dioxide equivalent  emissions), but the 
minimum  for spinal anesthesia for Australia (14.7 kg carbon 
dioxide equivalent emissions) is considerably higher than 
the European Union  spinal average  (9.9 kg carbon diox-
ide equivalent  emissions) due to high carbon intensity 

 Fig. 3.      Categorizations of carbon dioxide equivalent emissions: general, spinal, and combined anesthesia.    
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Australian electricity required to clean reusable anesthesia 
equipment. 

  Discussion 
 The carbon footprints of anesthesia for a knee replacement 
were similar for general, spinal, and combination approaches, 
with signi� cant overlap between the CIs. There was con-
siderable  within-group  variation for general and combina-
tion anesthesia (a twofold di� erence in minimal-maximal 
carbon dioxide equivalent emissions), but only 50% di� er-
ence for spinal anesthesia. The three major components of 
carbon dioxide equivalent emissions across all groups were 
(with approximations) single-use equipment (20 to 25%, 
mainly plastics), electricity for the patient air warmer (15%), 
and pharmaceuticals (8%). Carbon dioxide equivalent emis-
sions from sevo� urane use for general anesthesia (32% total) 
and combination anesthesia (17% total) were considerable. 
Carbon dioxide equivalent emissions for cleaning reusable 
equipment were more than 25% total for spinal, and 20% 
for combined anesthesia. Oxygen use was about 15% of 
carbon dioxide equivalent emissions for spinal anesthesia. 
Importantly, the duration of anesthesia was 20% longer for 
spinal  versus  general anesthesia. Procedure duration contrib-
utes to carbon dioxide equivalent emissions, particularly 
electricity for the air warmer. 

 Inhalational anesthesia is known to have higher car-
bon dioxide equivalent emissions than total intravenous 
anesthesia.  35 , 36   For general anesthesia, the use of low � ow 
(minimum 6 ml liquid sevo� urane/h) rather than total 
intravenous anesthesia increased the carbon dioxide equiv-
alent emissions by 1.2 kg carbon dioxide equivalent emis-
sions/h. There is, however, sparse evidence comparing the 
carbon footprint of general and spinal anesthesia.  13 , 37   Spinal 

anesthesia had a high carbon footprint, partially attributable 
to cleaning reusable equipment and compression of liquid 
oxygen, the carbon dioxide equivalent emissions for which 
were elevated due to the electricity mix of 75% brown coal 
for Melbourne, Australia. It is unclear internationally what 
standard oxygen administration is during spinal anesthesia, 
but � ow rates of greater than 6 l/min may be atypical. For 
cleaning reusable equipment, we assumed worst case steam 
sterilizer e�  ciency,  25 , 27   recognizing that potential e�  ciency 
improvements  25 , 38   could reduce carbon dioxide equivalent 
emissions by 0.5 kg carbon dioxide equivalent emissions/h 
just for anesthesia alone. The modeled carbon dioxide 
equivalent emissions for cleaned reusables in Australia are 
similar to China, but double the United States, and quadru-
ple Europe/United Kingdom, because of di� erent energy 
mixes.  15  

 Our small, single-center, prospective, nonrandomized, 
observational, unblinded study has limitations, which makes 
comparisons between the anesthetic groups and between 
countries uncertain. We did not prescribe anesthetic choice, 
and we limited our convenience sample to 30 patients hav-
ing one operation type in Australia. We aimed to provide a 
life cycle assessment of three anesthetic approaches to a total 
knee replacement, but we caution comparison between the 
three groups. A prospective study powered appropriately 
would be a considerable undertaking and of limited bene� t 
given the initial hypothesis posed by this study. 

 We acknowledge anesthetic practice variability, partic-
ularly choice of anesthetic gases with high global warm-
ing potential.  11   Use of des� urane and nitrous oxide in our 
small study could skew group results markedly ( e.g. , greater 
than100 kg carbon dioxide equivalent emissions for either 
nitrous oxide or des� urane use).  13   We chose to exclude the 

 Fig. 4.      Carbon dioxide equivalent emissions for general, spinal, and combination anesthesia (international comparisons).    
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one patient receiving nitrous oxide as the relative carbon 
dioxide equivalent emissions from using nitrous oxide com-
pared with sevo� urane/total intravenous anesthesia/spinal 
anesthesia are very high, making intergroup comparison 
di�  cult. 

 Comparisons between the amount of equipment/drugs/
gases are in� uenced by the duration of the operation. Many 
items have greater use in the � rst hour (induction, drug 
administration, spinal anesthesia) than for subsequent hours. 
Nevertheless, other environmental e� ects are more closely 
dependent upon duration (electricity for the air warmer and 
scavenging), carbon dioxide absorbent use, and oxygen use. 

 We excluded orthopedic surgery and all operating room 
heating/ventilation/air conditioning carbon dioxide equiv-
alent emissions, focusing solely upon anesthesia. Anesthetic 
breathing circuits were changed weekly,  28 , 39   a practice com-
mon in Australia,  40   Germany,  41   and elsewhere. Reusable 
laryngoscope blades, handles, face masks, and surgical gowns 
were used.  15   We averaged the carbon dioxide equivalent 
emissions for all 20 drugs studied by Parvatker  et al .,  31   using 
this average for unstudied drugs (cefazolin, paracetamol, and 
tranexamic acid).  31   Drugs given in relatively large quantities 
(cefazolin) dominated the pharmaceutical carbon dioxide 
equivalent emissions. Cardboard/paper was routinely sepa-
rated preoperatively. 

 Avoiding the use of des� urane and nitrous oxide is only 
the beginning of actions that anesthetists can undertake to 
reduce their workplace carbon footprint. The fuel e�  ciency 
of the average U.S. car is 0.40 kg carbon dioxide equivalent 
emissions/mile, so in our study, the average anesthetic car-
bon contribution (17 kg carbon dioxide equivalent emis-
sions) is like driving 42 miles ( without  des� urane or nitrous 
oxide). Several activities can safely reduce the anesthetist’s 
carbon footprint. For spinal anesthesia, reducing O 

2 
 � ows 

from 10 l to 6 l/min reduces driving by 1 mile/h. For gen-
eral anesthesia, reducing fresh gas � ow with sevo� urane by 
1 l/min saves 3 miles/h. Replacing 1 l/min fresh gas � ow 
sevo� urane with total intravenous anesthesia saves another 
3 miles/h. Using the minimum plastic and glass use will 
reduce the carbon dioxide equivalent emissions 1 kg carbon 
dioxide equivalent emissions/h, equaling saving 3 miles/h. 
Converting from Australia’s electricity mix to Europe’s for 
spinal procedures will save 2 kg carbon dioxide equivalent 
emissions, equaling 5 miles/h. When combining these men-
tioned carbon sparing activities, you have halved the miles 
driven for the 3-h anesthetic. 

 Decreasing the carbon footprint of some activities is 
challenging; a minimum of pharmaceuticals and equipment 
are required. Further, anesthesiologists cannot change the 
carbon intensity of electricity, although we can advocate.  13  

The use of renewable energy decreases the carbon diox-
ide equivalent emissions associated with cleaning reus-
able equipment, with promising plans locally for Victorian 
electricity generation.  42   For the European Union/United 
Kingdom/U.S. anesthesiologist, moving from single-use to 

reusable anesthetic equipment right now will have � nancial 
and environmental bene� ts.  15   Our study quanti� es carbon 
dioxide equivalent emissions of individual areas of anesthe-
sia practice. We encourage cognizance of one’s carbon foot-
print, emphasizing that instigating multiple, seemingly small 
changes in our workplace patterns is the best path to low 
carbon anesthesia. 
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 Appendix 1: Life Cycle Assessment Methods 
 For this appendix, we primarily draw upon past explana-
tions about life cycle assessment generally,  43–45   and from sev-
eral previous publications from our broader group.  4 , 13 , 17 , 18  

Life cycle assessment is a scienti� c method to determine 
the entire “cradle to grave” environmental and � nan-
cial e� ects of processes and products.  43 , 45   The Society for 
Environmental Toxicology and Chemistry (Pensacola, 
Florida) de� ned the components of a life cycle assessment 
in 1991: (1) raw material acquisition; (2) processing and 
manufacturing; (3) distribution and transportation; (4) use, 
reuse, and maintenance; (5) recycling; and (6) waste man-
agement.  1   Everything we use and do has an environmental 
footprint, whether this is for a tangible product or a service 
such as an admission to hospital. Life cycle assessments have 
a “system boundary,”  i.e. , a limit to which one examines the 
environmental e� ects of a product or process. This system 
boundary is de� ned by local Australian and international 
standards.  14 , 19   For example, if we are examining a plastic 
syringe, the system boundary could be de� ned to include 
the manufacture of the plastic and ongoing maintenance 
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of installed infrastructure, but not the actual manufacture 
of such installed infrastructures which are in turn used to 
make the syringe. 

 Environmental factors beyond carbon dioxide equiva-
lent emissions, including water consumption; petrochem-
ical use; air, water, and terrestrial pollution; and release of 
toxic byproducts, can be accounted for in life cycle assess-
ment. We have focused upon carbon dioxide equivalent 
emissions as they are an important focus due to the increas-
ing health concerns of climate change. In the late 1990s, 
standardization of how life cycle assessments should be con-
ducted was achieved when the International Organization 
for Standardization released the ISO-14000 series.  20  

  Functional Unit 

 Using the ISO-14040 standards,  20   we de� ned our study’s 
functional unit  as all anesthesia for a total knee replacement 
in a public hospital in Victoria, Australia. The ISO-14040 
standards  14   life cycle assessment  system boundary  de� nes 
inclusions/exclusions. We did not include data for heating/
ventilation/air conditioning, or any surgical equipment. 

 Importantly, once one has details about the components 
making up a process/procedure, their masses/amounts, 
and their origins, then one can then undertake a life cycle 
assessment with the relevant software and application. For 
example, for a general anesthetic, we obtained quanti� ed 
data about (1) electricity used for cleaning/sterilizing reus-
able equipment, the patient air warmer, scavenging, and the 
anesthetic machine; (2) plastics, steel, cotton, and so forth; 
(3) pharmaceuticals; and (4) volatile anesthetics and oxygen 
use. Data related to the source/origin of the electricity, plas-
tics, and so forth were also important. With these input data, 
we then turned to quantifying the outputs with life cycle 
inventories. We obtained the power rating for the patient air 
warmer (0.8 kilowatt-hours/h) from online data for Model 
775, Bair Hugger, USA.  21   Anesthetic machine electricity 
use (0.08 kilowatt-hours/h) was obtained from Chakladar,  20  

and anesthetic scavenging (0.4 kilowatt-hours/h) from 
Barwise.  23  

  Life Cycle Inventories 

 Life cycle assessments make use of life cycle inventories. A 
life cycle inventory is a catalog of � ows to and from nature, 
with  inputs  such as energy, water, and raw materials, and 
outputs  (releases) to air, land, and water. There can be a large 
number of inventory � ows numbering in the hundreds to 
thousands, in such a way that the life cycle inventory of 
even a simple plastic syringe requires multiple � ows of pet-
rochemical resource extraction, manufacture, transport, and 
use. To examine all of these details  de novo  every time a 
life cycle assessment is undertaken would be prohibitively 
exhaustive and expensive. It is ideal to obtain as much  pri-
mary/foreground  data ( e.g. , measurement of electricity use 
for a hospital sterilizer) as possible in order to reduce the 

uncertainty of the data. Nevertheless, multiple  secondary/
background  sources of information are usually required for 
life cycle assessments ( e.g. , details of plastic manufacture). 

 Large national and international databases are the routine 
sources for such secondary data, such as EcoInvent  46   and the 
Australian Life Cycle Inventory,  47   which incorporate geo-
graphically speci� c average industry data. For example, the 
estimated carbon dioxide emission from burning coal from 
a de� ned region is obtained from such environmental data-
bases. Such average industry data can have greater associ-
ated uncertainty than directly measured (primary) data.  27 , 44  

Care must then be taken to ensure that the secondary data 
indicate the local conditions of the life cycle assessment in 
question ( e.g. , local coal-� red electricity versus hydroelec-
tric electricity used for the secondary data). 

 A process diagram/tree ( � g. A1  .1) is developed from all 
of the inputs that make up an output. We have included the 
process diagram for spinal anesthesia as an example. One 
can see that electricity forms a large part of the total car-
bon dioxide equivalent emissions as indicated by the wide 
red lines associated with electricity, with oxygen also being 
important on the right-hand side of the process diagram. 
Note that in this diagram, in order to be able to visualize 
some of the complexity of life cycle assessment methods, 
we have included a “cuto� ” of only items that contrib-
ute greater than 1% of the � nal carbon dioxide equivalent 
emissions to general anesthesia. In reality, we included all 
inputs (at least several hundred) that contributed to the � nal 
carbon dioxide equivalent emissions.  

  Statistical Analyses: The Pedigree Matrix and 
Uncertainty 

 The life cycle inventory thus has inputs (such as electric-
ity from coal) that are combined to form an output ( e.g. , a 
plastic syringe). Every input in every process from second-
ary databases has a degree of uncertainty associated with 
it. This uncertainty routinely cannot be derived directly 
from the available information, so a standard procedure was 
developed to derive uncertainty factors from a qualitative 
assessment of the data, known as the Pedigree Matrix.  27  

The Pedigree Matrix is a commonly used qualitative scor-
ing system derived from the secondary data’s reliability, 
completeness, temporal and geographical proximity to the 
process or item being assessed, and further technological 
factors,  27 , 44   with a score from 1 (good) to 5 (poor) for each 
factor. The Pedigree Matrix relies upon expert judgment. 
For example, if the secondary data for carbon dioxide 
equivalent emissions per kilowatt-hour of electricity pro-
duced was obtained recently from all local coal � red power 
stations, this would have better reliability, completeness, and 
temporal and geographical proximity than secondary data 
from an overseas-derived database that sampled one coal-
� red power station a decade ago. As the Pedigree Matrix 
is based upon expert opinion, it is open to a perception 
of irregularities. The Pedigree Matrix has been updated to 
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incorporate some of these concerns with greater emphasis 
upon direct empirical values for each of the factors.  17,46  

 There are also uncertainties associated with all life cycle 
assessment primary inputs that are directly measured. For 
example, the plastic syringes used by anesthesiologists in our 
study were transported from the Philippines to Australia. 
There is little uncertainty associated with the carbon diox-
ide emissions from such shipping as the distance traveled 
is known and the variability in fuel consumption of con-
tainer ships is small. Similarly, the sterilization of the reus-
able plastic spinal trays in our study had little uncertainty as 
we had measured the sterilizer’s electricity use more than 
1,000 times  18   with di� erent load types. If we had measured 
this sterilizer electricity use but once, the carbon dioxide 
equivalent emissions from such electricity use would have 
a greater associated uncertainty. As for secondary data from 
life cycle inventory databases, the Pedigree Matrix for pri-
mary input data is a qualitative scoring system. 

 To combine the values and frequency distributions of 
these hundreds of inputs to obtain outputs such as carbon 
dioxide equivalent emissions, we used Monte Carlo analy-
ses (routine for life cycle assessment). Monte Carlo meth-
ods are a broad class of computational algorithms that rely 
on repeated random sampling to obtain numerical results. 

Monte Carlo methods are useful when there are large num-
bers of inputs and where it is impractical to obtain data for 
each of these inputs  de novo .  27 , 44  

 When there is a range of possible values for a result, there 
are a number of approaches to how to determine the best 
estimate and the frequency distribution with CIs around 
this result. Monte Carlo methods take data points from 
within the frequency distributions for all inputs to develop 
a � nal output result, frequency distribution, and the plausi-
ble range, including the central tendency of the frequency 
distribution.  27   The greater the number of “runs” by Monte 
Carlo analysis, the better the estimate of the most likely 
value and the associated frequency distribution. A � nal 95% 
CI for a process is achieved based on the random sampling 
anywhere within the 95% CIs for all inputs. A Monte Carlo 
analysis includes at least 1,000 “runs” of random samples to 
reduce the chance of unusual results—that is, taking input 
data from the extremes of the 95% CIs. The 95% CI of the 
mean/average (or any other result) indicates what the vari-
ability of the results could be if the study was performed a 
large number of times. The 95% CI of the mean/average 
from Monte Carlo analysis may not be closely aligned with 
the directly obtained minima/maxima results. The 95% CI 
may lie within or beyond the minimum/maximum. This is 

 Figure A1.1.      Process diagram for spinal anesthesia (as a sample).    
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 Appendix 3: Pharmaceutical Masses Used per Patient

      General Anesthesia  Spinal Anesthesia  Combined General Anesthesia +  S pinal  

 Pharmaceuticals  Average (mg/case)    Range (mg/case)    Average (mg/case)    Range (mg/case)    Average (mg/case)    Range (g/case)   

 Alfentanil  0.3  0–1   0   0   0   0  
 Atracurium  15  0–50  0  0  0  0 
 Atropine  0.12  0–1.2  0  0  0.12  0–1.2 
 Bupivacaine (heavy)  0  0  40  0–50  30  0–50 
 Bupivacaine (light)  0  0  20  0–100  45  0–100 
 Cefazolin *   1,800  0–2,000  2,000  0  2,000  0 
 Clindamycin  60  0–600  0  0  0  0 
 Dexamethasone  2.4  0–4  0  0  0.8  0–4 
 Droperidol  1  0–2.5  0.25  0–2.5  1  0–2.5 
 Ephedrine  25  0  2.5  0–25  11.0  0–50 
 Fentanyl  0.2  0–0.5  0.1  0–0.2  0.1  0–0.2 
 Glycopyrrolate  0.2  0.2–0.4  0  0  0.1  0–0.6 
 Hydralazine  2  0–20  0  0  0  0 
 Lignocaine  20  0–50  55  50  50  50 
 Metaraminol  1  0–10  3.5  0–10  5  0–10 
 Midazolam  1  0–5  3.5  0–5  2  0–5 
 Morphine  5.5  0–10  0  0  2.2  0–10 
 Neostigmine  1.3  0–2.5  0  0  0.3  0–2.5 
 Ondansetron  1.2  0–4  0  0  0.4  0–4 
 Paracetamol *   200  0–1,000  200  0–1,000  100  0–1,000 
 Parecoxib  20  0–40  0  0  20  0–20 
 Propofol *   300  200–1,000  610  200–1,100  600  200–1,400 
 Rocuronium  10  0–50  0  0  5  0–50 
 Ropivacaine  55  0–400  0  0  0  0 
 Tramadol  70  0–200  0  0  0  0 
 Tranexamic acid *   1,500  0  1,400  1,000–1,500  1,500  0 
 Vecuronium  2  0–10  0  0  1  0–10 

   Once a pharmaceutical was opened, it was assumed entirely used for that patient, even if some/most was discarded rather than actually given to the patient. Average masses were calcu-
lated over all the cases for each of the three groups, so if 1,000 mg of drug was given to two patients in a group ( e.g. , paracetamol), the average mass across 10 patients would be 200 mg.
     *Cefazolin, paracetamol, propofol, and tranexamic acid formed the largest masses of pharmaceuticals given. This was important because the carbon dioxide equivalent emissions 
for drugs were weight-based. From the Parvatker  et al .  31   study, the average gram carbon dioxide equivalent/gram drug across the 20 drugs was 340 g carbon dioxide equivalent/g 
drug. Since Parvatker  et al .  31   had not studied cefazolin, paracetamol, and tranexamic acid, we used this average 340 g carbon dioxide equivalent/g drug to calculate the actual carbon 
dioxide equivalent emissions for each drug.   

 Appendix 2: Energy Required to Wash and Sterilize Reusable Equipment 

      General Anesthesia  Spinal  General Anesthesia + Spinal 

 Reusable Items  Mass, kg   
 Energy, Kilowatt-Hour/

Megajoule    Mass, kg   
 Energy, Kilowatt-Hour/

Megajoule    Mass, kg   
 Energy, Kilowatt-Hour/

Megajoule   

 Plastics washed *  (drug trays)  0.18 kg  0.08 kilowatt-hours + 0.2 
megajoules 

 0.18  0.08 kilowatt-hours + 0.2 
megajoules 

 0.18  0.08 kilowatt-hours + 0.2 
megajoules 

 Anesthetic circuits washed weekly †      0.1     0     0.1 
 Items washed *  and sterilized ‡  (laryngeal 

mask, spinal tray, cotton hand towel, 
polypropylene surgical gown). No 
sterilization of items required for general 
anesthesia (drug trays and circuits). 

 0.014 kg  < 0.1 kilowatt-hours + 0.2 
megajoules 

 1.59  0.6 kilowatt-hours + 
1.8 megajoules + 2.8 
kilowatt-hours = 3.4 
kilowatt-hours + 1.8 
megajoules 

 1.36  0.6 kilowatt-hours + 
1.8 megajoules + 2.2 
kilowatt-hours = 2.8 
kilowatt-hours + 1.8 
megajoules 

 Silicone washed *  (face mask)  0.08 kg  0.05 kilowatt-hours + 0.1 
megajoules 

 0  0.05 kilowatt-hours + 0.1 
megajoules 

 0.08  0.05 kilowatt-hours + 0.2 
megajoules 

 Stainless steel washed *  and sterilized ‡  
(laryngoscope blade) 

 0.09 kg  < 0.1 kilowatt-hours + 
0.2 megajoules + 0.2 
kilowatt-hours = 0.3 
kilowatt-hours 

 0  0  0.01  < 0.1 kilowatt-hours + 0.2 
megajoules 

   *Data for electricity (kilowatt-hour) for washing/drying obtained from previous study by McGain  et al .  43   Washer and dryer electricity was 5.7 kilowatt-hours and hot water from gas boiler 
18 megajoules for a full load of 80 trays. Energy was kept separate for kilowatt-hour electricity and megajoule gas due to the differing carbon dioxide equivalent emissions per unit of 
energy.     †Anesthetic circuits were washed weekly (single-use fi lters for all patients). Since approximately 25 operations per week were undertaken and six complete circuits could be 
washed in one load, the energy use per circuit per operation is approximately 10.7/(6 × 2 5) = 0.1 kilowatt-hours ( i.e. , kilowatt-hour + megajoule, but shown as kilowatt-hour only as it 
was a minor contributor to carbon dioxide equivalent emissions).     ‡Data for electricity (kilowatt-hour) for sterilization obtained from previous study by McGain  et al .  44   Sterilization electricity 
use = 1.9 kilowatt-hours/kg items sterilized (including standby energy and so forth) For example, plastics washed and sterilized (reusable laryngeal mask, spinal tray, polypropylene 
surgical gown = 1.45 kg) will be equivalent to approximately 10 trays in the washer, and then add 1.9 kilowatt-hours/kg for sterilization. Sterilization was purely electric.   
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because the 95% CI is re� ective of the mean only; it is not 
immediately relevant to the other directly obtained results 
such as the minimum/maximum (range). 

  Modeling and the Final Results 

 As noted  in the Materials and Methods section, we used 
two life cycle inventories (Ecoinvent  46   and the Australian 
Life Cycle Inventory  47  ) to obtain carbon dioxide equiva-
lent emissions associated with devices and processes. For 
all processes involving local electricity consumption (kilo-
watt-hours), we have used the Australian inventory.  47   This is 
particularly relevant to electricity for patient warming, anes-
thetic scavenging, cleaning/sterilizing, liquid oxygen com-
pression, and waste management. Importantly, Australian  47  

carbon dioxide equivalent emissions per kilowatt-hour are 
considerably higher than the European average due to coal-
� red electricity sources of electricity in Australia.  46   For all 
devices ( e.g. , manufacture of plastic endotracheal tubes), we 
used the Ecoinvent  46   inventory to obtain the associated car-
bon dioxide equivalent emissions. Because most common 
products ( e.g. , plastics, steel, cotton) are traded on the inter-
national market, their origin can be varied and multiple, 
and it can be di�  cult to trace the precise origins of their 
makeup. Ecoinvent thus uses a “rest of the world” approach, 
averaging the associated carbon dioxide equivalent emis-
sions. For example, if we know the carbon dioxide equiva-
lent emissions/kilogram plastic polypropylene manufacture 
for 30 countries, we use the average carbon dioxide equiv-
alent emissions per kilogram for that process. 

 Data were modeled in SimaPro-9 LCA (life cycle 
assessment) software (PRé Consultants). We developed 
an inventory that quanti� ed materials and energy used, 
and modeled this using the Ecoinvent  46   (version 3.5) and 
Australian Life Cycle Inventory  47   databases. We used the 
International Reference Life Cycle Data System 2016 
(European Commission) impact assessment method to 
translate the inventory into environmental impact scores, 
along with Monte Carlo software algorithms (SimaPro) to 
obtain results and 95% CIs. We divided our data on environ-
mental impacts by an average Australian person’s total daily 
environmental e� ects in order to compare the environmen-
tal impacts with peoples’ routine activities.  14   To ascertain a 
global perspective, we modeled our results (carbon dioxide 
equivalent emissions) with Ecoinvent electricity data  46   with 
those for identical anesthetics being provided in China, 
the European Union, and the United States. Note that the 
aforementioned rest of the world average approach across at 
least 30 countries means that the carbon dioxide equivalent 
emissions arising from other items such as plastics manufac-
ture will not vary between countries. Only variations in the 
carbon intensity of electricity generation will lead to inter-
country variability in carbon dioxide equivalent emissions. 

 It is routine to provide 95% CIs in life cycle assessment 
around the summated data, but atypical to do so for all fur-
ther modeled data. For example,  � gure 4  gives the carbon 

dioxide equivalent emissions for di� erent countries for 
general, spinal, and combination anesthesia. There are 12 
bars in this � gure, so any 95% CI analysis would be pro-
longed. There are reasons though why such e� ort would 
be quite super� cial. By de� nition, the same items/processes 
are being used in Australia and China/Europe/the United 
States ( e.g. , electricity for multiple processes, single-use 
plastics, pharmaceuticals). Only the carbon dioxide equiv-
alent emissions per kilowatt-hour or kilogram plastic will 
vary. The uncertainty associated with the carbon dioxide 
equivalent emissions for each of these common items/pro-
cesses is thus proportional. For example, if 1 kg of carbon 
dioxide equivalent emissions is produced by 1 kilowatt-hour 
of electricity in Australia, but only 0.5 kg of carbon dioxide 
equivalent emissions in the United States, the 95% CI is 
approximately (not precisely, but near enough) half that in 
the United States compared with Australia. If a process is 
highly uncertain in Australia, then it will be highly uncer-
tain elsewhere, just relatively so (according to the associ-
ated carbon dioxide equivalent emissions). The same model 
is being used to determine the carbon dioxide equivalent 
emissions and the uncertainty.        
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   There are controversies about the value of processed electroen-
cephalogram ( e.g. , Bispectral Index [BIS]) guided anesthetic man-
agement for the prevention of postoperative delirium  

•   It is unclear whether reducing depth of anesthesia by the use of 
sedation with regional anesthesia decreases the risk of postopera-
tive delirium compared to the use of general anesthesia    

  What This Article Tells Us That Is New  

•   This prospective single-center trial randomized patients undergo-
ing spine surgery to spinal anesthesia with targeted sedation to 
BIS greater than 60 to 70  versus  general anesthesia without BIS 
guidance  

•   There was no difference in the incidence of postoperative delirium 
between randomized groups in the trial  

•   Future studies are needed to determine whether these findings can 
be replicated at other centers and whether the results differ by 
cognitive status       

 Postoperative delirium is common in older adults after 
surgery, with estimates of 10 to 50% depending on the 

type of surgery.  1–3   Although previously thought to be tran-
sient with few long-term e� ects, it is now recognized that 
postoperative delirium is associated with important sequelae, 
including increased duration of hospitalization,  4 , 5   decreased 
functional status,  6 , 7   and cognitive decline.  8 , 9   Despite its sig-
ni� cance, there are few e� ective treatment strategies, and so 
prevention of delirium is paramount.  3  

 In the intensive care unit, reducing the level of sedation 
has been associated with less delirium.  10   However, in the 
operating room, it is unclear whether a parallel strategy to 
reduce depth of anesthesia and anesthetic exposure is e� ec-
tive, as the results of previous trials have been promising, but 
con� icting.  11–16   One limitation is that most previous studies 
were conducted in patients undergoing general anesthesia 
with the goal of limiting excessive depth of anesthesia and 
anesthetic exposure,  11–14   and the e� ectiveness of strategies 

  ABSTRACT 
  Background:     Reducing depth of anesthesia and anesthetic exposure may 
help prevent delirium, but trials have been confl icting. Most studies were 
conducted under general anesthesia or in cognitively impaired patients. It 
is unclear whether reducing depth of anesthesia beyond levels consistent 
with general anesthesia reduces delirium in cognitively intact patients. The 
authors’ objective was to determine whether a bundled approach to reduce 
anesthetic agent exposure as determined by Bispectral Index (BIS) values (spi-
nal anesthesia with targeted sedation based on BIS values) compared with 
general anesthesia (masked BIS) reduces delirium.  

  Methods:     Important eligibility criteria for this parallel-arm randomized trial 
were patients 65 yr or greater undergoing lumbar spine fusion. The interven-
tion group received spinal anesthesia with targeted sedation to BIS greater 
than 60 to 70. The control group received general anesthesia (masked BIS). 
The primary outcome was delirium using the Confusion Assessment Method 
daily through postoperative day 3, with blinded assessment.  

 Results:     The median age of 217 patients in the analysis was 72 (interquartile 
range, 69 to 77). The median BIS value in the spinal anesthesia with targeted seda-
tion based on BIS values group was 62 (interquartile range, 53 to 70) and in the 
general anesthesia with masked BIS values group was 45 (interquartile range, 41 to 
50;  P  < 0.001). Incident delirium was not different in the spinal anesthesia with tar-
geted sedation based on BIS values group (25.2% [28 of 111]  vs . the general anes-
thesia with masked BIS values group (18.9% [20 of 106];  P  = 0.259; relative risk, 
1.22 [95% CI, 0.85 to 1.76]). In prespecifi ed subgroup analyses, the effect of anes-
thetic strategy differed according to the Mini-Mental State Examination, but not the 
Charlson Comorbidity Index or age. Two strokes occurred among patients receiving 
spinal anesthesia and one death among patients receiving general anesthesia.  

  Conclusions:     Spinal anesthesia with targeted sedation based on BIS values 
compared with general anesthesia with masked BIS values did not reduce 
delirium after lumbar fusion.   

(ANESTHESIOLOGY  2021 ;  135 : 992 – 1003 )   

 Spinal Anesthesia with 
Targeted Sedation based
on Bispectral Index Values 
Compared with General 
Anesthesia with Masked 
Bispectral Index Values 
to Reduce Delirium: The 
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Controlled Trial  
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to avoid general anesthesia and target lighter sedation has 
not been well studied. Although two additional trials did 
examine the bene� ts of lighter sedation during hip fracture 
surgery under spinal anesthesia, the results may not be gen-
eralizable to most older adults undergoing surgery, since a 
substantial number of patients were cognitively impaired.  15 , 16  

 Thus, there is a clear need to establish whether reducing 
depth of anesthesia and anesthetic exposure (beyond levels con-
sistent with general anesthesia) can reduce delirium after sur-
gery in a representative population of older adults. This question 
is highly applicable since many of the most common surger-
ies in older adults can be performed using neuraxial/regional 
approaches.  17   Lumbar spine fusion surgery is one such surgery 
that is among the top � ve most frequent surgeries in older 
adults,  17   with an estimated incidence of postoperative delirium 
of 10 to 30%.  18–20   Therefore, we conducted a randomized prag-
matic trial in older patients undergoing lumbar spine surgery, 
with the hypothesis that a bundled approach to reduce anes-
thetic agent exposure as determined by Bispectral Index [BIS] 
values (spinal anesthesia with targeted light sedation based on 
BIS values) compared with general anesthesia with masked BIS 
values would reduce the incidence of postoperative delirium. 

  Materials and Methods 

  Study Design 

 The research protocol was approved by the Mercy Medical 
Center (Baltimore, Maryland) Institutional Review Board 
(No. 2015-45). The trial was registered at ClinicalTrials.gov 
(NCT03133845, Principal Investigator Charles Brown). The 
initial protocol was released by the investigators to ClinicalTrials.
gov on October 23, 2015. Due to quality control issues (in par-
ticular, the speci� city of some outcomes, most notably post-
discharge secondary outcomes that are not reported in this 
manuscript), the protocol was not formally registered and 
released to the public until April 2017, so the formal registration 
was retrospective to the start of the trial. The primary aim and 
outcome as reported in this manuscript have been unchanged 

since the initial submission to ClinicalTrials.gov on October 
23, 2015. However, the secondary delirium outcomes (delirium 
severity and number of days of delirium) were not formally 
added to the trial registration until April 2017, although these 
outcomes were collected since the start of the trial as part of the 
study protocol. Other changes in enrollment criteria and sam-
ple size calculation are described below. Participants provided 
written informed consent. The SHaping Anesthetic techniques 
to Reduce Postoperative delirium (SHARP) study was con-
ducted as a single-center prospective randomized controlled 
superiority trial with two parallel groups. The protocol was 
published near the end of the trial to summarize the conduct of 
the trial and provide the � nal statistical plan.  21  

  Participants 

 Patients were approached before scheduled surgery by a 
research coordinator to evaluate eligibility and obtain informed 
consent. Inclusion criteria were (1) age 65 yr or greater; (2) 
undergoing lumbar spine fusion; (3) expected surgery dura-
tion less than 3 h; (4) under the care of a participating surgeon; 
and (5) ability to understand and comply with study proce-
dures. Exclusion criteria were (1) contraindications to spinal 
anesthesia ( e.g. , severe aortic stenosis, anticoagulant therapy); 
(2) body mass index greater than 40 kg/m 2 ; (3) previous L2–
L5 full lumbar fusion; (4) communication issues precluding 
baseline assessments; (5) baseline dementia or Mini-Mental 
State Examination less than 24; (6) psychiatric disease pre-
cluding cooperation with sedation; and (7) surgeon or anes-
thesiologist preference for either anesthetic approach for any 
reason due to clinical considerations. Delirium was not for-
mally assessed, although all patients were assessed for capacity 
to consent. Patients were enrolled between September 2015 
to May 2019. Eligibility criteria were expanded after the study 
began to allow slightly younger patients, a higher body mass 
index, and longer duration of surgery. The speci� c criteria that 
were changed were a decrease in the lower age limit from 70 
yr to 65 yr, an increase in the upper limit of body mass index 
(from 35 kg/m 2  to 40 kg/m 2 ), and an increase in the upper 
limit of anticipated surgery duration (from 2 h to 3 h). 

  Randomization and Assignment of Intervention 

 A computer-generated simple randomization list with 1:1 
allocation was created by a research nurse before the study. 
For allocation concealment, assignments were placed in sealed 
opaque envelopes, which were sequentially handed to clini-
cians after randomization, before entering the operating room.  

  Intervention and Control 

 The intervention group received spinal anesthesia with 
targeted depth of anesthesia based on BIS values. The BIS 
monitor is approved to monitor depth of anesthesia and dis-
plays a unitless number (0 to 100) derived from processed 
electroencephalogram waveforms. BIS values between 
40 and 60 are consistent with general anesthesia.  22   In the 
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intervention group, spinal anesthesia was obtained using 
intrathecal injection of bupivacaine (10 to 15 mg) or lido-
caine. Patients received sedation with propofol (25 to 150 
mcg · kg –1  · min –1 ), targeted to a BIS greater than 60 to 70. 
However, the anesthesiologist was instructed to prioritize 
clinical concerns if depth of sedation needed to be increased. 

 In the control group, patients received general anesthesia with 
an endotracheal tube. Anesthesia induction was with propofol 
(1 to 2 mg/kg) or etomidate, maintenance with a volatile anes-
thetic, muscle relaxation with a nondepolarizing muscle relaxant, 
and analgesia with fentanyl (generally 2 to 5 mcg/kg titrated) or 
hydromorphone and/or morphine. Patients on baseline opioids 
could receive additional opioids based on clinical criteria. For 
patients under general anesthesia, the anesthetic provider was 
masked to BIS values unless there was a clinical need.  

  Masking 

 Delirium outcome assessors were masked to the interven-
tion. Postoperative data were abstracted from the electronic 
medical record by sta�  masked to the intervention. Patients, 
surgeons, and anesthesiologists were not masked, because it 
is impossible for the anesthetic technique to be masked to 
treating physicians or patients. Statisticians and investigators 
involved in data analysis were masked.  

  Perioperative Management 

 Perioperative care was based on established clinical proto-
cols. Patients could receive intrathecal morphine during 
spinal anesthesia at the discretion of the anesthesiologist, 
or by direct intraoperative injection at the discretion of 
the surgeon. Postoperative analgesia was with fentanyl or 
hydromorphone patient-controlled analgesia, with transi-
tion to oxycodone or other oral opioids as tolerated.  

  Outcomes and Other Covariates 

 Delirium was assessed once daily during the � rst 3 postoperative 
days in the hospital using the validated Confusion Assessment 
Method  23   (sensitivity, 94 to 100%; speci� city, 90 to 95%). For 
purposes of missing data, daily in-hospital assessments were not 
considered missing if the patient was discharged from the hospi-
tal on that day and not available for assessment. The Confusion 
Assessment Method included formal tests of cognition (Mini-
Mental State Examination,  24   Calendar Reverse Months, 
Shortened Digit Span Forward/Reverse, and Delayed Word 
Recall tests) as well as questions for nurses, clinicians, and fam-
ily. Patients who refused an assessment and no delirium assess-
ment could be made were considered to not have delirium for 
that assessment. The primary outcome was incident delirium as 
de� ned by any positive assessment during hospitalization. A chart 
review for delirium was also conducted using validated meth-
ods to supplement in-person assessments.  25   Secondary outcomes 
included delirium duration and severity (Delirium Rating Scale-
Revised 98).  26   Covariate information was collected from baseline 
assessments, patient report, and the medical record. Instrumental 

activities of daily living were measured at baseline.  27   Number of 
surgical levels included the range of involved vertebrae.  

  Sample Size 

 At the start of the trial, we assumed a delirium incidence of 
40% in the control group (general anesthesia with masked 
BIS values) and a 50% reduction in the intervention group, 
based on previous studies.  15 , 18   Further, we assumed a 4 to 6% 
dropout or crossover. With these assumptions, 190 patients 
would be needed to show a di� erence in incidence of delir-
ium at a 0.05 signi� cance level with a power of 0.8. After 
the � rst year of data collection, the delirium incidence was 
noted to be less than predicted, and so the sample size was 
increased to at least 218, based on a revised assumption of 
delirium incidence (40% to 35% in the control arm) and 
similar assumptions regarding 50% reduction in delirium in 
the intervention group and 4 to 6% dropout.  

  Statistical Analysis 

 The primary analysis was based on the intention to treat prin-
ciple (patients included in the group to which randomized). 
For the primary outcome, incident delirium, both the abso-
lute di� erence and relative change were computed. The chi-
square test was used to compare proportions with the primary 
outcome between groups. Secondary outcomes were com-
pared using Wilcoxon rank sum tests. Normally distributed 
variables are reported using mean ± SD, and nonnormally 
distributed variables are reported using mean and interquartile 
range. Adjusted analyses were conducted with multivariable 
logistic regression to account for potential confounding, � rst 
with prespeci� ed adjustment for age, education, and cognitive 
score  28   and second with adjustment for additional variables 
associated with delirium in bivariate analyses. As-treated anal-
yses were also conducted (patients included in the group to 
which they received treatment). Standard diagnostics, includ-
ing goodness of � t, in� uence, and collinearity, were examined 
for all regression models. BIS data were downloaded from 
the monitor after surgery and were analyzed in several ways, 
including the mean ± SD and minutes below or above clin-
ically relevant cuto� s (BIS less than 40 and BIS greater than 
55), based on the methodology of previous studies.  11 , 16  

 Prespeci� ed subgroup analyses were conducted based on 
strati� cation by age (less than 75  vs . 75 yr old or greater), Charlson 
Comorbidity Index (0  vs . 1 or greater), and baseline cognition 
(Mini-Mental State Examination less than 27  vs.  27 or greater), 
with cuto� s chosen based on biologic relevance and/or to have 
anticipated su�  cient number of patients in the subgroups.  16 , 29 , 30  

Post hoc , we examined four subgroups identi� ed based on dif-
ferences in bivariate analyses. Relative risks were calculated 
within each subgroup, and 95% CIs were generated using the 
percentile method  via  a bootstrap procedure (5,000 bootstrap 
samples). The hypothesis that the intervention would have dif-
ferential e� ect based on subgroups was formally tested using a 
P  value for interaction, without adjustment for other covariates. 
SAS v9.4 (USA) was used. Formal interim analyses were to assess 
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recruitment, safety events, and dropout, but not e�  cacy, and a Data 
Safety and Monitoring Board monitored study conduct and safety. 
There were no prespeci� ed stopping criteria, and enrollment ceased 
when the target sample size was obtained. In all analyses,  P  < 0.05 
was considered signi� cant, and all hypothesis testing was 
two-tailed.   

  Results 
 A patient � ow diagram is shown in  � gure 1   . Of 799 patients 
screened from September 8, 2015, to May 6, 2019, 111 
patients were randomized to spinal anesthesia with targeted 
sedation based on BIS values, and 108 patients were random-
ized to general anesthesia with masked BIS values. Reasons 
that patients were not enrolled and randomized are listed in 
 � gure 1 . Enrollment was stopped upon accrual of enrollment 
goals. Among patients randomized to spinal anesthesia with 
targeted sedation based on BIS values, an adequate level of 
spinal anesthesia could not be obtained in seven patients, 
and these patients crossed over to receive general anesthe-
sia. Among patients randomized to general anesthesia with 
masked BIS values, two patients withdrew after randomiza-
tion, and one patient crossed over to receive spinal anesthesia.  

  Baseline Patient Characteristics 

 The median age of patients in this study was 72 yr (inter-
quartile range, 69 to 77), 38% were male, and the median 
Mini-Mental State Examination score was 29 (interquartile 
range, 27 to 29). Patients rated their average preoperative pain 
as a median of 7 (interquartile range, 5 to 8) and their current 
pain as a median of 3 (interquartile range, 1 to 6). Patient 
characteristics were generally similar in the two arms of the 
study ( table 1   ). However, the Charlson Comorbidity Index 
was slightly higher and there were more patients with a pre-
vious myocardial infarction and atrial � brillation in the spinal 
anesthesia with targeted sedation based on BIS values group.   

  Perioperative Characteristics and Separation in BIS 
Values 

 Intra- and postoperative characteristics are described 
in  table  2    (intention to treat) and Supplemental Digital 
Content table 1 ( http://links.lww.com/ALN/C700 ; as 
treated). Overall, the median length of surgery was 128 min 
(interquartile range, 106 to 159), the median number of spi-
nal levels was 3 (interquartile range, 2 to 4), and the median 
estimated blood loss was 300 ml (interquartile range, 200 to 
460). In the spinal anesthesia with targeted sedation based 
on BIS values group, the median dose of bupivacaine was 
14 mg (interquartile range, 12.5 to 15), and the maximum 
propofol infusion rate was a median of 80 mcg · kg –1  · 
min –1  (interquartile range, 75 to 100). Among patients who 
received general anesthesia, des� urane was predominantly 
utilized. Patients in the general anesthesia with masked BIS 
values group received more fentanyl and less IV � uids.  

 The average BIS value in the spinal anesthesia with targeted 
sedation based on BIS values group was higher than in the 

general anesthesia with masked BIS values group (median of 62 
[interquartile range, 53 to 70]  vs . 45 [interquartile range, 41 to 
50];  P  < 0.001). The median duration of BIS less than 40 was 
substantially lower in the spinal anesthesia with targeted seda-
tion based on BIS values group compared to the general anes-
thesia with masked BIS values group (3 min [interquartile range, 
0 to 22]  vs . 68 min [interquartile range, 22 to 102];  P  < 0.001).  

  Effect of the Intervention on Postoperative Delirium and 
Other Outcomes 

 The overall incidence of delirium was 22% (48 of 217). Out of 
544 opportunities for delirium assessments for nondischarged 
patients, 509 in-person assessments were completed, and 24 
assessments were refused by patients. Two patients refused all 
assessments. In the intention to treat analysis, there was no sig-
ni� cant di� erence in the incidence of delirium in the spinal 
anesthesia with targeted sedation based on BIS values group 
(25.2% [28 of 111]) compared with the general anesthesia with 
masked BIS values group (18.9% [20 of 106];  P  = 0.259), abso-
lute di� erence, 6.4% (95% CI, –4.6 to 17.4%), and relative risk, 
1.22 (95% CI, 0.85 to 1.76). When a chart review delirium 
method was used to supplement the in-person assessments, 
there was no signi� cant di� erence in the incidence of delirium 
in the spinal anesthesia with targeted sedation based on BIS 
values group (27.9% [31 of 111]) compared with the general 
anesthesia with masked BIS values group (23.6% [25 of 106]; 
P  = 0.465). Similarly, there was no di� erence by group in the 
incidence of delirium for each individual postoperative day 
or in maximum delirium severity score ( table 3    [intention to 
treat]; Supplemental Digital Content table 2, [ http://links.lww.
com/ALN/C700 ; as treated]). The incidence of delirium was 
also not di� erent between groups when adjusted for variables 
associated with delirium in bivariate analyses (Supplemental 
Digital Content table 3,  http://links.lww.com/ALN/C700 ).  

 Duration of recovery in the postanesthesia care unit was 
similar between the two groups, but pain at postanesthesia care 
unit discharge was lower in the spinal anesthesia with targeted 
sedation based on BIS values group compared with the general 
anesthesia with masked BIS values group (median, 4 [inter-
quartile range, 1 to 5]  vs . median, 5 [interquartile range, 3 to 7]; 
P  = 0.004). There were two strokes in the spinal anesthesia with 
targeted sedation based on BIS values group, and there was one 
death in the general anesthesia with masked BIS values group. 
Other complications by randomization group are listed in 
 table 2  (intention to treat) and Supplemental Digital Content 
table 1 ( http://links.lww.com/ALN/C700 ; as treated). 

  Prespecifi ed Subgroup Analyses 
 There were three prespeci� ed subgroup analyses, based on 
cuto� s of the Mini-Mental State Examination, the Charlson 
Comorbidity Index, and age, with forest plot results by the 
primary intention to treat analysis shown in  � gure 2   . (The 
forest plot for the as treated analysis, as well as an expanded 
description of the numbers of events in each subgroup, 
are shown in Supplemental Digital Content � gure 1 and 
Supplemental Digital Content table 4, respectively,  http://
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links.lww.com/ALN/C700 ). Baseline Mini-Mental State 
Examination did moderate the e� ect of the intervention 
( P  interaction = 0.009). Speci� cally, for patients with Mini-
Mental State Examination less than 27, the incidence of delir-
ium was less in the spinal anesthesia with targeted sedation 
based on BIS values group compared to the general anesthesia 
with masked BIS values group (17.7% [3 of 17]  vs . 43.5% [10 
of 23]). On the other hand, for patients with Mini-Mental 
State Examination 27 or greater, the incidence of delirium 
was greater in the spinal anesthesia with targeted sedation 
based on BIS values group  versus  the general anesthesia with 
masked BIS values group (26.6% [25 of 94]  vs . 12.1% [10 
of 83]). There was no di� erence in the e� ect of the inter-
vention ( i.e. , no interaction) based on the other prespeci� ed 
subgroups of age strata (less than 75  vs.  75 yr old or greater) or 
Charlson Comorbidity Index (0  vs . 1 or greater). Several other 
subgroup analyses were chosen  post hoc  (sex, education, use of 
short-acting opioids at baseline, and administration of intrathe-
cal morphine during surgery;  � g. 2 ). Intrathecal morphine did 
modify the e� ect of the intervention in the intention to treat 

analysis ( P  interaction = 0.029) but not in the as treated analysis 
( P  interaction = 0.088). Speci� cally, for patients who did not 
receive intrathecal morphine, the incidence of delirium in the 
intention to treat analysis was less in the spinal anesthesia with 
targeted sedation based on BIS values group compared to the 
general anesthesia with masked BIS values group (8.8% [3 
of 34]  vs.  20.4% [10 of 49]). On the other hand, for patients 
who did receive intrathecal morphine, the incidence of delir-
ium was greater in the spinal anesthesia with targeted seda-
tion based on BIS values group  versus  the general anesthesia 
with masked BIS values group (32.5% [25 of 77]  vs.  17.5% 
[10 of 57]).   

  Risk Factors for Delirium 

 In bivariate analyses, male sex, lower Mini-Mental State 
Examination score, higher Charlson Comorbidity Index, 
preoperative short-acting opioid medication, longer sur-
gery, and increased postoperative pain were among the 
variables associated with delirium (Supplemental Digital 

 Fig. 1.      Consolidated Standards of Reporting Trials (CONSORT) diagram. A patient fl ow diagram is shown.    
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Content tables 5 and 6,  http://links.lww.com/ALN/C700 ). 
In adjusted models (Supplemental Digital Content table 3, 
 http://links.lww.com/ALN/C700 ), only lower Mini-
Mental State Examination score remained independently 
associated with delirium. The administration of intrathecal 
morphine was also associated with delirium in the adjusted 
model, but not in the bivariate comparison.   

  Discussion 

 The results of this trial demonstrate that spinal anesthesia 
with targeted sedation based on BIS values compared with 
general anesthesia with masked BIS values does not reduce 
the incidence of delirium in lumbar spine surgery patients. 

 The results of this study add to several studies exam-
ining whether titrating depth of anesthesia and anesthetic 
exposure compared with usual care can reduce delirium. 
Early trials in general anesthesia patients suggested that a 
strategy to reduce anesthetic exposure based on BIS values 
could reduce delirium.  11 , 12   Based on these and other studies, 
delirium guidelines have recommended depth of anesthe-
sia monitoring may be considered.  1   However, the recent 
large trial reported no di� erence in delirium in patients 
randomized to a strategy of avoiding excessive anesthetic 
exposure and burst suppression on the electroencephalo-
gram.  14   Similarly, the results of the current study demon-
strate that a bundled approach to reduce anesthetic agent 
exposure as determined by BIS values does not reduce the 

 Table 1.      Baseline Patient Characteristics   

     
 Total 

(n = 217) *    

 General Anesthesia 
with Masked BIS 
Values (n = 106)   

 Spinal Anesthesia with 
Targeted Sedation Based on 

BIS Values (n = 111)   

 Age (yr), median (interquartile range)  72 (69–77)  72 (69–76)  73 (69–78) 
 Male, n (%)  83 (38.2)  35 (33.0)  48 (43.2) 
 Race, n (%) 
  White  197 (90.8)  93 (87.7)  104 (93.7) 
  Black  20 (9.2)  13 (12.3)  7 (6.3) 
 Education college or higher, n (%)  104 (47.9)  49 (46.2)  55 (49.5) 
 Living arrangement, at home, n (%)  203 (94.4)  95 (91.3)  108 (97.3) 
 Mini-Mental State Examination, †  median (interquartile range)  29 (27–29)  28 (27–29)  29 (27–29) 
 Instrumental Activities of Daily Living, ‡  median (interquartile range)  13 (12–14)  13 (12–14)  13 (12–14) 
 Comorbidities, n (%)          
  Previous stroke  3 (1.4)  2 (1.9)  1 (0.9) 
  Hypertension  157 (72.4)  74 (69.8)  83 (74.8) 
  Atrial fi brillation  12 (5.5)  2 (1.9)  10 (9.0) 
  Congestive heart failure  1 (0.5)  0 (0)  1 (0.9) 
  Myocardial infarction  20 (9.2)  5 (4.7)  15 (13.5) 
  Peripheral vascular disease  9 (4.1)  1 (0.9)  8 (7.2) 
  Chronic obstructive pulmonary disease  22 (10.1)  10 (9.4)  12 (10.8) 
  Tobacco (previous)  73 (33.6)  33 (31.1)  40 (36) 
  Diabetes  54 (24.9)  25 (23.6)  29 (26.1) 
  Chronic kidney disease  38 (17.5)  15 (14.2)  23 (20.7) 
 ASA Status, §  median (interquartile range)  II (II–III)  II (II–III)  II (II–III) 
 Charlson Comorbidity Index,  ∥   median (interquartile range)  1 (0–1)  0 (0–1)  1 (0–1) 
 Hemoglobin (g/dl), mean ± SD  13.5 ± 1.3  13.6 ± 1.2  13.5 ± 1.4 
 Baseline medications          
  Aspirin, n (%)  21 (9.8)  12 (11.5)  9 (8.1) 
   β -Blockers, n (%)  56 (26)  21 (20.2)  35 (31.5) 
  Calcium channel blockers, n (%)  51 (23.7)  22 (21.2)  29 (26.1) 
  Angiotensin-converting enzyme inhibitors, n (%)  43 (20)  17 (16.3)  26 (23.4) 
  Angiotensin II-receptor blockers, n (%)  49 (22.8)  26 (25)  23 (20.7) 
  Statin, n (%)  109 (50.7)  55 (52.9)  54 (48.6) 
  Selective serotonin reuptake inhibitors or serotonin and 

norepinephrine reuptake inhibitors, n (%) 
 39 (18.1)  20 (19.2)  19 (17.1) 

  Other psychotropic medication, n (%)  23 (10.7)  9 (8.7)  14 (12.6) 
  Short-acting opioids, n (%)  106 (49.3)  44 (42.3)  62 (55.9) 
 Current pain, #  median (interquartile range)  3 (1–6)  3 (1–7)  3 (0–5) 
 Average pain, #  median (interquartile range)  7 (5–8)  7 (5–8)  8 (5–8) 

   *All variables were complete (n = 217) except the following: Instrument Activities of Daily Living, ASA score (n = 211), current and average pain (n = 212), living status (n = 203), all 
baseline medications (n = 215), hemoglobin (n = 216).     †Mini-Mental State Examination scores range from 0 to 30, with higher scores indicating better performance.     ‡Instrumental 
Activities of Daily Living scores range from 0 to 14 with higher scores indicating better functional status.     §For non–brain dead surgical patients, ASA scores range from I to V with 
higher scores indicating greater comorbidities.       ∥  The Charlson Comorbidity Index ranges from 0 to 33, with higher scores indicating greater risk of long-term mortality.     #Pain is rated 
on a scale of 0 to 10, with higher scores indicating more pain.  
  ASA, American Society of Anesthesiologists; BIS, Bispectral Index.   
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incidence of delirium in older adults undergoing lumbar 
spine fusion surgery. 

 An important consideration in interpreting previous stud-
ies is that in most trials, all patients received general anes-
thesia. The pertinent comparisons were general anesthesia 
versus  deeper general anesthesia, and the bene� ts of lighter 

anesthesia could not be examined. This is an important gap 
since critical care guidelines recommend that mechanically 
ventilated patients in the intensive care unit bene� t from 
light sedation,  31   a level of consciousness that is substantially 
more alert than general anesthesia. Two trials in hip fracture 
surgery patients under spinal anesthesia examined bene� ts 

 Table 2.      Perioperative and Postoperative Characteristics by Randomization Group   

     
 Overall 

(n = 217) *    

 General Anesthesia 
with Masked BIS 
Values (n = 106)   

 Spinal Anesthesia with 
Targeted Sedation Based 
on BIS Values (n = 111)   P  Value   

 Intraoperative 
  Duration of surgery (min), median (interquartile range)  128 (106–159)  130 (110–163)  123 (102–154)  0.262 
  Number of levels, median (interquartile range)  3 (2–4)  3 (2–3)  3 (2–4)  0.425 
  Anesthetic management             
   Spinal anesthesia arm             
    Bupivacaine dose (mg), median (interquartile range)  14 (12.5–15)  Not applicable  14 (12.5–15)  Not applicable 
    Maximum propofol infusion (mcg · kg –1  · min –1 ), median 

   (interquartile range) 
 80 (75–100)  Not applicable  80 (75–100)  Not applicable 

   General anesthesia arm             
    Desfl urane, n (%)  82 (37.8)  77 (72.6)  Not applicable  Not applicable 
   Intrathecal morphine, n (%)  134 (61.8)  57 (53.8)  77 (69.4)  0.018 
   Intrathecal morphine (mg), median (interquartile range)  0.2 (0.2–0.2)  0.2 (0.2–0.2)  0.2 (0.2–0.2)  0.019 
   Fentanyl, n (%)  203 (93.5)  100 (94.3)  103 (92.8)  0.643 
   Fentanyl (mcg), median (interquartile range)  150 (100–250)  200 (150–250)  100 (100–100)  < 0.001 
   Hydromorphone, n (%)  43 (19.8)  40 (37.7)  3 (2.7)  < 0.001 
   Hydromorphone (mg), median (interquartile range)  1.5 (1–2)  1.3 (1–2)  2 (1–2)  0.449 
   Midazolam, n (%)  69 (31.8)  33 (31.1)  36 (32.4)  0.837 
   Midazolam (mg), median (interquartile range)  2 (2–2)  2 (2–2)  2 (2–2)  0.554 
   Phenylephrine, n (%)  50 (23.0)  23 (21.7)  27 (24.3)  0.646 
   Phenylephrine (mcg), median (interquartile range)  300 (200–650)  300 (50–450)  250 (150–750)  0.611 
   Ephedrine, n (%)  140 (64.5)  68 (64.2)  72 (64.9)  0.913 
   Ephedrine (mg), median (interquartile range)  20 (10–33)  25 (13–40)  20 (10–30)  0.055 
   Fluids administered (ml), median (interquartile range)  2,000 (1,700–2,700)  2,000 (1,400–2,600)  2,050 (1,900–2,950)  0.006 
   Estimated blood loss (ml), median (interquartile range)  300 (200–460)  300 (200–500)  300 (200–400)  0.648 
   Packed erythrocyte transfusion, n (%)  4 (1.8)  1 (0.9)  3 (2.7)  0.622 
   Lowest MAP (mm Hg), median (interquartile range)  59 (52–64)  59 (51–64)  60 (52–64)  0.672 
  Average BIS, median (interquartile range)  51 (44–63)  45 (41–50)  62 (53–70)  < 0.001 
  Duration of BIS < 40 (min), median (interquartile range)  22 (1–76)  68 (22–102)  3 (0–22)  < 0.001 
  Duration of BIS > 55 (min), median (interquartile range)  31 (16–92)  20 (13–30)  87 (34–110)  < 0.001 
  Duration of PACU (min), median (interquartile range)  119 (75–164)  119 (75–169)  118 (75–160)  0.530 
  Pain score at PACU discharge, median (interquartile range)  4 (2–6)  5 (3–7)  4 (1–5)  0.004 
 Postoperative 
  ICU admission, n (%)  4 (1.8)  0 (0)  4 (3.6)  0.122 
  Duration of hospitalization (days), median (interquartile range)  3 (2–3)  3 (2–3)  3 (2–3)  0.087 
  Maximum pain on postoperative day 1 (0–10), median (interquartile 

 range) 
 8 (7–10)  8 (7–10)  8 (7–10)  0.413 

  Complications, †  n (%) 
   Stroke  2 (0.9)  0 (0)  2 (1.8)  0.498 
   Atrial fi brillation  1 (0.5)  0 (0)  1 (0.9)  1.000 
   Congestive heart failure  0 (0)  0 (0)  0 (0)  Not applicable 
   Myocardial infarction  1 (0.5)  0 (0)  1 (0.9)  1.000 
   Sepsis  0 (0)  0 (0)  0 (0)  Not applicable 
   Pneumonia  2 (0.9)  0 (0)  2 (1.8)  0.498 
   Urinary tract infection  18 (8.3)  9 (8.5)  9 (8.1)  0.919 
   Pulmonary embolism or deep venous thrombosis  2 (0.9)  1 (0.9)  1 (0.9)  1.000 
   Acute kidney injury  1 (0.5)  0 (0)  1 (0.9)  1.000 
   Fall  0 (0)  0 (0)  0 (0)  Not applicable 
   Reoperation  1 (0.5)  0 (0)  1 (0.9)  1.000 
   In-hospital death  1 (0.5)  1 (0.9)  0 (0)  0.488 

   *All variables were complete except bupivacaine and propofol dose in the spinal anesthesia group (n = 101), BIS values (n = 192), and postoperative day 1 pain (n = 216).     †Some 
patients experienced multiple complications, apart from urinary tract infections. One patient in the general anesthesia group had a pulmonary embolism and died. One patient in the 
spinal anesthesia group had a stroke, myocardial infarction, and pneumonia.  
  BIS, Bispectral Index; ICU, intensive care unit; MAP, mean arterial pressure; PACU, postanesthesia care unit.   
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of intraoperative “light” sedation.  15 , 16   However, the results of 
these two studies were con� icting, and moreover, the elderly, 
frail, and cognitively impaired populations may not be gener-
alizable to most older adults undergoing surgery. Thus, there 
has been a clear need to determine whether reducing depth 
of anesthesia beyond general anesthesia could reduce delir-
ium in a generalizable population of older adults. This ques-
tion is highly relevant since many surgeries can be performed 

with neuraxial or regional approaches. The SHARP study 
addressed this question in a pragmatic manner and demon-
strated no delirium reduction in patients treated with spinal 
anesthesia with targeted sedation based on BIS values com-
pared with general anesthesia with masked BIS values. 

 One of three preplanned subgroup analyses showed 
di� erent e� ects of the intervention according to baseline 
cognition. Speci� cally, for patients with Mini-Mental State 

 Table 3.      Effect of the Intervention on Postoperative Delirium   

     
 General Anesthesia with 

Masked BIS Values (n = 106)   
 Spinal Anesthesia with Targeted 

Sedation Based on BIS Values (n = 111)   P  Value   

 Any delirium, n (%) *   20 (18.9)  28 (25.2)  0.259 
 Number of days of delirium, among delirious patients, median 

 (interquartile range) 
 1 (1–3)  1 (1–2)  0.224 

 Delirium by postoperative day *  
  Day 1, n (%)  7 (6.6)  15 (13.5)  0.092 
  Day 2, n (%)  15 (14.2)  22 (19.8)  0.267 
  Day 3, n (%)  11 (10.4)  14 (12.6)  0.606 
 Maximum delirium severity score as measured by Delirium Rating 

 Scale–Revised-98, †  median (interquartile range) *  
 4 (3–6)  5 (3–8)  0.276 

 Maximum delirium severity score as measured by Delirium Rating Scale–Revised-98 by postoperative day *  
  Day 1, median (interquartile range)  3 (2–6)  4 (3–7)  0.088 
  Day 2, median (interquartile range)  3 (1.5–5)  3 (2–6)  0.354 
  Day 3, median (interquartile range)  3 (1–5)  3 (1–6)  0.960 

   *Out of 544 opportunities for delirium assessments for nondischarged patients at assessment, 509 in-person assessments were completed, and 24 assessments were refused by 
patients. A total of 215 patients had a postoperative assessment with the Confusion Assessment Method and Delirium Rating Scale-Revised-98 (two patients refused all assessments 
and were considered to not have delirium). For each postoperative day, the number of patients with a Confusion Assessment Method and Delirium Rating Scale-Revised-98 evaluation 
among the number of nondischarged patients at assessment was 199/217 (postoperative day 1), 190/198 (postoperative day 2), and 120/129 (postoperative day 3).  
  †Delirium Rating Scale–Revised-98 severity scores range from 0 to 39, with higher scores indicating greater severity of delirium.   

 Fig. 2.      Subgroup analyses of the primary outcome of incident delirium. Subgroup analyses based on intention to treat analyses with the 
primary outcome of incident delirium. Prespecifi ed subgroup analyses were conducted based on stratifi cation by age, Charlson Comorbidity 
Index, and baseline cognition.  Post ho c, four subgroups were identifi ed based on differences in bivariate analyses. The effect of anesthetic 
approach (relative risk [95% CI]) is presented separately in each subgroup to defi ne the effect of the intervention in that particular subgroup. 
The interaction term is a test of signifi cance for whether the effect of anesthetic approach is statistically different between subgroups. Rapid 
release opioids refer to baseline opioids. Relative risk less than 1 favors spinal anesthesia with targeted sedation based on Bispectral Index 
values. Relative risk greater than 1 favors general anesthesia with masked Bispectral Index values.    
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Examination less than 27, there was less delirium in the spinal 
anesthesia with targeted sedation based on BIS values group, 
while for patients with Mini-Mental State Examination 27 
or greater, there was less delirium in the general anesthe-
sia with masked BIS values group. The results of this sub-
group analysis are qualitatively similar to a subgroup analysis 
reported in a trial of depth of sedation in hip fracture surgery 
patients.  16   In this trial in which the median Mini-Mental 
State Examination score was 24, the subgroup of healthy 
patients with a Charlson Comorbidity Index score of 0 to 
1 (but not higher) had less delirium with a light  versus  deep 
sedation strategy. Thus, in both the hip fracture trial and the 
current trial, patients who were relatively healthy but with 
impaired cognition derived bene� t from lighter sedation. 
These results need to be considered hypothesis-generating 
since they were subgroup analyses. One potential explana-
tion is that cognitively impaired patients are more sensitive 
to anesthetic depth, perhaps due to underlying neurodegen-
erative disease.  32–35   On the other hand, it is not entirely clear 
why cognitively intact patients bene� ted from general anes-
thesia with masked BIS values. The overall risk of delirium 
was less in these patients, as would be expected. Future stud-
ies should examine anesthetic strategies to reduce depth of 
anesthesia in cognitively impaired older adults, although the 
logistics of enrolling a su�  cient number of eligible patients 
would be challenging. A  post hoc  analysis also showed that the 
administration of intrathecal morphine was independently 
associated with delirium and modi� ed the e� ects of the 
intervention such that in patients who received intrathecal 
morphine, there was less delirium in the general anesthesia 
with masked BIS values group. Previous work has suggested 
that intrathecal morphine was associated with less postop-
erative delirium,  36   while in our study, patients who received 
intrathecal morphine had more delirium, and the � nding of 
this  post hoc  analysis should also be considered exploratory. 

 In the current study, the strongest and most consistent delir-
ium risk factor was lower Mini-Mental State Examination 
score. These results are consistent with other studies examin-
ing risk factors for delirium  3   and highlight the importance of 
cognitive testing for risk strati� cation. Overall, pain and pain 
treatment were important, with baseline short-acting opioids 
and maximum postoperative pain being associated with delir-
ium. These results highlight the balance of treating pain while 
minimizing deliriogenic opioid medication.  3 , 37  

 There are several strengths of this study. The SHARP trial 
used a unique study design to compare spinal anesthesia with 
targeted sedation based on BIS values  versus  general anesthesia 
with masked BIS values in cognitively intact older adults. The 
intervention was pragmatic, conducted at a community-based 
hospital, and achieved a separation in BIS values. The research 
group is experienced in assessing postoperative delirium. 
Although the study sample was older adults undergoing spine 
surgery, results are likely generalizable to a number of surgeries 
for which general or neuraxial/regional anesthesia is appropriate. 

 There are several limitations. The intervention was bundled, 
and it is unclear which aspect (light sedation, spinal anesthesia, 

or propofol) was most responsible for the subgroup e� ect. 
The doses of propofol that were used were relatively high, the 
sedation protocol was pragmatic, and a formal observer assess-
ment of sedation was not used. Thus, a number of patients 
in the spinal anesthesia with targeted sedation based on BIS 
values group had BIS values below the target of 60 to 70, and 
this may have biased the results toward the null. Additionally, 
BIS may not be an accurate measure of depth of anesthesia in 
older adults. However, the majority of patients had BIS values 
that exceeded the upper limit of 55 that has been advocated to 
prevent awareness during general anesthesia.  38 , 39   The bundled 
approach also did not permit the use of other sedative agents, 
such as dexmedetomidine, and future studies are needed to 
examine potentially bene� cial e� ects of dexmedetomidine 
in this population. The study was powered for a large e� ect 
size, based on a previous study,  15   and we revised the estimate 
of delirium incidence due to a lower incidence than origi-
nally expected. However, the overall incidence of delirium 
was still below the expected incidence in the power calcula-
tion, and so the study was underpowered. Nevertheless, given 
the observed e� ect, it is unlikely that a larger study would 
demonstrate a bene� t in the intervention group. We assessed 
delirium only once daily, and some cases may have been 
missed. Thus, imprecision of the outcome assessment and/or 
misclassi� cation may have biased the results. Patients in the 
spinal anesthesia with targeted sedation based on BIS values 
had more cardiac and vascular disease at baseline, although the 
baseline Mini-Mental State Examination was slightly higher 
than the general anesthesia with masked BIS values group. 
Perioperative management aside from the intervention was 
based on established protocols, and this introduced hetero-
geneity into the study. There was crossover between study 
arms in eight patients, largely due to obtaining adequate spi-
nal anesthesia in patients with degenerative spine disease, and 
this is a source of bias. However, results were similar in inten-
tion to treat and as treated analyses. The Mini-Mental State 
Examination is a general screen of cognition and is limited 
by ceiling e� ect and educational biases.  40   Further, the distinc-
tion between a Mini-Mental State Examination score above 
and less than 27 may not be clinically meaningful, and so the 
results of the subgroup analyses should be considered hypoth-
esis-generating. Finally, the trial was not formally registered 
in ClinicalTrials.gov until 2017 due to quality control issues, 
although the initial protocol with the aim and primary out-
come of this manuscript was submitted in October 2015. 

 In conclusion, the results of the SHARP study demon-
strate that spinal anesthesia with targeted sedation based on 
BIS values does not reduce delirium in older adults under-
going lumbar spine surgery. Further studies are needed 
to examine optimal anesthetic strategies in cognitively 
impaired patients, who are at high risk for delirium. 
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 Dr. Alan Van Poznak Slides the Musical into the 
Medical Syringe!                  

 Gentleman, scholar, and lifelong Cornellian, Alan Van Poznak, M.D. (hugging Dr. Kathryn McGoldrick,  upper 
left ), famously developed methoxy� urane in the 1960s with longtime colleague Joseph Artusio, M.D. Proving 
his inventive mind was not limited to the lab bench, he combined pieces from two precisely cut syringes and 
created a musical masterpiece—the syringe slide whistle ( right) ! Once again, fortune favored the prepared 
mind. Apprenticed to a pipe-organ builder in his teens, Dr. Van Poznak was able to recognize the instru-
mental potential in the cylindrical syringe. While serenading pediatric patients at the New York Hospital, he 
taught anesthesia residents both Bernoulli and Venturi principles just before closing lectures with Cornell’s 
school song ( bottom ). To learn how this little whistle sang its way into the hearts of the Big Apple Circus and 
Late Night TV hosts, watch the full interview of Dr. Van Poznak by former student Kathryn McGoldrick, 
M.D. (hugging Dr. Van Poznak,  upper left ), in the Wood Library-Museum’s John W. Pender Collection of the 
Living History of Anesthesia ( https://www.woodlibrarymuseum.org/library/living-history ). (Copyright © 
the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.) 

Melissa L. Coleman, M.D., Penn State College of Medicine, Hershey, Pennsylvania, and Jane S. Moon, M.D., 
University of California, Los Angeles, California.

ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM
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  ABSTRACT 
  Background:     Despite previous reports suggesting that pressure support 
ventilation facilitates weaning from mechanical ventilation in the intensive 
care unit, few studies have assessed its effects on recovery from anesthesia. 
The authors hypothesized that pressure support ventilation during emergence 
from anesthesia reduces postoperative atelectasis in patients undergoing lap-
aroscopic surgery using the Trendelenburg position.  

 Methods:     In this randomized controlled double-blinded trial, adult patients 
undergoing laparoscopic colectomy or robot-assisted prostatectomy were 
assigned to either the pressure support (n = 50) or the control group (n = 50). 
During emergence (from the end of surgery to extubation), pressure support 
ventilation was used in the pressure support group  versus  intermittent manual 
assistance in the control group. The primary outcome was the incidence of 
atelectasis diagnosed by lung ultrasonography at the postanesthesia care unit 
(PACU). The secondary outcomes were Pa o  

2 
 at PACU and oxygen saturation 

measured by pulse oximetry less than 92% during 48 h postoperatively.  

 Results:     Ninety-seven patients were included in the analysis. The duration of 
emergence was 9 min and 8 min in the pressure support and control groups, 
respectively. The incidence of atelectasis at PACU was lower in the pressure 
support group compared to that in the control group (pressure support  vs. 
control, 16 of 48 [33%]  vs.  28 of 49 [57%]; risk ratio, 0.58; 95% CI, 0.35 
to 0.91;  P  = 0.024). In the PACU, Pa o  

2 
 in the pressure support group was 

higher than that in the control group (92 ± 26 mmHg  vs.  83 ± 13 mmHg; 
P  = 0.034). The incidence of oxygen saturation measured by pulse oxime-
try less than 92% during 48 h postoperatively was not different between the 
groups (9 of 48 [19%]  vs.  11 of 49 [22%];  P  = 0.653). There were no adverse 
events related to the study protocol.  

  Conclusions:     The incidence of postoperative atelectasis was lower in 
patients undergoing either laparoscopic colectomy or robot-assisted pros-
tatectomy who received pressure support ventilation during emergence 
from general anesthesia compared to those receiving intermittent manual 
assistance.   

(ANESTHESIOLOGY  2021 ;  135 : 1004 – 14 )   

Pressure Support  versus 
Spontaneous Ventilation 
during Anesthetic 
Emergence—Effect on 
Postoperative Atelectasis: 
A Randomized Controlled 
Trial  
     Heejoon     Jeong   ,   M.D.     ,       Pisitpitayasaree     Tanatporn    ,   M.D.     ,   
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Pressure support ventilation modalities are now standard on newer 
anesthesia machines and are commonly used during emergence 
from anesthesia  

•   Their benefits in preventing postoperative atelectasis have not been 
well studied    

  What This Article Tells Us That Is New  

•   A randomized trial in patients undergoing laparoscopic colectomy 
or robot-assisted prostatectomy compared pressure support ven-
tilation to spontaneous ventilation with intermittent manual assis-
tance during anesthetic emergence  

•   The outcome was atelectasis in the postanesthesia recovery unit, 
using lung ultrasound  

•   The incidence of atelectasis was significantly lower and the Pa o  
2 

was significantly higher with pressure support ventilation; however, 
in the 48-h postoperative observation period, the incidence of oxy-
gen saturation measured by pulse oximetry less than 92% was not 
different between groups       

 Although there have been many studies regarding ven-
tilatory techniques to reduce postoperative pulmonary 

complications,  1–4   only a few studies have focused on the 
period of recovery from anesthesia. The bene� ts obtained 
from the protective ventilation techniques may be lost 
during this emergence process. Whalen  et al .  5   found that 
recruitment maneuver and the application of positive 
end-expiratory pressure (PEEP) improved intraoperative 
oxygenation, but the e� ect dissipated promptly after extu-
bation. Many studies have observed the development of 
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atelectasis during the emergence period.  6 , 7   Furthermore, 
it is estimated that the emergence period contributes to 
approximately 39% of the total amount of postoperative 
atelectasis.  7  

 Currently, we allow patients to breathe spontaneously 
and assist their respiration intermittently during the transi-
tion from controlled ventilation to spontaneous respiration 
while assessing whether the patients have enough power 
to breathe without assistance. However, patients who are 
spontaneously breathing remain under the in� uence of 
residual anesthetic agents and neuromuscular blockers 
and may not have restored their functional residual capac-
ity,  8 , 9   subsequently developing atelectasis.  10   In addition, 
pain-induced respiratory restriction or respiratory muscle 
fatigue during spontaneous respiration may increase the 
risk of atelectasis. Postoperative atelectasis is one of the 
most common pulmonary complications noted in surgical 
patients,  10 , 11   and a fair majority of studies have suggested 
that postoperative atelectasis is harmful. It increases the 
risk of hypoxemia and forms the pathophysiologic basis 
for other postoperative pulmonary complications.  12–14  

Atelectasis can last for several days after surgery,  15   impair-
ing respiratory function, and ultimately delaying patient 
discharge.  16 , 17  

 Pressure support ventilation is widely used for weaning 
from the ventilator in the intensive care unit (ICU) and is 
recently available in anesthesia machines. Pressure support 
ventilation applies a � xed amount of pressure the physician 
selects to the patients throughout each breath to augment 
their own respiration and is one of the most comfortable 
ventilation modes for patients. In these aspects, pressure 
support ventilation during recovery from anesthesia may 
reduce postoperative atelectasis compared to spontaneous 
respiration with intermittent manual assistance. To date, few 
studies have assessed the e� ect of pressure support ventila-
tion on postoperative atelectasis. 

 Therefore, we compared the incidence of postoperative 
atelectasis in patients who received pressure support venti-
lation with that in patients who received spontaneous respi-
ration with intermittent manual assistance, postlaparoscopic 
colectomy, or robot-assisted laparoscopic prostatectomy. In 
recent times, laparoscopic colectomy and robot-assisted lap-
aroscopic prostatectomy have gained wide acceptance for 
their better or noninferior outcomes and more enhanced 
recovery compared to open surgery. However, these pro-
cedures are associated with a higher risk of postoperative 
atelectasis due to the high intra-abdominal pressure and 
Trendelenburg position, which pushes the diaphragm 
upward and subsequently results in the collapse of the 
alveoli.  9 , 18  

 We hypothesized that pressure support ventilation 
reduces the incidence of postoperative atelectasis compared 
to spontaneous respiration with intermittent manual assis-
tance in patients undergoing laparoscopic colectomy or 
robot-assisted laparoscopic prostatectomy. 

  Materials and Methods 

  Study Design 

 This was a single-center, randomized, controlled, patient- 
and evaluator-blinded trial with a two-arm parallel design 
to assess the possible superiority of pressure support ven-
tilation. The study protocol was approved by the Samsung 
Medical Center (Seoul, Korea) Institutional Review Board 
(approval No. SMC 2020-02-117-002; date of approval, 
April 16, 2020). It was prospectively registered with the 
Korean Clinical Research Information Service (registration 
No. KCT0004944; principal investigator, Hyun Joo Ahn; 
date of registration, April 20, 2020;  https://cris.nih.go.kr ). 
Our study was conducted in accordance with the ethi-
cal principles of the 1964 Declaration of Helsinki and its 
later amendments and was performed at Samsung Medical 
Center. The trial was conducted in accordance with the 
original protocol. Written informed consent was obtained 
from all participants.  

  Participants 

 Between April 2020 and September 2020, 108 patients 
scheduled for elective laparoscopic colectomy or robot-
assisted laparoscopic prostatectomy were screened for inclu-
sion and contacted by primary investigators a day before the 
surgery to obtain written informed consent. 

 The inclusion criteria were age 20 yr or greater and 
American Society of Anesthesiologists (ASA; Schaumburg, 
Illinois) Physical Status I to III. The exclusion criteria were 
a body mass index 30 kg/m 2  or greater, pregnancy, under-
lying lung disease, moderate or severe obstruction observed 
on pulmonary function test, previous lung surgery, pneu-
mothorax, pulmonary tuberculosis, pleural e� usion, expec-
tation of di�  cult intubation, and patient’s refusal. The 
dropout criteria included the withdrawal of consent, change 
of surgical plan to open surgery, intraoperative blood loss 
greater than 400 ml, or unstable hemodynamics, which is 
de� ned as vital signs not maintained within the target range 
(20% of the baseline values) despite administration of � uid 
and vasopressors.  

  Randomization 

 Randomization was performed using a computer-gener-
ated random numbers table with a � xed block size of four 
and a 1:1 ratio. Allocation was sequentially numbered and 
sealed in opaque envelopes by the corresponding author. 
The attending anesthesiologists opened the envelopes 
10 min before commencing the emergence procedure.  

  Blinding Method 

 This was a randomized, controlled, patient- and evaluator-
blinded trial. The patients, surgeons, sonographers, and sta�  of 
the postanesthesia care unit (PACU) were blinded to patient 
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group allocation. Attending anesthesiologists were not blinded 
to the group allocation. However, they were not aware of the 
aim of the study. Attending anesthesiologists were not involved 
in lung ultrasound examination or data analysis.  

  Anesthesia and Monitoring 

 A chest x-ray was performed 1 day before operation to 
exclude preexisting lung pathologies including atelectasis. No 
patient received sedating premedication. The induction and 
maintenance of anesthesia were standardized and identical for 
all patients. After standard monitoring, IV propofol (2.0 to 
2.5 mg/kg) and rocuronium (1.0 mg/kg) were administered 
for induction, and maintenance was achieved using 1.0 to 
2.0 minimum alveolar concentration of sevo� urane and IV 
remifentanil (0.05 to 0.2  μ g ∙ kg –1  ∙ min –1 ). Rocuronium was 
continuously infused at a rate of 0.3 to 0.8 mg ∙ kg –1  ∙ h –1 

under train-of-four monitoring (target train-of-four count, 
1/4) and stopped approximately 40 min before the end of 
surgery. An additional bolus was allowed if necessary. 

 Preoxygenation was performed for 2 min (O 
2 
 4 l/min) 

in the supine position. After the loss of spontaneous breath-
ing, the patients were bag mask–ventilated with a fraction 
of inspired oxygen (F io  

2 
) of 0.8. Endotracheal intubation 

was performed 4 min after the start of preoxygenation. 
After intubation, an arterial catheter was placed in the radial 
artery for blood gas sampling and invasive blood pressure 
monitoring. 

 Mechanical ventilation was maintained using an anes-
thesia machine (Carestation 650; Datex-Ohmeda, Inc.; 
USA) in a volume-controlled mode. The ventilatory set-
tings in both groups were F io  

2 
, 0.4; tidal volume (V 

T 
), 8 ml/

kg of predicted body weight; inspiratory to expiratory ratio, 
1:2; and PEEP, 5 cm H 

2 
O. The respiratory rate (RR) was set 

to 12 breaths/min and further adjusted to maintain end-
tidal carbon dioxide pressure between 33 and 45 mmHg. 
The recruitment maneuver was not used. 

 The patients were placed in the lithotomy with 
Trendelenburg positioning during surgery (approximately 
30 degrees head-down position in both laparoscopic col-
ectomy and robot-assisted laparoscopic prostatectomy). 
Pneumoperitoneum was established with carbon dioxide, 
and intra-abdominal pressure in all patients was maintained 
between 12 and 15 mmHg during abdominal insu�  ation. 

 Blood pressure was maintained within 20% of the base-
line values. Phenylephrine, ephedrine, or nicardipine was 
administered as required to maintain mean arterial blood 
pressure within this range. If the heart rate was less than 
40/min, IV atropine 0.5 mg was administered. Lactated 
Ringer’s solution was used as maintenance � uid and infused 
at a rate of 4 to 6 ml ∙ kg –1  ∙ h –1 . If intraoperative bleeding 
occurred, crystalloid solution was administered to replace 
blood loss. IV hydromorphone 0.01 mg/kg and paracetamol 
1 g were administered 5 min before the end of surgery, and 
IV patient-controlled analgesia was applied to all patients 
(bolus dose, fentanyl 10  µ g; basal infusion dose, fentanyl 

10  µ g/h). In the PACU, patients who complained of mod-
erate pain greater than 4, measured using a numeric rating 
scale (0 = no pain, 10 = worst pain), received rescue opioids 
(IV hydromorphone 0.01 mg/kg) until the numeric rating 
scale was 4 or lower.  

  Study Protocol 

 The duration of anesthesia emergence was the duration 
from the end of surgery to extubation. The designated 
ventilatory support method was maintained during emer-
gence in both groups. At the end of surgery, sevo� urane was 
ceased, and the attending anesthesiologist began the recov-
ery protocol; the pressure support group received pressure 
support ventilation. The initial pressure support ventila-
tion setting was a driving pressure of 5 cm H 

2 
O, PEEP of 

5 cm H 
2 
O, and safety backup ventilation of 12 breaths/min 

(safety backup ventilation setting, V 
T 
, 8 ml/kg of predicted 

body weight; and PEEP, 5 cm H 
2 
O). The � ow trigger and 

end of breath were set at 2 l/min and 30% of peak � ow, 
respectively. Support amount and safety backup ventilation 
were adjusted according to the patient’s response to meet 
the target V 

T 
 of 7 to 8 ml/kg and RR of 10 to16 breaths/

min and decreased gradually as the patient restored his or 
her own V 

T 
 and RR. Ventilatory support was stopped when 

the patient showed adequate V 
T 
 (greater than 6 ml/kg) and 

RR (10 breaths/min or greater) without ventilatory sup-
port. However, PEEP (5 cm H 

2 
O) was maintained until 

extubation in the pressure support group. In the control 
group, the emergence process was led by the discretion of 
the attending anesthesiologist. The basic strategy was to 
allow the patient to breathe spontaneously and only help 
respiration if necessary, with intermittent manual assistance. 
Both groups received fresh gas � ow at 4 l/min and F io  

2 

of 0.4 during emergence from anesthesia. In patients who 
developed oxygen saturation measured by pulse oximetry 
(Sp o  

2 
) less than 90% after extubation, rescue mask ventila-

tion was applied with F io  
2 
 of 1.0. 

 A train-of-four of peripheral nerve stimulator was 
monitored using the ulnar nerve throughout recovery, and 
neuromuscular blockade was reversed with 0.2 mg/kg pyr-
idostigmine and 0.008 mg/kg glycopyrrolate IV when the 
train-of-four counts were 3 or greater or sugammadex 2 
to 4 mg/kg IV when the train-of-four counts were 2 or 
less. In both groups, extubation was performed when the 
patient met the following criteria: obeys commands such as 
eye-opening or hand-grip, V 

T 
 greater than 250 ml, end-tidal 

carbon dioxide less than 45 mmHg, RR 10 to 20 breaths/
min, and a train-of-four ratio greater than 0.9. After extu-
bation, all patients were transferred to the PACU without 
oxygen supplementation. 

  Lung Ultrasonography and Scoring System 

 All patients were evaluated using lung ultrasonography 
30 min after their PACU arrival. Lung ultrasonography was 
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performed using a Vivid S70N (GE Vingmed Ultrasound 
AS; Norway) with an 11-MHz linear transducer and real-
time B-mode. Inspection of each lung was performed at 12 
lung sections (each hemithorax was divided into six sec-
tions), determined by parasternal, anterior, and posterior 
axillary lines (vertically) and by nipple and diaphragm lines 
(horizontally) as landmarks in the supine position, similar 
to previous studies.  19 , 20   The 12 lung sections were scanned 
sequentially from right to left, cranial to caudal, and anterior 
to posterior. Posterior � elds were examined while an assis-
tant held the patient in the 45-degree lateral position. The 
examination was carried out longitudinally on the acoustic 
windows of the intercostal spaces, and the ultrasound probe 
was applied perpendicular to the pleura, with a conven-
tional gel between the transducer and skin. The following 
signs were assessed: the lung “sliding” sign, A-lines, B-lines, 
lung pulse, and air bronchograms. Postoperative atelecta-
sis was scored between 0 and 4, according to the degree 
of de-aeration: score 0: normal lung, or one or two well-
spaced vertical lines per intercostal space; score 1: three 
or more well-spaced vertical lines per intercostal space 
(B-lines) or juxtapleural consolidation with normal pleural 
line; score 2: loss of A-line with multiple juxtapleural con-
solidations and irregular pleural lines; score 3: loss of lung 
sliding and appearance of lung pulse; score 4: consolidation 
exceeding 1 cm × 2 cm with or without air bronchogram 
( � g. 1   ; Supplemental Digital Content 1,  http://links.lww.
com/ALN/C690 ).  21   Vertical lines originating from the 
consolidation were not scored as 1. Transient loss of A-line 
by B-lines was not scored as 2. The atelectasis score was 
calculated by adding up the scores of the 12 sections, and 
a higher score indicated a more severe loss of aeration. We 
de� ned anesthesia-induced atelectasis to be clinically sig-
ni� cant if more than three sections (approximately 25% of 
total lung surface) showed any sign of atelectasis (atelecta-
sis score 1 or greater). Ultrasonography was performed by 
two anesthesiologists (P. Tanatporn and H. Yeo) with more 
than 1 yr of experience, and they had performed more than 
100 cases. They were blinded to the group assignment. All 
measurements were conducted during deep spontaneous 
respiration. All clips were stored and interpreted by the con-
sensus read of the two sonographers.   

  Arterial Blood Gases and Oxygenation 

 Arterial blood gas analysis was performed immediately after 
arrival at the PACU without oxygen supplementation. In 
both groups, patients were encouraged to breathe deeply 
without oxygen during the PACU and ward stay. Oxygen 
via  nasal prong at 3 l/min was provided to patients when 
Sp o  

2 
 could not be maintained at 92% or greater.  

  Study Outcomes and Measurements 

 The primary outcome was the incidence of postoperative 
atelectasis diagnosed by lung ultrasonography at PACU. The 

secondary endpoints were Pa o  
2 
 at PACU and incidence of 

Sp o  
2 
 less than 92% during 48 h postoperatively. 

 We recorded the patients who needed supplemen-
tal oxygen or mechanical ventilatory support during 48 h 
postoperatively. The patient’s vital signs, temperature, and 
respiratory symptoms (cough, sputum, and sore throat) were 
evaluated every 8 h during 48 h postoperatively. Pulmonary 
complications, adverse cardiac events, postoperative acute 
kidney injury, delirium until discharge, and postoperative 
transfusion were also recorded. The de� nitions of each com-
plication are presented in Supplemental Digital Content 2 
( http://links.lww.com/ALN/C691 ).  

  Statistical Analysis 

 The incidence of postoperative atelectasis was assumed 
to be 53% based on previous studies.  10 , 22   Our hypothesis 
was that pressure support ventilation reduces the incidence 
of postoperative atelectasis by 30%. Thus, we expected an 
incidence of postoperative atelectasis of 37% in the pres-
sure support group. With a signi� cance level of 0.05 (two-
tailed) and a power of 80%, 88 study subjects were required. 
Considering a dropout rate of 15%, we included 100 
patients in this study. Continuous variables are presented as 
the mean ± SD or median (interquartile range). Categorical 
variables are described as counts (%). The normal distribu-
tion of data was evaluated using the Shapiro–Wilk test. CIs 
for nonnormally distributed variables were calculated using 
the Hodges–Lehmann estimator. 

 The primary outcome (incidence of atelectasis) was 
analyzed using the chi-square test. The secondary outcomes 
(Pa o  

2 
, event of Sp o  

2 
 less than 92%) were evaluated using 

an independent  t  test and chi-square test. E� ect sizes were 
also evaluated by computing risk ratio with 95% CIs for 
binary outcomes and calculating Cohen’s  d  with pooled SD 
with 95% CIs for continuous outcomes. As a  post hoc  sen-
sitivity analysis, we used a logistic regression model with a 
simultaneous entering of age, body mass index, cardiovas-
cular disease, ASA Physical Status, and operation duration. 
All  P  values were two-sided, and  P  < 0.05 was considered 
signi� cant. All data were analyzed using MedCalc 14.12.0 
(MedCalc Software Ltd., Belgium).   

  Results 
 Enrollment ceased when the target sample size was 
obtained. In total, 108 patients were assessed for eligi-
bility between April 2020 and September 2020. Eight 
patients were excluded due to their refusal (n = 7) or can-
celation of surgery (n = 1). The remaining 100 patients 
were randomized and received their allocated treatment. 
However, three patients dropped out. One in the control 
group dropped out due to a technical problem with the 
ultrasound machine. Two in the pressure support group 
dropped out due to postoperative pneumothorax and open 
conversion. (Postoperative pneumothorax in the pressure 
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support group was developed from peritoneal carbon 
dioxide insu�  ation during surgery. The peritoneal gas 
traveled to the mediastinum and then pleura through the 
esophageal hiatus. The amount of pleural air was minimal, 
but the ultrasonographic diagnosis was impaired.) Finally, 
49 and 48 patients in the control and pressure support 
groups, respectively, were analyzed ( � g. 2   ). There were no 
missing data for these 97 patients for subsequent analyses. 
There were no adverse events related to study protocol, 
including immediate postextubation respiratory failure, in 
both groups.  

  The baseline characteristics of the participants, opera-
tive, and ventilatory data between the two groups are pre-
sented in  table 1   . The mean duration of emergence (from 
the end of surgery to extubation) was 8 ± 3 min and 
9 ± 4 min in the control and pressure support groups, 
respectively. We de� ned anesthesia-induced atelectasis to be 
clinically signi� cant if more than three sections (approx-
imately 25% of total lung surface) showed any sign of 
atelectasis. Based on this de� nition, the incidence of post-
operative atelectasis diagnosed by lung ultrasonography was 
28 of 49 (57%) and 16 of 48 (33%) in the control and pres-
sure support groups, respectively (risk ratio, 0.58; 95% CI, 
0.35 to 0.91;  P  = 0.024). The area of atelectasis is shown in 
� gure 3    and Supplemental Digital Content 3 ( http://links.
lww.com/ALN/C692 ). Atelectasis was most common in 

the dependent area in both lungs, and the left lower lobe 
showed the highest incidence.   

 Various phenotypes of atelectasis are shown in  table 2   . 
The most common atelectasis � ndings were loss of A-lines 
with multiple juxtapleural consolidations and irregular 
pleural lines (score 2, n = 64), followed by multiple B-lines 
(score 1, n = 51), juxtapleural consolidation with normal 
pleural line (score 1, n = 19), and loss of sliding and appear-
ance of lung pulse (score 3, n = 2). No patient showed score 
4 consolidation. The sum of score was 5 (2 to 8) and 3 (1 to 6) 
in the control and pressure support groups, respectively 
(median [interquartile range];  P  = 0.093).  

 Sp o  
2 
 at extubation was 100 (100 to 100)  vs.  100 (100 

to 100) in the control and pressure support groups, respec-
tively (median [interquartile range];  P  = 0.715). The dura-
tion of PACU stay was 65 (56 to 79) min  vs.  68 (60 to 75) 
min in the control and pressure support groups, respectively 
(median [interquartile range];  P  = 0.318). 

 The percentage of patients who showed Sp o  
2 
 less than 

92% during the PACU stay was 26% and 23% ( P  = 0.680) 
in the control and pressure support groups, respectively. 
Pa o  

2 
 at PACU was higher in the pressure support group (83 

± 13 mmHg  vs.  92 ± 26 mmHg;  P  = 0.034). 
 After transfer to the ward, the incidence of Sp o  

2 
 less 

than 92% during the postoperative 48 h was 22% and 19% 
in the control and pressure support groups, respectively 

 Fig. 1.      Lung sonographic signs associated with atelectasis. ( A ) Score 0: normal lung. Pleura is thin and A-lines are apparent. One or two 
well-spaced lines per intercostal space are allowed. ( B ) Score 1: more than three well-spaced vertical lines per intercostal space (B-lines). 
( C ) Score 1: juxtapleural consolidation ( arrows ) with normal pleural line. Juxtapleural consolidation is caused by a loss of lung aeration. It 
commonly arises from the pleural line. ( D ) Score 2: loss of A-line with multiple juxtapleural consolidations and irregular pleural lines are seen. 
Score 3 (loss of lung sliding and appearance of lung pulse; Supplemental Digital Content 1,  http://links.lww.com/ALN/C690 ) and score 4 
(large consolidation, no occurrence in our study) are not presented here.    
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( P  = 0.653;  table  3   ). Twenty patients (22%  vs.  19%, con-
trol group  vs.  pressure support group;  P  = 0.653) received 
supplemental oxygen therapy to maintain Sp o  

2 
 of 92% or 

greater. However, none received ventilatory support during 
the postoperative 48 h. Other major postoperative compli-
cations did not di� er between the groups (Supplemental 
Digital Content 2,  http://links.lww.com/ALN/C691 ).  

 The bene� cial e� ect of pressure support ventilation on 
postoperative atelectasis diagnosed by lung ultrasonography 
was not changed after  post hoc  sensitivity analysis using vari-
ables that may in� uence postoperative atelectasis (age, body 
mass index, cardiovascular disease, ASA Physical Status, and 
operation duration;  table 4   ).  

  Discussion 
 In the current study, the pressure support group showed 
a lower incidence of postoperative atelectasis and higher 
oxygenation compared to the control group in laparoscopic 
colectomy and robot-assisted laparoscopic prostatectomy. 

 Pressure support ventilation is widely utilized in ven-
tilator weaning of patients in the ICU,  23–26   and the latest 
American Thoracic Society (New York, New York) guide-
line recommends pressure support ventilation for successful 
weaning.  27   However, few studies evaluated it as a ventilatory 
mode of emergence from anesthesia. 

  Due to the lack of reports in surgical patients, anes-
thesiologists may be concerned that some patients who 
breathe comfortably with pressure support ventilation 
could develop respiratory failure immediately after extu-
bation, or others may argue that we need to watch our 
patients’ spontaneous breathing to predict the patients’ 
physiologic conditions after extubation.  25   Pellegrini  et al .  28  

demonstrated that high continuous positive airway pressure 
reduced respiratory drive and the contractile activity of the 
diaphragm in patients in the ICU. In our study, pressure 
support ventilation was not associated with postextuba-
tion hypoxia or extubation failure; rather, it contributed to 
the lower incidence of postoperative atelectasis and higher 
oxygenation. Pressure support ventilation reduced the risk 

 Fig. 2.      Consolidated Standards of Reporting Trials fl ow diagram of the study.    
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of postoperative atelectasis diagnosed by current method 
ultrasonography regardless of patient’s age, body mass index, 
cardiovascular disease, ASA Physical Status, or operation 
duration ( table 4 ). There is no evidence that a short dura-
tion of pressure support ventilation would have a signi� cant 
impact on respiratory muscle dysfunction. 

 The possible mechanisms for how pressure support ven-
tilation shows a lower incidence of postoperative atelectasis 
are as follows. First, in inspiratory pressure support, driv-
ing pressure helps lung expansion during inspiration with 
reduced work of breathing by as much as 30 to 40%.  25 , 29 , 30  

Second, PEEP increases the end-expiratory lung volume 
and counteracts airway closure with a dominant e� ect in 
the dependent lung region, which is su�  cient to prevent or 
reverse atelectasis in healthy patients undergoing surgery.  31  

 To date, the use of low F io  
2 
 has been the most com-

monly suggested technique to decrease atelectasis during 
recovery from anesthesia.  6 , 7 , 32–36   An F io  

2 
 of 0.3 to 0.4 before 

extubation resulted in reduced incidence of postoperative 
atelectasis compared to an F io  

2 
 of 1.0,  6   and the same was 

observed in patients with chronic obstructive pulmonary 
disease (COPD)  35   and obese patients undergoing laparo-
scopic surgery.  34   However, some studies were unable to 
show the protective e� ect of low F io  

2 
 against atelectasis.  33  

In the current study, the incidence of postoperative atel-
ectasis was as high as 57% in laparoscopic surgery, even 
though low F io  

2 
 (0.4) was administered. Pressure support 

ventilation reduced the incidence of atelectasis by 42% in 
these patients. Our � nding suggests that pressure support 
ventilation is another armamentarium against postoperative 
atelectasis. 

 Most of the previous studies which compared ventila-
tory techniques used computed tomography to diagnose 
immediate postoperative atelectasis.  6 , 7 , 33 , 37   In most studies, a 
single-sliced transverse scan was performed approximately 
5 mm above the right dome of diaphragm 15 to 60 min 
postoperatively.  7   The approximate measurement time was 
similar to that in our study, but a single cut scan may not 
re� ect the lesions in other lung areas. Lung ultrasonogra-
phy is a fast, simple, noninvasive, and radiation-free tech-
nique in which the entire lung area and dynamic changes 
during respiration can be examined.  38–40   The quantitative 
association between lung ultrasonography scores of aeration 
and the volumetric data of atelectasis observed on thoracic 
computed tomography showed that lung ultrasonography 
had reliable performance in the diagnosis of postoperative 
atelectasis, with a sensitivity of 88%, a speci� city of 92%, 
and a diagnostic accuracy of 91%.  41   A recent meta-analysis 
demonstrated that lung ultrasonography had a higher diag-
nostic ability compared to chest x-ray � lm for lung consol-
idation/collapse (lung ultrasonography: sensitivity of 92% 
and speci� city of 92%; x-ray � lm: sensitivity of 53% and 
speci� city of 78%).  42  

 However, the atelectasis scoring system using ultraso-
nography has not yet been standardized.  20 , 21 , 43 , 44   Originally, 
lung ultrasound score was developed for ICU patients to 
assess the severity of pulmonary disease, including B-lines 
3 or greater (score 1), multiple coalescent B-lines (score 2), 
and consolidation (score 3).  45   Several studies have adopted 
the same system to assess postoperative atelectasis.  46   B-lines 
are hyperechoic lines produced by the interaction between 
alveolar air and interstitial � uid and can be seen in histo-
logically normal lungs which are de� ated to a critical level 
of density (greater than 0.45 g/ml).  43   However, coalescent 
B-lines, which are common in pulmonary edema and acute 
respiratory distress syndrome, were not observed in our 
study, and they were probably not in previous studies either, 
according to lung ultrasound photos presented.  43 , 44   We 
found that B-lines in postoperative atelectasis were mostly 
pseudo B-lines. They were not long enough to reach 8 to 

 Table 1.      Baseline Characteristics, Operative Data, and 
Ventilatory Data of Participants   

 Variables   
 Control  
(n = 49)   

 Pressure 
Support  
(n = 48)   

 Age, yr  64 ± 9  62 ± 10 
 Sex, male  38 (78)  31 (65) 
 Body mass index, kg/m 2  25 ± 3  24 ± 3 
 ASA Physical Status ≥ III  5 (10)  4 (8) 
 Smoking *   2 (4)  2 (4) 
 Comorbid condition       
  Hypertension  23 (47)  17 (35) 
  Diabetes mellitus  11 (22)  10 (21) 
  Cardiovascular diseases †   4 (8)  3 (6) 
 Diffi cult intubation ‡   6 (12)  3 (6) 
 Duration of surgery, min  157 ± 40  172 ± 54 
 Type of surgery       
  Laparoscopic colectomy  22 (45)  29 (60) 
  Robot-assisted laparoscopic prostatectomy  27 (55)  19 (40) 
 Intraoperative fl uid infusion, ml/min  4.5 ± 1.2  4.9 ± 2.1 
 Estimated blood loss, ml  118 ± 92  134 ± 111 
 Mean arterial pressure, mmHg  85 ± 8  88 ± 12 
 Heart rate, beats/min  66 ± 11  67 ± 10 
 Peak airway  pressure,§  cm H 

2 O  25 [23–27]  24 [22–26] 
 Plateau airway pressure, §  cm H 2 O  20 [18–22]  19 [17–21] 
 Driving pressure, §  cm H 2 O  15 [13–17]  14 [12–16] 
 Tidal volume per predicted body weight, §  ml/kg  6 [6–7]  7 [6–8] 
 Respiratory rate, §  breaths/min  13 [12–14]  13 [12–14] 
 Static compliance, §  ml/cm H 

2 O  29 [25–34]  35 [31–42] 
 End-tidal carbon dioxide pressure, §  mmHg  36 ± 2  37 ± 2 
 Intraoperative Pa O  2 , §  mmHg  255 ± 113  222 ± 98 
 Use of sugammadex before extubation  22 (45)  16 (33) 
 Event of Sp O  2  < 92% during operation  3 (6)  2 (4) 
 Duration of emergence, min  8 ± 3  9 ± 4 
 Opioid consumption during the PACU stay, 

fentanyl equivalent, µg 
 20 [0–35]  20 [0–30] 

   Data are presented as n (%), mean ± SD, or median [interquartile range].   
  *Smoking included current smokers and ex-smokers within 1 month.     †Cardiovascu-
lar diseases included angina pectoris and myocardial infarction.     ‡Diffi cult intubation 
included more than two attempts of intubation with direct laryngoscope or cases 
were needed video-assisted intubation devices.     §Respiratory values were mea-
sured during 30-degree Trendelenburg position and abdominal insuffl ation.  
  ASA, American Society of Anesthesiologists; PACU, postanesthesia care unit, Sp O  2 , 
oxygen saturation measured by pulse oximetry.   
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10 cm in length and usually occur below the subpleural 
consolidation, not below the pleura.  44   Acosta  et al .,  20   who 
� rst examined the capability of lung ultrasound to diag-
nose postoperative atelectasis, and others  41   also reported 

� ndings similar to ours. Therefore, Monastesse  et al .  21   pro-
posed modi� ed lung ultrasound scores that emphasize sub-
pleural consolidation for postoperative atelectasis. Other 
researchers combined B-lines (score 0 to 3) and subpleural 

 Table 2.      Postoperative Atelectasis Outcomes in the Postanesthesia Care Unit   

 Variables   
 Control  
(n = 49)   

 Pressure Support  
(n = 48)   

 Effect Estimate  
(95% CI)   P  Value   

 Atelectasis diagnosed by lung ultrasonography  28 (57)  16 (33)  0.58 (0.35 to 0.91) *   0.024 
 Atelectasis score  5 [2 to 8]  3 [1 to 6]  0.35 (–0.06 to 0.72) †   0.093 
 Major fi ndings of atelectasis    
  B-lines ≥ 3  25 (51)  26 (54)  1.06 (0.72 to 1.57) *   0.756 
  Juxtapleural consolidation with normal pleural line  12 (25)  7 (15)  0.60 (0.24 to 1.35) *   0.228 
  Loss of A-line with multiple juxtapleural consolidations and irregular pleural lines  35 (71)  29 (60)  0.85 (0.62 to 1.13) *   0.257 
  Loss of lung sliding and appearance of lung pulse  0 (0)  2 (4)  Not reported ‡   0.149 
  Tissue-like change with or without airbronchogram  0  0       

   Data are presented as n (%) or median [interquartile range].   
  *Effect estimate is risk ratio (two-sided 95% CI) by Wald likelihood ratio approximation test and chi-square hypothesis tests.     †Effect estimate is calculated by Cohen’s  d  with pooled 
SD.     ‡Not reported because there were no patients in the control group.   

 Table 3.       Secondary and Other Outcomes of Participants   

 Variables   
 Control  
(n = 49)   

 Pressure Support  
(n = 48)   P  Value   

 Pa O  2  measured in the PACU, mmHg  83 ± 13  92 ± 26  0.034 
 Events of Sp O  2  < 92% during the PACU stay  13 (26)  11(23)  0.680 
 After discharge to ward          
  Events of Sp O  2  < 92% 48 h postoperatively  11 (22)  9 (19)  0.653 
  Patients who needed supplemental oxygen 48 h postoperatively  11 (22)  9 (19)  0.653 
  Patients who needed mechanical ventilation support  0  0    
  Fever (≥ 37.5ºC) 48 h postoperatively  6 (12)  9 (19)  0.376 
  Postoperative hospital stay, day  7 [6–8]  7 [6–8]  0.515 

   Data are presented as mean ± SD, n (%), or median [interquartile range].  
  PACU, postanesthesia care unit; Sp O  2 , oxygen saturation measured by pulse oximetry.   

 Fig. 3.      The regional distribution of atelectasis.  Darker colors  indicate higher incidence. Most atelectasis occurred in the dependent area. The 
left lower lobe showed the highest incidence.    
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consolidation (score 0 to 3)  1 , 19   in the assessment of postop-
erative atelectasis. Our scoring system is similar to that in 
the proposal by Monastesse  et al .,  21   but we replaced “coales-
cent B-lines” with “loss of A-line with multiple juxtapleu-
ral consolidations and irregular pleural lines” (score 2, the 
most common � nding), and added loss of lung sliding and 
appearance of lung pulse, which indicate nonin� ating lungs 
(score 3).  20 , 44   Of note, A-lines, the reverberation artifacts of 
the pleura, were lost when the lung parenchyma became 
inhomogeneous with de-aeration.  44   We did not observe 
large consolidation (score 4) in anesthesia-induced atelecta-
sis, which is in line with several pediatric cases.  19 , 20  

 This study has some limitations. First, lung ultraso-
nography depends on the sonographer’s skill, and requires 
patient cooperation. Both greatly in� uence the diagnostic 
accuracy of lung ultrasonography. Second, the median lung 
ultrasound score (5 and 3) and the incidence of hypoxia 
(22% and 19%) during 48 h postoperatively were not dif-
ferent between the two groups. This may be because these 
outcomes were not powered to see di� erences, but it may 
be because the atelectasis occurring postoperatively is low-
grade, and the antiatelectasis e� ect of pressure support ven-
tilation is transient. However, we regard that small bits of 
improvement collectively contribute to a better outcome. 
Therefore, lower incidence of immediate postoperative 
atelectasis with the use of pressure support ventilation will 
have an important role in a multimodal approach. Third, 
atelectasis was diagnosed by consensus reading of two 
sonographers. It is known that inter- or intrarater variabil-
ity exists. Thus, independent diagnosis by two sonographers 
and a statistical test for the degree of the agreement would 
be a more reliable assessment than consensus reading of two 
sonographers.  20   Fourth, in this study, low F io  

2 
 (0.4) was 

maintained during emergence, and patients did not receive 
oxygen at PACU to avoid absorption atelectasis in both 
groups. Usually, higher F io  

2 
 is used to prevent hypoxemia 

in these periods.  35   Therefore, the baseline incidence of atel-
ectasis and outcomes may be di� erent when higher F io  

2 

is used. Fifth, there were nine patients with unexpected 

di�  cult intubation. Attending anesthesiologists proceeded 
with the protocol because mask ventilation was adequate 
and intubation was successful with video-laryngoscope in 
these patients. However, using low F io  

2 
 can be risky in 

patients with the previous di�  cult intubation. Finally, this 
study was performed in patients with a relatively low risk of 
postoperative atelectasis. Thus, the e� ect of pressure support 
ventilation is not known in patients with COPD, obesity, or 
other signi� cant comorbidities. 

 In conclusion, pressure support ventilation during emer-
gence from general anesthesia showed a lower incidence 
of postoperative atelectasis compared to the patient’s spon-
taneous respiration with intermittent manual assistance in 
laparoscopic colectomy and robot-assisted laparoscopic 
prostatectomy. Because this result was derived from the 
low-risk patients of postoperative atelectasis, subsequent 
validation studies for high-risk patients such as obesity and 
COPD are required. 
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Many patients undergoing surgery are chronic preoperative opioid 
users  

•   It is unclear how preoperative changes in opioid use among chronic 
opioid users may affect postoperative opioid utilization (prescriptions 
fi lled)    

  What This Article Tells Us That Is New  

•   In a national claims database of 57,000 chronic opioid users under-
going common surgical procedures, 41, 22, and 37%, respectively, 
had stable, decreasing, or increasing preoperative opioid utilization 
(more than 20% change)  

•   After adjustment for potential confounders, 96, 89, and 94% of 
patients with stable, decreasing, or increasing preoperative opioid 
use utilized opioids (prescriptions fi lled) between postoperative days 
91 and 365  

•   All three groups had similar average daily oral morphine milligram 
equivalent utilization  

•   Changes in preoperative opioid utilization were not associated 
with clinically significant differences in postoperative opioid 
utilization       

 Opioid use remains a challenging public health crisis in 
the United States. While progress has been made to 

reduce opioid prescribing, the rate remains high, with 51.4 
opioid prescriptions � lled per 100 persons in the United 
States in 2018.  1   Many patients who present for surgery uti-
lize opioids on a chronic basis, with studies reporting rates 
of chronic preoperative use between 23.8 and 65.1% among 
patients undergoing orthopedic surgery.  2 , 3   Chronic preop-
erative opioid utilization has been associated with worse 
perioperative outcomes, including higher mortality, higher 

  ABSTRACT 
  Background:     Among chronic opioid users, the association between 
decreasing or increasing preoperative opioid utilization and postoperative out-
comes is unknown. The authors hypothesized that decreasing utilization would 
be associated with improved outcomes and increasing utilization with wors-
ened outcomes.  

  Methods:     Using commercial insurance claims, the authors identifi ed 57,019 
chronic opioid users (10 or more prescriptions or 120 or more days supplied 
during the preoperative year), age 18 to 89 yr, undergoing one of 10 sur-
geries between 2004 and 2018. Patients with a 20% or greater decrease or 
increase in opioid utilization between preoperative days 7 to 90 and 91 to 365 
were compared to patients with less than 20% change (stable utilization). The 
primary outcome was opioid utilization during postoperative days 91 to 365. 
Secondary outcomes included alternative measures of postoperative opioid 
utilization (fi lling a minimum number of prescriptions during this period), post-
operative adverse events, and healthcare utilization.  

 Results:     The average age was 63 ± 13 yr, with 38,045 (66.7%) female 
patients. Preoperative opioid utilization was decreasing for 12,347 (21.7%) 
patients, increasing for 21,330 (37.4%) patients, and stable for 23,342 
(40.9%) patients. Patients with decreasing utilization were slightly less likely 
to fi ll an opioid prescription during postoperative days 91 to 365 compared 
to stable patients (89.2%  vs . 96.4%; odds ratio, 0.323; 95% CI, 0.296 to 
0.352;  P  < 0.001), though the average daily doses were similar among 
patients who continued to utilize opioids during this timeframe (46.7  vs . 
46.5 morphine milligram equivalents; difference, 0.2; 95% CI, –0.8 to 
1.2;  P  = 0.684). Of patients with increasing utilization, 93.6% fi lled opioid 
prescriptions during this period (odds ratio, 0.57; 95% CI, 0.52 to 0.62; 
P  < 0.001), with slightly lower average daily doses (44.3 morphine milligram 
equivalents; difference, –2.2; 95% CI, –3.1 to –1.3;  P  < 0.001). Except for 
alternative measures of persistent postoperative opioid utilization, there were 
no clinically signifi cant differences for the secondary outcomes.  

  Conclusions:     Changes in preoperative opioid utilization were not associ-
ated with clinically signifi cant differences for several postoperative outcomes 
including postoperative opioid utilization.   

(ANESTHESIOLOGY  2021 ;  135 : 1015 – 26 )
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costs, higher rate of surgical complications, longer hospital 
length of stay, and more frequent readmissions.  4–6   In addi-
tion, postoperative pain in chronic opioid users is often dif-
� cult to control, relating to pharmacologic tolerance and 
opioid-induced hyperalgesia.  7–9   The resulting resistance to 
opioid analgesic e� ects and heightened susceptibility to pain 
can perpetuate a cycle of inadequate pain control and per-
sistent opioid requirements. 

 The preoperative period is an ideal time to optimize 
patients for surgery, and is the focus of e� orts such as the 
Perioperative Surgical Home and Enhanced Recovery 
after Surgery programs.  10 , 11   For example, smokers are often 
counseled to cease smoking preoperatively, as doing so is 
associated with improved outcomes.  12 , 13   Along these lines, it 
remains unknown if changes in the amount of opioid uti-
lized in the weeks to months leading up to surgery can a� ect 
postoperative outcomes among chronic opioid users. Several 
smaller studies have suggested preoperative opioid weaning 
may be bene� cial,  14–16   and some institutions are undertaking 
substantial initiatives to taper patients before surgery due to 
the hypothesized bene� ts.  17   However, evidence supporting 
opioid tapering remains limited. Furthermore, it is unknown 
if escalation of opioid doses in the immediate preoperative 
period leads to worsened perioperative outcomes. This study 
used a national database of healthcare claims to examine 
whether decreasing or increasing patterns in opioid utili-
zation before surgery are associated with di� erences in opi-
oid utilized during postoperative days 91 to 365, as well as 
postoperative adverse events, number of days admitted, and 
healthcare costs within the � rst 30 days. We hypothesized 
that a decreasing pattern may be associated with improved 
outcomes, while an increasing pattern may be associated 
with worsened outcomes. 

  Materials and Methods 

  Data 

 This study used a retrospective cohort analysis of adminis-
trative health claims data. The data was provided by Optum’s 
Clinformatics Data Mart (Optum, USA), a statistically 
de-identi� ed database of administrative health claims for 
members of a large national managed care company a�  li-
ated with Optum. Patients in the data receive private insur-
ance coverage, often through their employers. In addition, 
the database contains claims for elderly (age 65 yr and older) 
patients who receive private insurance coverage through 
the Medicare Advantage program. The data are detailed and 
include clinical data such as diagnosis and procedure codes, 
as well as socioeconomic data. Pharmacy claims data were 
used to identify prescriptions � lled for the opioids codeine, 
fentanyl, hydrocodone, hydromorphone, meperidine, meth-
adone, morphine, oxycodone, oxymorphone, and tramadol 
by matching against the generic name of the drug provided 
in the data. Prescriptions were converted to oral morphine 
milligram equivalents, and the daily dose of opioid was 

calculated for each patient using the unit strength, num-
ber of units prescribed, and days supplied from the data.  18  

Importantly, while the data describe prescriptions � lled, the 
actual amount and timing of opioid consumed by patients 
may signi� cantly di� er and remains unknown.  19 , 20  

 This study was included in the umbrella Institutional 
Review Board protocol for de-identi� ed data managed 
by the Center for Population Heath Sciences at Stanford 
University (Stanford, California; PHS-40974), which 
included a waiver of consent. A data analysis and statistical 
plan was written, date-stamped, and recorded in the investi-
gators’ � les before data were accessed.  

  Sample 

 The initial sample included 2,261,766 surgical procedures 
between January 1, 2004, and June 30, 2018, for patients 
18 to 89 yr old undergoing one of the following: primary 
total knee arthroplasty, primary total hip arthroplasty, laparo-
scopic cholecystectomy, open cholecystectomy, laparoscopic 
appendectomy, open appendectomy, cesarean section, func-
tional endoscopic sinus surgery, transurethral resection of the 
prostate, or simple mastectomy. Procedures were identi� ed 
using current procedural terminology codes using previ-
ously described methods (Supplemental Digital Content, 
e-table 1,  http://links.lww.com/ALN/C736 ).  21  

 We excluded patients who underwent any other surgical 
procedure in the year before or after the surgery of interest 
(n = 185,471), except for postoperative days 0 to 30 to mea-
sure postoperative complications. We then excluded patients 
who did not have continuous enrollment in their insur-
ance plan during this 2-yr period (n = 1,107,135) and hip 
arthroplasties associated with fracture within the previous 
30 days (n = 4,192).  22   From the remaining 964,968 patients 
with 3,993,731 opioid prescriptions (585 of which were 
excluded due to invalid strength data), we excluded patients 
who did not meet our de� nition of chronic preoperative 
opioid utilization, which we de� ned as having 10 or more 
opioid prescriptions � lled or 120 days of opioid prescribed 
in the year before surgery (n = 907,373).  21   Finally, to avoid 
the in� uence of extreme outliers, we excluded patients with 
the top 1% of opioid utilized during the year before sur-
gery (n = 576; greater than 458 morphine milligram equiv-
alents per day). The � nal sample consisted of 57,019 patients 
(Supplemental Digital Content, e-� g. 1,  http://links.lww.
com/ALN/C736 ). No statistical power calculation was con-
ducted before the study as the study used all available data. 

  Outcomes 

 The primary outcome was the amount of opioid prescribed 
during postoperative days 91 to 365. Secondary outcomes 
included the incidence of persistent postoperative opioid 
utilization during days 91 to 365, the average daily dose of 
opioid during preoperative day 7 to postoperative day 30 
(including the 7 days before surgery to account for patients 
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who pre� lled their postoperative prescriptions), the inci-
dence of adverse events, healthcare costs, and the number 
of days admitted within the � rst 30 days. Persistent post-
operative opioid utilization was modeled using a range of 
eight de� nitions based upon the number of prescriptions 
� lled and days with an opioid prescribed (at least 4/60, 5/70, 
6/80, 7/90, 8/100, 9/110, 10/120, and 11/130 prescriptions 
� lled/days with an opioid prescribed) during postoperative 
days 91 to 365.  21   Postoperative adverse events included sur-
gical site infection, urinary tract infection, pneumonia, sepsis, 
thromboembolic event, myocardial infarctions, and narcotic 
overdose. All adverse events were identi� ed by diagnosis 
codes using previously described methods.  23 , 24   Healthcare 
costs were calculated as the sum of all charges requested to 
be reimbursed by the insurance plan.  25 , 26  

  Exposure 

 Our independent variable of interest was decreasing or 
increasing opioid utilization before surgery, assessed by 
comparing the average daily opioid dose between preoper-
ative days 91 to 365 and preoperative days 7 to 90. A 20% 
or greater decrease, 20% or greater increase, or remaining 
within ±20% were classi� ed as decreasing, increasing, and 
stable utilization, respectively. Opioid prescriptions in the 7 
days before surgery were not included since patients may � ll 
their postoperative opioid prescriptions during this period.  

  Other Variables 

 Variables captured as potential confounders included age, 
sex, type of surgery, and year of surgery. Using previously 
described methods, medical comorbidities were measured 
using the Elixhauser index based upon relevant diagnosis 
codes.  27 , 28   In addition, we included variables for the average 
daily opioid dose from preoperative days 7 to 90 and 91 
to 365 to adjust for e� ects on our outcomes attributable 
to the speci� c dose rather than a change in utilization. For 
sensitivity analyses, we obtained socioeconomic variables 
(race, household income, and education level), as well as the 
National Provider Identi� er of the surgeon. 

  Statistical Analysis 

 Demographic and comorbidity data were reported as means 
and 95% CIs. Independent samples  t  tests for continuous 
variables and chi-square tests for categorical variables were 
used to assess di� erences between patient cohorts, with 
Hedges’ g provided as a measure of e� ect size.  29 , 30   Two-tailed 
hypothesis testing was used for all analyses in the study. 

 We estimated the associations between preoperative opi-
oid utilization patterns and our outcomes using multivariable 
regression models that included adjustments for the poten-
tial confounders shown in  table 1    and Supplemental Digital 
Content, e-table 2 ( http://links.lww.com/ALN/C736 ). In 
the case of the primary outcome, average daily morphine 
milligram equivalents prescribed during postoperative days 

91 to 365, a signi� cant percentage of patients did not � ll 
any prescription for an opioid during this period (n = 
4,920, 8.6%). Therefore, a simple regression that included all 
patients (including those with no opioid prescribed) would 
be downward-biased.  31   To mitigate this issue, we modeled 
postoperative opioid utilization using a two-step anal-
ysis.  32–34   In the � rst step, a logistic regression was used to 
assess the association between preoperative opioid utilization 
patterns and whether the patient was prescribed any opioid 
at all during postoperative days 91 to 365. In the second 
step, a linear regression was used to assess the association 
between preoperative opioid utilization patterns and average 
daily morphine milligram equivalents and was restricted to 
patients who were prescribed some opioid during postoper-
ative days 91 to 365.  

 For the secondary outcomes, multivariable linear regres-
sions were used for continuous outcomes and multivariable 
logistic regressions were used for binary outcomes with the 
same set of covariates described above. We also applied a 
Bonferroni-corrected threshold for signi� cance to adjust for 
multiple comparisons for our 18 reported secondary out-
comes ( ɑ  = 0.002).  35   Our analyses were performed using 
MATLAB, version R2015a (MathWorks, Inc., USA) and 
STATA 14/MP (StataCorp, USA). 

  Subgroup Analyses 

 To gain additional insight into how the association between 
preoperative opioid utilization patterns and our primary 
outcome varies for di� erent surgical situations, we analyzed 
several subgroups of procedures. First, we compared elec-
tive procedures, de� ned as procedures where preoperative 
optimization is possible, to nonelective procedures, where 
optimization is generally not possible. Elective procedures 
included primary total knee/hip arthroplasty, cesarean sec-
tion, transurethral resection of the prostate, and simple mas-
tectomy. Nonelective procedures included laparoscopic/
open appendectomy. Laparoscopic and open cholecystecto-
mies were classi� ed as elective or nonelective based upon 
the presence of a diagnosis code for acute cholecystitis.  36   We 
also compared procedures related to chronic pain (total knee 
and hip arthroplasties) to procedures unrelated to chronic 
pain (the remaining procedures) and analyzed each proce-
dure as an independent subgroup. 

  Sensitivity Analyses 

 We considered the robustness of our � ndings to several sensi-
tivity analyses. First, since our main analysis measured the pat-
tern of preoperative opioid utilized using a 90-day cuto� , we 
repeated the analysis using 30- and 180-day cuto� s. Second, 
our main analysis assigned cohorts using a 20% or greater 
change in opioid dose, so we repeated our main analyses using 
a 50% or greater change. Third, to assess the in� uence of socio-
economic variables, we repeated our analyses on the subset of 
patients for whom socioeconomic data were available (n = 
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45,764; 80.3%) to adjust for race, household income, and edu-
cation level. Finally, to adjust for provider-speci� c e� ects, we 
added clustering based upon the surgeon’s National Provider 
Identi� er when available (n = 54,659; 95.9%).  

  Revisions to Analysis Plan 

 The following analyses were not included in the original 
analysis plan and were added during peer review: secondary 
analyses for measures of persistent postoperative opioid utili-
zation, subgroup analyses for elective  versus  nonelective pro-
cedures and procedures related  versus  unrelated to chronic 
pain, and sensitivity analyses for socioeconomic status and 
provider-speci� c e� ects. Furthermore, while the original 
analysis included data for surgeries up to December 31, 
2016, during review, additional data for procedures through 
June 30, 2018, became available and were included in the 
� nal version of the manuscript.   

  Results 

  Patient Characteristics 

 The average ± SD age was 63 ± 13 yr, with 38,045 (66.7%) 
female patients. Preoperative opioid utilization was decreas-
ing for 12,347 patients (21.7%), increasing for 21,330 
(37.4%) patients, and stable for 23,342 (40.9%) patients. 

Patient characteristics are shown by cohort in  table 1  and 
Supplemental Digital Content, e-table 2 ( http://links.lww.
com/ALN/C736 ).  

  Main Analysis 

 Overall, 52,099 (91.4%) of patients had at least one pre-
scription for an opioid during postoperative days 91 to 365. 
Before adjusting for confounders, the incidence of having 
any opioid prescribed in this period was lower for patients 
with both decreasing (85.1%; 95% CI, 84.8 to 85.3%; odds 
ratio, 0.272; 95% CI, 0.251 to 0.294;  P  < 0.001) and increas-
ing (90.6%; 95% CI, 90.3 to 90.8%; odds ratio, 0.46; 95% 
CI, 0.42 to 0.50;  P  < 0.001) opioid utilization compared 
to patients with stable utilization (95.4%; 95% CI, 95.2 to 
95.7%). The average daily dose of opioid during postoper-
ative days 91 to 365 was also lower for patients with both 
decreasing (29.7 morphine milligram equivalents; 95% CI, 
28.5 to 30.8; di� erence, –27.7; 95% CI, –29.2 to –26.1; 
P  < 0.001) and increasing (41.0 morphine milligram equiv-
alents; 95% CI, 40.0 to 42.0; di� erence, –16.3; 95% CI, –17.8 
to –14.9;  P  < 0.001) opioid utilization compared to patients 
with stable utilization (57.3 morphine milligram equiva-
lents; 95% CI, 56.3 to 58.4;  table 2   ,  � g. 1   ). 

 After adjusting for potential confounders, the incidence 
of having any opioid prescribed during postoperative days 

 Table 1.      Patient Characteristics   

 Variable   

 Patients with Stable 
Opioid Utilization, 

n = 23,342 (40.9%)     

 Patients with Decreasing 
Opioid Utilization, 

n = 12,347 (21.7%) 

 Patients with Increasing 
Opioid Utilization, 

n = 21,330 (37.4%) 

     P  Value    Hedges’ g        P  Value    Hedges’ g   

 Demographics 
  Age, yr, mean ± SD  64 ± 12  62 ± 15  < 0.001  0.147  63 ± 14  < 0.001  0.097 
  Female, n (%)  15,382 (65.9%)  8,526 (69.1%)  < 0.001  –0.067  14,137 (66.3%)  0.398  –0.008 
 Opioid utilization in preoperative year, mean ± SD 
  No. of opioid prescriptions  14 ± 8  12 ± 7  < 0.001  0.343  12 ± 7  < 0.001  0.251 
  No. of days with opioid prescription  290 ± 78  214 ± 82  < 0.001  0.948  218 ± 85  < 0.001  0.877 
  Average daily morphine milligram equivalents 

 utilized in preoperative days 91–365 
 59.9 ± 77.3  43.5 ± 65.1  < 0.001  0.224  27.4 ± 42.2  < 0.001  0.516 

  Average daily morphine milligram equivalents 
 utilized in preoperative days 7–90 

 60.5 ± 78.5  20.1 ± 37.1  < 0.001  0.602  49.7 ± 69.1  < 0.001  0.145 

 Type of surgery, n (%) 
  Total knee arthroplasty  8,204 (35.1%)  3,982 (32.3%)  < 0.001  0.061  7,066 (33.1%)  < 0.001  0.043 
  Total hip arthroplasty  3,650 (15.6%)  1,695 (13.7%)  < 0.001  0.054  5,584 (26.2%)  < 0.001  –0.263 
  Laparoscopic cholecystectomy  6,253 (26.8%)  3,399 (27.5%)  0.136  –0.017  4,761 (22.3%)  < 0.001  0.104 
  Open cholecystectomy  421 (1.8%)  220 (1.8%)  0.884  0.002  340 (1.6%)  0.087  0.016 
  Laparoscopic appendectomy  793 (3.4%)  445 (3.6%)  0.309  –0.011  623 (2.9%)  0.004  0.018 
  Open appendectomy  150 (0.6%)  86 (0.7%)  0.549  –0.007  106 (0.5%)  0.042  0.019 
  Cesarean section  228 (1.0%)  565 (4.6%)  < 0.001  –0.246  300 (1.4%)  < 0.001  –0.040 
  Functional endoscopic sinus surgery  1,636 (7.0%)  968 (7.8%)  0.004  –0.032  1,264 (5.9%)  < 0.001  0.044 
  Transurethral resection of the prostate  667 (2.9%)  344 (2.8%)  0.668  0.004  438 (2.1%)  < 0.001  0.052 
  Simple mastectomy  1,340 (5.7%)  643 (5.2%)  0.037  0.023  848 (4.0%)  < 0.001  0.082 

P  values refl ect the comparison between the decreasing or increasing cohort and patients with stable utilization and were computed using chi-square and independent samples  t 
tests for categorical and continuous variables, respectively. Hedges’ g measures effect size as a standardized difference between cohorts, with values less than 0.2 representing small 
differences, values between 0.2 and 0.5 representing moderate differences, and values greater than 0.5 representing large differences.   
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91 to 365 remained lower for patients with both decreasing 
(89.2%; 95% CI, 88.5 to 89.9%; odds ratio, 0.323; 95% CI, 
0.296 to 0.352;  P  < 0.001) and increasing opioid utilization 
(93.6%; 95% CI, 93.2 to 93.9%; odds ratio, 0.57; 95% CI, 
0.52 to 0.62;  P  < 0.001) compared to patients with stable 
utilization (96.2%; 95% CI, 96.0 to 96.5%). Among patients 
who continued to utilize opioids in this period, the aver-
age daily dose of opioid was not di� erent for patients with 
decreasing utilization (46.7 morphine milligram equiva-
lents; 95% CI, 45.8 to 47.6; di� erence, 0.2; 95% CI, –0.8 
to 1.2;  P  = 0.684), but was slightly lower for patients with 
increasing utilization (44.3 morphine milligram equiva-
lents; 95% CI, 43.6 to 44.9; di� erence, –2.2; 95% CI, –3.1 
to –1.3;  P  < 0.001) compared to patients with stable utili-
zation (46.5 morphine milligram equivalents; 95% CI, 45.9 
to 47.0;  table 2 ). 

 For our secondary outcomes, we modeled a range of 
eight de� nitions for persistent postoperative opioid uti-
lization that consistently demonstrated lower rates of 
incidence for patients with both decreasing and increas-
ing preoperative opioid utilization. For example, using a 
de� nition for persistent postoperative opioid utilization 
of 10 or more prescriptions � lled or 120 or more days 
supplied during postoperative days 91 to 365, the adjusted 

incidence was 56.2% (99.8% CI, 54.5 to 57.9%; odds 
ratio, 0.314; 99.8% CI, 0.289 to 0.341;  P  < 0.001) for 
patients with decreasing utilization and 69.0% (99.8% CI, 
67.9 to 70.2%; odds ratio, 0.55; 95% CI, 0.51 to 0.59;  P  < 
0.001) for patients with increasing utilization compared 
to patients with stable utilization (80.3%; 99.8% CI, 77.3 
to 79.1%;  � g. 2 ).  

 The adjusted average daily dose of opioid during pre-
operative day 7 to postoperative day 30 was higher for 
patients with decreasing utilization (67.4 morphine mil-
ligram equivalents; 99.8% CI, 66.2 to 68.6; di� erence, 4.5; 
99.8% CI, 3.1 to 6.0;  P  < 0.001) and lower for patients 
with increasing utilization (60.6 morphine milligram 
equivalents; 99.8% CI, 59.7 to 61.5; di� erence, –2.3; 99.8% 
CI, –3.5 to –1.0;  P  < 0.001) compared to patients with 
stable utilization (62.8 morphine milligram equivalents; 
99.8% CI, 62.1 to 63.6) among patients who � lled a pre-
scription for opioids in this period. No di� erences were 
found in the rate of postoperative adverse events, health-
care costs, or the number of days admitted for patients with 
either decreasing or increasing preoperative opioid utiliza-
tion compared to patients with stable utilization ( table 2  
and Supplemental Digital Content, e-table 3,  http://links.
lww.com/ALN/C736 ). 

 Fig. 1.      Average daily dose of opioid prescribed during the 2-yr perioperative window. Compared to preoperative days 91 to 365, patients 
with stable utilization maintained their average daily opioid dose within ±20% during preoperative days 7 to 90, while patients with decreas-
ing utilization reduced their average daily dose by at least 20%, and patients with increasing utilization escalated their average daily dose by 
at least 20% in the same period.    
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  Subgroup and Sensitivity Analyses 

 Subgroup analyses stratifying patients by procedure urgency, 
relation to chronic pain treatment, and type of surgery 
( table 3   ), as well sensitivity analyses that varied the timing and 
magnitude of changes in dose required to classify patterns in 
opioid utilization and added additional adjustments for socio-
economic and surgeon-related factors (Supplemental Digital 
Content, e-table 4,  http://links.lww.com/ALN/C736 ) 
yielded qualitatively similar results to our main analysis.    

  Discussion 
 In this retrospective analysis of 57,019 chronic opioid users 
aged 18 to 89 yr undergoing one of 10 common surgeries, 

either a decrease or an increase in the daily dose of opioid 
by at least 20% in the 90 days before surgery was associ-
ated with slightly less long-term opioid utilization, with the 
adjusted incidence of any opioid prescribed during post-
operative days 91 to 365 being 89.2% for patients with 
decreasing utilization and 93.6% for patients with increas-
ing utilization, compared to 96.4% for patients with stable 
utilization. However, for patients continuing to utilize opi-
oids, the adjusted average daily dose prescribed for patients 
with decreasing utilization was not di� erent from patients 
with stable utilization. Surprisingly, patients with increasing 
preoperative opioid utilization continuing opioids during 
postoperative days 91 to 365 had a slightly lower adjusted 
average daily dose (44.3 morphine milligram equivalents per 

 Fig. 2.      The association between patterns of preoperative opioid utilization and persistent postoperative opioid utilization. The adjusted inci-
dence of persistent postoperative opioid utilization for a range of eight defi nitions is shown. Patients with both decreasing and increasing preop-
erative opioid utilization had reduced incidence of persistent postoperative opioid utilization compared to patients with stable utilization. Values 
are shown with 99.8% CIs, which use the Bonferroni correction for multiple comparisons as described in the Materials and Methods section.    
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day) compared to patients with stable utilization (46.7 mor-
phine milligram equivalents per day), although this likely 
represents a clinically insigni� cant di� erence. For exam-
ple, several studies in chronic pain patients used a thresh-
old of 8 to 30 morphine milligram equivalents per day to 
de� ne a clinically signi� cant reduction in opioid use.  37 , 38   We 
hypothesize that increasing preoperative utilization may be 
attributable to worsening pain that was improved by surgery, 
allowing cessation or further reduction in opioid utilization 
postoperatively. 

 Importantly, while the relative reduction in the odds of 
� lling a prescription for an opioid during postoperative days 
91 to 365 was substantial for patients with both decreas-
ing (adjusted odds ratio, 0.323) and increasing (adjusted 
odds ratio, 0.57) preoperative opioid utilization, the absolute 
reductions were small (–7.0% and –2.6%, respectively). This 
suggests that preoperative changes in opioid utilization may 
have limited clinical associations with several measures of 
long-term postoperative opioid utilization. However, a sec-
ondary analysis that de� ned persistent postoperative opioid 
utilization using a minimum number of opioid prescriptions 
and/or days supplied did � nd large absolute reductions in 
the incidence of persistent postoperative opioid utilization 
for both decreasing and increasing patterns (56.2% and 
69.0%, respectively, compared to 80.3% for stable patterns 
using 10 or more prescriptions � lled or 120 or more days 
supplied), indicating further study is warranted. 

 For our secondary outcomes, both decreasing and 
increasing preoperative opioid utilizations were associated 
with small, likely clinically insigni� cant di� erences in opioid 
doses prescribed during preoperative day 7 to postoperative 
day 30. Additionally, no di� erence in postoperative adverse 
events, number of days admitted, or healthcare costs in either 
cohort were observed. 

 This study has several important limitations. First, by lim-
iting this study to patients with no other surgical interven-
tions in a 2-yr period, the sample population may be biased 
toward healthier patients who are less likely to have com-
plications with shorter length of stay and lower total costs. 
This, along with the relatively short duration that preoper-
ative changes in dose were sustained, may explain why no 
signi� cant associations were detected despite previous liter-
ature suggesting that chronic preoperative opioid utilization 
negatively correlates with these outcomes.  4–6  

 Second, due to the limited nature of claims data, we 
cannot assess why patients altered their opioid dose before 
surgery, and the possibility of hidden confounders associ-
ated with changes in opioid utilization is real. For example, 
patients with decreasing utilization may have received pre-
operative guidance from surgeons, pain specialists, or pri-
mary care physicians, and this management approach may 
have been continued postoperatively. These patients may also 
have been self-motivated, and success with reducing their 
opioid requirements preoperatively may facilitate postoper-
ative cessation. Patients with decreasing utilization may also 

have had unrelated improvements in chronic pain preopera-
tively, which could lead to reduced pain and opioid require-
ments postoperatively. Conversely, patients with increasing 
utilization may have experienced worsening of their under-
lying pain conditions, which was then improved by surgery 
leading to decreased pain and a reduced postoperative opi-
oid requirement. However, one source of reassurance against 
hidden confounding is that our results held for the subgroup 
of nonelective procedures, as any preoperative changes in 
opioid utilization could not relate to the preparation for sur-
gery. An additional source of confounding could be regres-
sion artifacts such as “regression to the mean,” which may 
be of particular concern in our study since it de� ned expo-
sure groups based upon preoperative opioid use and mod-
eled postoperative opioid utilization based on these same 
groups.  39   However, these regression artifacts would tend to 
bias our results upwards ( i.e. , bias toward � nding a larger 
e� ect than the actual e� ect). Since our adjusted results were 
generally small in magnitude, this suggests that regression 
to the mean has minimal actual in� uence on our � ndings. 
Third, claims data measure drug utilization ( i.e. , the ful� ll-
ment of prescriptions) but not drug use (the actual amount 
and timing of opioid consumed). While utilization and use 
would generally correlate, studies have suggested that many 
patients do not actually consume the entire amount of opi-
oid that is prescribed.  19 , 20  

 While it has been suggested that preoperative opioid 
weaning may be bene� cial,  15   there have been few studies on 
this topic to date.  14 , 16   In this context, our study has mixed 
� ndings. On the one hand, our results suggest that preopera-
tive changes in opioid utilization are not associated with sta-
tistically and/or clinically signi� cant di� erences for a broad 
variety of perioperative outcomes. However, a secondary 
analysis did demonstrate a clinically and statistically signif-
icant association between changes in preoperative opioid 
utilization and a lower incidence of persistent postoperative 
opioid utilization ( e.g. , the adjusted incidence of at least 10 
opioid prescriptions or 120 days of prescription coverage in 
postoperative days 91 to 365 was 56.2% for patients with 
decreasing utilization and 69.0% for patients with increasing 
utilization, compared to 80.4% for patients with stable uti-
lization), suggesting potential bene� t for more meaningful 
measures of persistent postoperative opioid use. Our results 
may also provide cautious reassurance for the management 
of patients who experience worsening pain before surgery, 
as we found no evidence that preoperative escalation of 
opioid was associated with worsened outcomes. Ultimately, 
further study in the form of randomized trials may be neces-
sary to clarify whether e� orts to impact preoperative opioid 
utilization can improve perioperative outcomes. 
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 EDITOR’S PERSPECTIVE 

 What We Already Know about This Topic  

• The role of lung gas exchange in whole-body kinetics can be stud-
ied by direct measurements of anesthetic partial pressures in mixed 
venous (P 

mv 
) and arterial (P 

art 
) blood samples 

•   Washin and washout of desfl urane should be more rapid than sevofl u-
rane because sevofl urane has higher gas solubilities in blood and tissues   

 What This Article Tells Us That Is New  
• The washin and washout kinetics of simultaneously administered 

desflurane and sevoflurane were assessed in seven piglets by mea-
suring P 

mv 
 and P 

art 
 during uptake and elimination under normal, low, 

and high ventilation/perfusion ratio ( 
.
V 

A 
/

.
Q  ) conditions 

• Faster arterial kinetics for desflurane were generally maintained for 
both washin and washout under all  

.
V 

A 
/

.
Q   conditions 

• The low 
.
V 

A 
/

.
Q condition decreased the differences in scaled P 

art 

between 0 and 5 min; the high 
.
V 

A 
/

.
Q  condition increased these differ-

ences from the low 
.
V 

A 
/

.
Q  value to a value approaching or exceeding 

the value for normal 
.
V 

A 
/

.
Q  

• Mixed venous kinetics were slower than arterial kinetics for washin 
and washout and were less influenced by 

.
V 

A 
/

.
Q   

An understanding the kinetics of inhaled anesthetic 
uptake and elimination is fundamental to the clini-

cal practice of anesthesia. Although the impact of di� erent 
body compartments ( e.g. , vessel rich group or viscera; muscle 
group; fat; speci� c organs) in uptake and elimination kinetics 
is well-established by many previous studies,  1–19   the role of 
lung gas exchange e�  ciency is less appreciated.  2 , 20–26   Our 
study examines the role of the global lung ventilation/per-
fusion ratio ( 

.
V 

A 
/

.
Q  ; where ( 

.
V 

A 
 represents alveolar minute 

ventilation and
.
Q represents cardiac output value) on the 

washin and washout kinetics of des� urane and sevo� urane 
in pigs with normal lungs expected to have a unimodal and 
narrow

.
V 

A 
/

.
Q distribution. The global lung

.
V 

A 
/

.
Q ratio was 

manipulated by changes in both minute ventilation and car-
diac output. 

  ABSTRACT 
 Background:     Previous studies have established the role of various tissue 
compartments in the kinetics of inhaled anesthetic uptake and elimination. The 
role of normal lungs in inhaled anesthetic kinetics is less understood. In juve-
nile pigs with normal lungs, the authors measured desfl urane and sevofl urane 
washin and washout kinetics at three different ratios of alveolar minute ventila-
tion   to cardiac output value. The main hypothesis was that the ventilation/perfu-
sion ratio (  

.
V 

A 
/

.
Q  ) of normal lungs infl uences the kinetics of inhaled anesthetics.  

 Methods:     Seven healthy pigs were anesthetized with intravenous anes-
thetics and mechanically ventilated. Each animal was studied under three 
different  

.
V 

A 
/

.
Q  conditions: normal, low, and high. For each  

.
V 

A 
/

.
Q   condition, 

desfl urane and sevofl urane were administered at a constant, subanesthetic 
inspired partial pressure (0.15 volume% for sevofl urane and 0.5 volume% for 
desfl urane) for 45 min. Pulmonary arterial and systemic arterial blood samples 
were collected at eight time points during uptake, and then at these same 
times during elimination, for measurement of desfl urane and sevofl urane 
partial pressures. The authors also assessed the effect of  

.
V 

A 
/

.
Q   on paired 

differences in arterial and mixed venous partial pressures.  

 Results:     For desfl urane washin, the scaled arterial partial pressure differ-
ences between 5 and 0 min were 0.70 ± 0.10, 0.93 ± 0.08, and 0.82 ± 0.07 
for the low, normal, and high  

.
V 

A 
/

.
Q   conditions (means, 95% CI). Equivalent 

measurements for sevofl urane were 0.55 ± 0.06, 0.77 ± 0.04, and 0.75 ± 
0.08. For desfl urane washout, the scaled arterial partial pressure differences 
between 0 and 5 min were 0.76 ± 0.04, 0.88 ± 0.02, and 0.92 ± 0.01 for 
the low, normal, and high  

.
V 

A 
/

.
Q   conditions. Equivalent measurements for sevo-

fl urane were 0.79 ± 0.05, 0.85 ± 0.03, and 0.90 ± 0.03.   

 Conclusions:     Kinetics of inhaled anesthetic washin and washout are sub-
stantially altered by changes in the global  

.
V 

A 
/

.
Q   ratio for normal lungs.   
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To assess washin and washout kinetics, we measured 
anesthetic partial pressures in mixed venous (P 

mv 
) and arte-

rial (P 
art 

) blood samples at multiple times during uptake and 
elimination of des� urane and sevo� urane for three di� er-
ent lung 

.
V 

A 
/

.
Q  ratios. The bene� ts of direct measurements 

of arterial and mixed venous partial pressures in blood, 
for studies of inhaled anesthetic kinetics, are well recog-
nized.  15 , 17 , 24 , 27 , 28   Because of the technical di�  culties in mak-
ing these measurements, however, and the invasiveness, the 
majority of kinetic studies have measured either gas phase 
samples alone ( e.g. , end-tidal partial pressure)  4 , 9–13 , 19 , 29–31   or 
end-tidal partial pressure and P 

art 
.  21–23 , 25 , 32 , 33   Direct measure-

ments of P 
art 

 and P 
mv 

 provide kinetic information that spe-
ci� cally focuses on pulmonary blood, and are well-suited 
for examining the role of lung gas exchange in whole-
body kinetics. We compared P 

art 
 and P 

mv 
 kinetics for dif

ferent 
.
V 

A 
/

.
Q   conditions graphically, and also analyzed the 

di� erences in partial pressures between � xed time points. 
Our primary hypothesis was that the kinetics of P 

art 
 and P 

mv 

washin and washout would be altered by di� erences in the 
global  

.
V 

A 
/

.
Q   ratio. 

The experimental maneuvers we used to alter  
.
V 

A 
/

.
Q

could potentially have confounding e� ects on tissue kinet-
ics that would also impact P 

mv 
 and P 

art 
, independent of 

the pulmonary e� ects. To more speci� cally examine the 
e� ect of global 

.
V 

A 
/

.
Q  on the pulmonary contribution to 

washin and washout kinetics, we also assessed the di� er-
ences between P 

art 
 and P 

mv 
 and compared these di� erences 

between the three experimental  
.
V 

A 
/

.
Q   conditions. Our sec-

ondary hypothesis was that an increased global 
.
V 

A 
/

.
Q   ratio 

is associated with increased separation between P 
art 

 and P 
mv 

. 
Compared to des� urane, sevo� urane has higher gas solu-

bilities in blood, tissues of the vessel rich group, muscle, and 
fat, suggesting that des� urane washin and washout should 
be more rapid than sevo� urane washin and washout.  13 , 34  

Kinetics of des� urane have been con� rmed to be faster 
than sevo� urane in several experimental studies.  13 , 35 , 36   The 
e� ect of overall lung  

.
V 

A 
/

.
Q   ratio, however, on di� erences in 

kinetics between sevo� urane and des� urane has not been 
reported. Our third hypothesis was that kinetics of washin 
and washout, as assessed by both arterial and mixed venous 
measurements, are faster for des� urane than for sevo� urane, 
and that this kinetic di� erence is maintained at both high 
and low 

.
V 

A 
/

.
Q   ratios. 

 Materials and Methods 

 Ethics Approval 

The Animal Ethics Committee of Uppsala University 
(Uppsala, Sweden) approved this prospective nonrandom-
ized animal study. The care and handling of animals were 
in accordance with the guidelines laid out in the  Guide for 
the Care and Use of Laboratory Animals, 8th edition .  37   The esti-
mation of sample size was based on a previous experimen-
tal porcine study,  24   which used an analogous experimental 

setup. Power calculation using a two-sided paired  t  test at a 
signi� cance level of 5% ( α  = 0.05), a SD of 1.6 min for the 
time to 90% washin for des� urane,  24   and a power of 80% 
( β  = 0.20) revealed that at least seven animals were needed 
to detect a di� erence of more than 50% (time to 90% 
washin of 4.4 min for baseline condition; absolute dif-
ference from baseline condition of 2.2 min) between the .
V 

A 
/

.
Q   conditions in the volatile washin period. 

 Animals 

Seven juvenile, 2.5-month-old piglets (weight, mean ± 
SD  25 ± 2 kg) of Yorkshire/Norwegian country breeds 
of either sex (� ve males and two females), were used in 
the study. The animals fasted overnight with free access 
to water. The experiments were conducted between 8:00 
am  and 3:00  pm . All piglets underwent the same prepara-
tory algorithm (induction and maintenance of anesthesia, 
monitoring). 

 Anesthetic Management 

As described previously in detail,  24 , 25   anesthesia was 
induced by an intramuscular injection of xylazine (2.2 mg/
kg; Rompun; Bayer, Germany) and tiletamine/zolazepam 
(6 mg/kg; Zoletil; Virbac, France). The pigs were placed in 
the supine position, and the trachea was intubated orally 
with a 7.0-mm ID cu� ed endotracheal tube (Mallinckrodt, 
Ireland). After testing for hind limb re� ex absence, muscle 
relaxation was induced with an intravenous bolus of 2 mg/
kg rocuronium (Esmeron; N.V. Organon, The Netherlands), 
followed by a continuous infusion of 2.5 mg ∙ kg −1  ∙ h −1 

rocuronium. Anesthesia was maintained by continuous 
intravenous infusions of fentanyl (0.04 mg ∙ kg −1  ∙ h −1 ; 
Leptanal; Janssen-Cilag AB, Sweden), midazolam (0.12 mg 
∙ kg −1  ∙ h −1 ; midazolam Actavis; Actavis Group, Iceland), and 
propofol (Diprivan; Astra, Sweden)  via  18-gauge catheters 
(Becton Dickinson, Germany) placed in ear veins. 

After intubation and during mechanical ventilation, a 
median tracheotomy was performed, and the orotracheal 
tube was replaced by a 9-mm ID cu� ed endotracheal 
tube (Mallinckrodt, Ireland). Thereafter, the lungs were 
mechanically ventilated in volume-controlled mode, 
with fractional inspired oxygen tension of 0.4 and posi-
tive end-expiratory pressure set at 5 cm H 

2 
O by a Servo 

900 C ventilator (Maquet Critical Care, Sweden). The 
tidal volume was set to 10 ml/kg, inspiratory:expiratory 
ratio was set at 1:2, and respiratory frequencies were 
adjusted to achieve a normal end-tidal carbon dioxide of 
40 to 45 mmHg. 

Ventilation variables were measured at the proximal end 
of the endotracheal tube with a standard anesthesia monitor 
(SC 9000 XL; Siemens, Germany) and additionally assessed 
by a NICO 

2 
 system that included volumetric capnome-

try (Respironics Novametrix, Inc., USA). Volatile anes-
thetic concentrations were monitored continuously with 
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an infrared analyzer (Capnomac Ultima; Datex Ohmeda, 
Finland) calibrated to the manufacturer’s standards. 

A � ow-directed pulmonary artery catheter (7.0 French, 
Swan-Ganz thermodilution catheter; Baxter, USA) and a 
central venous catheter (4.0 French, Becton-Dickinson 
Critical Care Systems, Singapore) were inserted  via  the 
right external jugular vein. The pulmonary artery cathe-
ter was used for cardiac output measurements and mixed 
venous blood sampling. The pulmonary artery catheter was 
repositioned before each experimental step to ensure that 
the tip was always located in regions with high pulmo-
nary blood � ow. Cardiac output was measured by thermal 
dilution in duplicate and averaged for every time point for 
which blood samples were taken for des� urane and sevo� u-
rane measurements. 

 All pigs received a right carotid arterial catheter for con-
tinuous arterial pressure measurements and for blood sam-
pling (20-gauge; Becton-Dickinson Critical Care Systems). 

 Blood gas analysis was performed immediately after 
bubble-free blood sampling with standard blood gas elec-
trodes speci� cally set up to analyze pig blood (ABL 500 
and OSM 3; Radiometer, Denmark). Finally, a suprapubic 
urinary catheter (Sympakath; Ruesch AG, Switzerland) was 
placed to monitor urine output.  

 Administration of Simultaneous Inhaled Anesthetics 

Sevo� urane and des� urane were administered simulta-
neously  via  two KION ventilators (Siemens-Elema AB, 
Sweden) in an open system. The separate KION ventila-
tors and their individual vaporizers were used to prepare 
controlled fresh gas � ows and concentrations of each agent 
separately, and then the gas streams were combined for 
delivery to the animal by a third ventilator. Sevo� urane 
(Sevorane;  Abbvie,  Sweden) and des� urane (Suprane; 
Baxter International,  USA) were administered with the 
vaporizers set at 0.3 volume% for sevo� urane and at 1 vol-
ume% for des� urane. The two KION ventilators were set to 
spontaneous breathing with equal fresh gas � ow. The inspi-
ratory limbs were connected to a 2.5-l mixing chamber, 
which connected to the low pressure port of the Servo 900 
C ventilator. The total fresh gas � ow was set to exceed dou-
ble minute ventilation to make delivered gas fractions close 
to inspired gas fractions (0.15 volume% for sevo� urane and 
0.5 volume% for des� urane after dilution in the mixing 
chamber). We used the lowest possible inspired fractions 
of sevo� urane and des� urane that delivered an acceptable 
signal-to-noise ratio in the arterial blood. This was done 
to minimize cardiovascular and pulmonary e� ects of the 
volatile agents. 

 Measurement of Sevofl urane and Desfl urane by 
Micropore Membrane Inlet Mass Spectrometry 

Arterial and mixed venous blood samples were collected 
in glass syringes (5 ml; FORTUNA OPTIMA; Luer-lock, 

Poulten & Graf GmbH, Germany) coated with EDTA for 
analysis by micropore membrane inlet mass spectrometry 
(MMIMS System; Oscillogy LLC, USA). The system uses 
a polymer membrane con� ned to multiple small micro-
pores that separate the blood sample from the mass spec-
trometer and high-vacuum system. As blood samples � ow 
over this membrane, gases di� use through the membrane 
into the mass spectrometer for direct analysis of the gas 
partial pressures in the blood sample.    38,39   Sevo� urane ion 
currents were measured at the mass/charge ratio of 131. 
Des� urane ion currents were monitored at a mass/charge 
ratio of 101 and corrected for spectral overlap from 
sevo� urane. Before the animal experiments, we assessed 
spectral overlap in the mass spectrometer using pure, 
air-diluted des� urane and sevo� urane vapors and found 
no overlap of des� urane on the sevo� urane 131 peak, but 
an overlap of 0.337 of the 131 peak for sevo� urane on the 
101 peak for des� urane.

Baseline Measurement of Global Alveolar 
.
V A /

.
Q   

For each 
.
V 

A 
/

.
Q  condition (normal, low, high) during the base

line period before inhaled anesthetic administration, data 
were collected for  post hoc  determination of the global  

.
V 

A 
/

.
Q

ratio. Cardiac output was measured in duplicate and aver-
aged. Fifteen volumetric capnometry waveforms, with 
exclusion of waveforms with obvious artifacts, were selected 
from 2 min of NICO 

2 
 data stored for  post hoc  analysis. The 

alveolar minute ventilation     reported by the NICO 
2 
 for each 

breath was averaged over these 15 breaths. The NICO 
2 
 sys-

tem calculates alveolar minute ventilation   as exhaled min-
ute ventilation minus airways and apparatus dead space, 
as determined by the Fowler method.  40   Averaged alveolar 
minute ventilation    was then divided by averaged cardiac 
output to calculate 

.
V 

A 
/

.
Q  for each baseline period for each 

pig, and 
.
V 

A 
/

.
Q   was averaged across the seven pigs. 

 Experimental Protocol 
 Baseline  

After an alveolar recruitment maneuver (40 cm H 
2 
O for 

10 s) and 30 min of stabilization after instrumentation, base-
line hemodynamic, ventilation, and gas exchange data were 
obtained. After this baseline period, each animal underwent 
all three  

.
V 

A 
/

.
Q   conditions in nonrandomized order (normal, 

low, high), without blinding. 

Normal 
.
V A /

.
Q 

 At the normal minute ventilation setting and for unmanip-
ulated cardiac output, the inhaled anesthetics were begun 
at time zero. Arterial and mixed venous blood samples 
were obtained simultaneously after 0, 1, 2, 5, 10, 20, 30, and 
45 min (washin). Thereafter, the inhalation of the volatile 
agents was discontinued, and the sampling sequence was 
repeated (washout).  
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 Low Ventilation, High Cardiac Output 

After completion of the washout and 15 min of stabiliza-
tion, a continuous infusion of dobutamine was titrated with 
the target of doubling the cardiac output. When this goal 
was reached (mean, 5.4 mcg ∙ kg −1  ∙ min −1 ), the minute 
ventilation was decreased to 40% of the control state by 
adjustment of the respiratory rate, keeping the tidal volume 
constant. The washin and washout sequence was repeated. 
The dobutamine infusion was discontinued and the minute 
ventilation normalized. 

 High Ventilation, Low Cardiac Output 

 In a � nal step after a stabilization period of about 30 min, a 
transfemorally placed Fogarty catheter (8-French; Edwards 
Lifesciences Nordic AB, Sweden) was in� ated in the right 
atrium to decrease cardiac output, with a target of 30% 
reduction in cardiac output. The minute ventilation was 
increased by 40% by adjustment of the respiratory rate, 
keeping tidal volume constant, and the washin and washout 
sequence was again repeated. 

The experimental protocol is depicted graphically in 
� gure 1   .  

 At the end of each study, the animals were euthanized 
with an intravenous injection of potassium chloride while 
under general anesthesia.  

 Graphic and Statistical Analysis 

Hemodynamic and respiratory variables ( tables  1    and  2   ) 
were tested for normality by the Shapiro–Wilk test 
(Sigmaplot version 13; Systat Software Inc., USA).   

For each individual animal, and each of the three 
.
V 

A 
/

.
Q

conditions, arterial (P 
art 

) and mixed venous (P 
mv 

) mass spec-
trometer signals from the micropore membrane inlet mass 
spectrometry by the Micropore Membrane Inlet Mass 
Spectrometry System were scaled to that individual’s arte-
rial signal at the end of the 45-min des� urane and sevo-
� urane administration. For each 

.
V 

A 
/

.
Q  condition, the scaled 

signals at each time point were averaged across the seven 

animals and 99% CI determined using the Student’s  t  distri-
bution, and plotted as the means and CI for each time and 
each 

.
V 

A 
/

.
Q  condition ( � gs. 2    and  3   ). The mean values for 

washin and washout were also replotted for side-by-side 
comparisons of the e� ects of  

.
V 

A 
/

.
Q  condition on kinetics 

( � g.  4   ), and side-by-side comparisons of des� urane  versus 
sevo� urane kinetics ( � g. 5   ).     

For each gas, each individual, and each 
.
V 

A 
/

.
Q  condition, 

we calculated the di� erences in scaled partial pressures 
between two time points to characterize the shapes of the 
washin and washout curves. For uptake, the fast phase of 
washin was characterized by the scaled partial pressure dif-
ference between 5 min and 0 min (SPP5-SPP0). The slow 
phase of washin was characterized by the scaled partial pres-
sure di� erence between 30 min and 5 min  (SPP30-SPP5). 
For elimination, the fast phase of washout was characterized 
by the scaled partial pressure di� erence between 0 min and 
5 min (SPP0-SPP5). The slow phase of washout was char-
acterized by the scaled partial pressure di� erence between 
5 min and 30 min (SPP5-SPP30). Means and 95% CIs for 
these shape parameters are plotted in  � gure 6   .  

Secondary analysis of the scaled partial pressure di� er-
ences was carried out by two-way ANOVA for repeated 
measures (Sigmaplot version 13;  table 3   ). Individual anal-
yses were carried out for each phase of washin or wash-
out (fast phase and slow phase), for uptake and elimination, 
and for arterial and mixed venous measurements, yielding 
eight total analyses. Data sets were � rst tested for normality 
(Shapiro–Wilk) and equal variance (Brown–Forsythe), and 
all data sets passed both tests. Two-way ANOVA (� rst fac-
tor gas with two levels; second factor 

.
V 

A 
/

.
Q  condition, with 

three levels) for repeated measures (seven pigs) was carried 
out, and if signi� cant di� erences ( P  < 0.05) were found, 
all-pairwise multiple comparison procedures were carried 
out  post hoc  (Holm–Sidak method). Signi� cant di� erences 
are labeled in  � gure 6 .  

For each gas and each 
.
V 

A 
/

.
Q  condition, di� erences 

between P 
art 

 and P 
mv 

 were calculated at each time point 
( � g. 7   ). Areas under the (P 

art 
− P 

mv 
)  versus  time curves were 

 Fig. 1.      Schematic of experimental protocol.    
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calculated by the trapezoidal rule, and the areas were ana-
lyzed by two-way ANOVA for repeated measures ( table 4   ). 
If signi� cant di� erences ( P  < 0.05) were found, all pairwise 
multiple comparison procedures were carried out  post hoc 
(Holm–Sidak method).   

Arterial scaled partial pressure data were also analyzed 
by t90 and t10 analyses ( table 5   ). For each animal, each gas, 
and each 

.
V 

A 
/

.
Q  condition, data points for scaled arterial sig-

nals during uptake were connected with straight line seg-
ments, and then the time point corresponding to the scaled 
signal reaching 0.90 (t90) was determined from this curve. 
Similarly, data points for scaled arterial signals during elimi-
nation were connected with straight line segments, and then 
the time point corresponding to the scaled signal reaching 
0.10 (t10) was determined from this curve. Di� erences in 
means between des� urane  versus  sevo� urane, and between .
V 

A 
/

.
Q  conditions, were assessed by two-way repeated mea-

sures ANOVA.  

 Results 
 All seven piglets that entered the study completed the entire 
study. All measurements of arterial and mixed venous des-
� urane and sevo� urane partial pressures were completed 
at all time points, and there were no rejections for artifact. 

 Table  1  presents the hemodynamic, ventilation and 
respiratory mechanics, and gas exchange data for the 
three 

.
V 

A 
/

.
Qconditions for three time points: the begin-

ning of uptake, 5 min into uptake, and 30 min into 
uptake (45 min into uptake = time 0 for elimination and 
is presented in  table  2 ).  Table  2  presents data for time 
points in the elimination period. The hemodynam-
ics, respiratory mechanics, and gas exchange were sta-
ble over the uptake and elimination of des� urane and 
sevo� urane (administered simultaneously) and were not 
systematically a� ected by the changing inhaled anes-
thetic concentrations at these low doses. Compared to 
the normal 

.
V 

A 
/

.
Q condition, dobutamine administration 

increased cardiac output from 3.3 l/min to 6.5 l/min in 
the low 

.
V 

A 
/

.
Q  condition, and reduction of respiratory rate 

decreased alveolar minute ventilation from 2.9 l/min 
to 2.0 l/min. In the high 

.
V 

A 
/

.
Qcondition, in� ation of the 

atrial balloon reduced cardiac output to 2.2  l/min, and 
the increase in respiratory rate increased alveolar minute 
ventilation to 3.7 l/min. 

The kinetics of des� urane partial pressures in arterial 
and mixed venous blood during washin are shown in  � g-
ure 2 , top ( � g. 2A  to 2C), for the three conditions of   

.
V 

A 
/

.
Q  : 

(1) normal 
.
V 

A 
/

.
Q  of 0.91; (2) low 

.
V 

A 
/

.
Q  of 0.32; and (3) high  

 Table 1.      Hemodynamic, Ventilation, and Gas Exchange Data—Uptake   

      Normal 
.
V A /

.
Q   Low 

.
V A /

.
Q    High 

.
V A /

.
Q   

    0 Min    5 Min    30 Min    0 Min    5 Min    30 Min    0 Min    5 Min    30 Min   

 Hemodynamics 
  CO, l/min  3.6 ± 0.8  3.5 ± 0.6  3.3 ± 0.7  6.6 ± 0.5  6.8 ± 0.4  6.5 ± 0.6  2.6 ± 0.3  2.4 ± 0.3  2.2 ± 0.2 
  MAP, mmHg  82 ± 10  76 ± 11  67 ± 11  84 ± 9  88 ± 6  83 ± 4  45 ± 2  45 ± 4  43 ± 2 
  MPAP, mmHg  22 ± 2  22 ± 2  22 ± 4  27 ± 3  29 ± 3  29 ± 3  21 ± 5  19 ± 2  18 ± 2 
  CVP, mmHg  11 ± 3  11 ± 1  11 ± 2  11 ± 2  11 ± 2  12 ± 2  10 ± 2  9 ± 1  9 ± 2 
  HR, 1/min  98 ± 12  89 ± 11  80 ± 16  123 ± 29  138 ± 19  130 ± 21  110 ± 17  113 ± 21  145 ± 37 
 Ventilation 
  RR, 1/min  21 ± 1  21 ± 1  21 ± 1  15 ± 1  15 ± 0  15 ± 1  30 ± 1  30 ± 1  30 ± 1 
   

.
V   

E , l/min  5.7 ± 0.6  5.9 ± 0.7  5.9 ± 0.7  3.8 ± 0.2  3.9 ± 0.3  3.9 ± 0.2  8.2 ± 0.4  8.3 ± 0.4  8.3 ± 0.4 
  Alveolar minute ventilation, l/min  3.0 ± 0.3  —  —  1.9 ± 0.4  —  —  3.8 ± 0.4  —  — 
  V 

T , ml  278 ± 24  282 ± 23  283 ± 26  236 ± 31  250 ± 13  253 ± 17  275 ± 11  278 ± 9  279 ± 11 
  P MAX , cm H 2 O  19.1 ± 1.6  19.3 ± 1.4  19.9 ± 0.9  18.9 ± 1.9  19 ± 1.8  19.3 ± 1.5  21.7 ± 1.6  22.1 ± 1.8  22.7 ± 1.6 
  P MEAN , cm H 2 O  9.4 ± 0.8  9.7 ± 0.5  9.7 ± 0.5  9.1 ± 0.7  9.1 ± 0.7  9.1 ± 0.7  10.4 ± 0.5  10.3 ± 0.5  10.6 ± 0.5 
  PEEP, cm H 2 O  5.9 ± 0.4  6 ± 0  5.9 ± 0.4  6.1 ± 0.7  5.9 ± 0.4  5.9 ± 0.4  6.1 ± 0.7  6 ± 0  5.9 ± 0.4 
  C dyn , ml/cm H 2 O  26 ± 4  25 ± 4  24 ± 2  23 ± 3  24 ± 2  22 ± 2  23 ± 3  22 ± 3  20 ± 3 
 Gas exchange 
  Pa O  2 , mmHg  195 ± 8  187 ± 14  182 ± 10  134 ± 12  135 ± 11  133 ± 14  180 ± 9  164 ± 21  158 ± 12 
  Pa CO  2 , mmHg  51 ± 5  50 ± 5  54 ± 5  68 ± 7  71 ± 8  78 ± 12  42 ± 3  43 ± 6  44 ± 5 
  P ETCO  2 , mmHg  49 ± 5  47 ± 5  46 ± 6  68 ± 14  68 ± 14  70 ± 14  39 ± 2  37 ± 3  37 ± 4 
  Sa O  2 , %  97 ± 1  98 ± 1  97 ± 1  96 ± 1  96 ± 1  95 ± 1  98 ± 1  97 ± 1  97 ± 1 
  Pv O  2 , mmHg  42 ± 1  40 ± 5  38 ± 7  53 ± 3  56 ± 4  45 ± 22  26 ± 3  23 ± 2  22 ± 2 
  Pv CO  2 , mmHg  67 ± 11  69 ± 7  72 ± 8  73 ± 6  80 ± 7  83 ± 5  69 ± 12  66 ± 12  73 ± 13 
  Sv O  2 , %  57 ± 4  51 ± 8  46 ± 12  72 ± 11  68 ± 2  66 ± 3  21 ± 8  18 ± 5  15 ± 5 

   All data passed the Shapiro–Wilk W test for normality and are presented as mean ± SD.  
  C dyn , dynamic compliance; CO, cardiac output; CVP, central venous pressure; HR, heart rate; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; Pa CO  2 , arterial 
carbon dioxide tension; Pa O  2 , arterial oxygen tension; PEEP, positive end-expiratory pressure; P ETCO  2 , end-tidal pressure of carbon dioxide; P MAX , peak airway pressure; P MEAN , mean 
airway pressure; Pv CO  2 , mixed venous carbon dioxide tension; Pv O  2 , mixed venous oxygen tension; RR, respiratory rate; Sa O  2 , arterial oxygen saturation; Sv O  2 , mixed venous oxygen 
saturation; 

.
V E , minute ventilation; V T , tidal volume;  

.
V A /Q

.
, ventilation/perfusion ratio.   
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.
V 

A 
/

.
Q   of 1.73. The arterial and mixed venous data for des� u-

rane partial pressures during washout are shown in  � gure 2 , 
bottom ( � g.  2D  to 2F). Sevo� urane washin and washout 
data are shown in  � gure 3 . 

Side-by-side comparisons of the results for all three .
V 

A 
/

.
Q   conditions are presented in  � gure 4 , where lines con-

necting the mean values are shown without CI or sym-
bols to enhance readability. For des� urane ( � g.  4A ), for 
washin, the experimental interventions that altered  

.
V 

A 
/

.
Q   

slowed arterial increases toward equilibrium for both inter-
ventions, with more slowing for the low 

.
V 

A 
/

.
Q  condition. 

Washin kinetics as measured in mixed venous blood were 
also slowed by both interventions, with more slowing for 
the high  

.
V 

A 
/

.
Q   condition. For des� urane washout, compared 

to normal 
.
V 

A 
/

.
Q   , low 

.
V 

A 
/

.
Q   slowed arterial kinetics, and high .

V 
A 
/

.
Q   accelerated arterial kinetics. The mixed venous kinet-

ics, however, were slowed by both 
.
V 

A 
/

.
Q   perturbations, in 

the low 
.
V 

A 
/

.
Q   condition paralleling the slower arterial wash-

out, and in the high 
.
V 

A 
/

.
Q  condition contrasting the faster 

arterial washout. 
For sevo� urane ( � g.  4B ), the low

.
V 

A 
/

.
Q  condition 

slowed arterial washin compared to normal
. .
V 

A 
/

.
Q  , whereas 

high
.
V 

A 
/

.
Q had little e� ect on arterial washin. Compared 

to normal
.
V 

A 
/

.
Q, neither intervention had much e� ect 

on mixed venous washin kinetics. For sevo� urane washout, 

very similar to the des� urane results, high
.
V 

A 
/

.
Q   accelerated 

arterial kinetics, and low
.
V 

A 
/

.
Q  slowed arterial kinetics, 

whereas both interventions slowed mixed venous kinetics. 
Side-by-side visual comparisons of des� urane and sevo-

� urane are presented in  � gure 5 , where lines connecting the 
mean values are shown without CI or symbols to enhance 
readability. In nearly all side-by-side comparisons, des� u-
rane kinetics were slightly faster than sevo� urane kinetics, 
with two exceptions: the kinetics were nearly equivalent 
for mixed venous washin in the low 

.
V 

A 
/

.
Q   condition, and 

mixed venous washin was slightly faster for sevo� urane than 
for des� urane in the high  

.
V 

A 
/

.
Q   condition. 

 Figure 6A  shows the mean and CI, for the uptake period, 
for the scaled partial pressure di� erence between 5 min 
and 0 min (SPP5-SPP0, the fast phase shape parameter for 
uptake) as in� uenced by gas (sevo� urane  vs . des� urane), 
sample site (arterial  vs . mixed venous), and 

.
V 

A 
/

.
Q  condi-

tion (normal, low, or high). For arterial samples, the order 
of magnitude for SPP5-SPP0 compared between 

.
V 

A 
/

.
Q   con-

ditions was normal ≈ high > low for both gases, where a 
larger SPP5-SPP0 indicates faster kinetics. For des� urane 
washin, the SPP5-SPP0 values were 0.70 ± 0.10, 0.93 ± 
0.08, and 0.82 ± 0.07 for the low, normal, and high 

.
V 

A 
/

.
Q

conditions (mean ± 95% CI). For sevo� urane washin, the 
SPP5-SPP0 values were 0.55 ± 0.06, 0.77 ± 0.04, and 0.75 

 Table 2.      Hemodynamic, Ventilation and Gas Exchange Data—Elimination   

      Normal 
.
V A /

.
Q    Low 

.
V A /

.
Q    High 

.
V A /

.
Q   

    0 Min    5 Min    45 Min    0 Min    5 Min    45Min    0 Min    5 Min    45 Min   

 Hemodynamics 
  CO, l/min  3.3 ± 0.6  3.7 ± 0.7  3.6 ± 0.2  6.5 ± 0.5  5.9 ± 1.6  6.6 ± 0.3  2.2 ± 0.2  2.1 ± 0.2  2.1 ± 0.2 
  MAP, mmHg  73 ± 11  74 ± 10  73 ± 10  85 ± 3  84 ± 4  90 ± 3  45 ± 3  46 ± 4  44 ± 4 
  MPAP, mmHg  22 ± 3  22 ± 3  23 ± 1  28 ± 2  26 ± 11  30 ± 3  18 ± 2  19 ± 3  21 ± 2 
  CVP, mmHg  11 ± 1  12 ± 1  12 ± 2  12 ± 3  12 ± 3  11 ± 2  9 ± 2  9 ± 1  9 ± 1 
  HR, 1/min  83 ± 16  83 ± 13  81 ± 10  131 ± 23  126 ± 17  136 ± 21  161 ± 34  169 ± 35  190 ± 34 
 Ventilation 
  RR, 1/min  21 ± 1  21 ± 1  21 ± 1  15 ± 1  15 ± 0  15 ± 1  30 ± 1  30 ± 1  30 ± 1 
   

.
V   

E , l/min  5.9 ± 0.7  5.8 ± 0.6  5.8 ± 0.6  3.9 ± 0.2  3.8 ± 0.2  3.8 ± 0.3  8.2 ± 0.4  8.2 ± 0.4  8.2 ± 0.3 
  Alveolar minute ventilation, l/min  2.9 ± 0.3  —  —  2.0 ± 0.2  —  —  3.7 ± 0.4  —  — 
  V 

T , ml  281 ± 25  277 ± 28  276 ± 26  252 ± 15  246 ± 15  246 ± 16  276 ± 12  273 ± 12  272 ± 11 
  P MAX , cm H 2 O  21 ± 1  21 ± 1  21 ± 2  19 ± 2  19 ± 2  20 ± 2  22 ± 2  23 ± 2  24 ± 1 
  P MEAN , cm H 2 O  9.9 ± 0.4  9.9 ± 0.4  9.9 ± 0.4  9.3 ± 0.8  9.6 ± 0.8  9.9 ± 0.7  10.6 ± 0.5  10.7 ± 0.5  10.7 ± 0.5 
  PEEP, cm H 2 O  5.9 ± 0.4  5.9 ± 0.4  6.0 ± 0.6  5.7 ± 0.5  5.9 ± 0.4  5.9 ± 0.4  5.9 ± 0.4  5.9 ± 0.4  5.9 ± 0.4 
  C dyn , ml/cm H 2 O  23 ± 3  22 ± 2  22 ± 2  22 ± 2  22 ± 2  21 ± 2  20 ± 2  16 ± 8  18 ± 2 
 Gas exchange 
  Pa O  2 , mmHg  179 ± 12  182 ± 18  184 ± 17  132 ± 12  130 ± 13  128 ± 14  154 ± 20  160 ± 22  163 ± 22 
  Pa CO  2 , mmHg  53 ± 7  53 ± 7  51 ± 3  74 ± 6  79 ± 6  73 ± 9  42 ± 5  43 ± 6  42 ± 4 
  P ETCO  2 , mmHg  48 ± 6  48 ± 5.  48 ± 5  70 ± 14  71 ± 15  71 ± 15  37 ± 3  37 ± 3  37 ± 3 
  Sa O  2 , %  97 ± 1  97 ± 1  97 ± 1  95 ± 1  95 ± 1  95 ± 1  97 ± 1  97 ± 1  97 ± 1 
  Pv O  2 , mmHg  38 ± 7  39 ± 8  37 ± 4  55 ± 4  47 ± 23  53 ± 3  22 ± 2  24 ± 3  23 ± 3 
  Pv CO  2 , mmHg  68 ± 7  70 ± 5  69 ± 5  87 ± 7  92 ± 16  82 ± 8  70 ± 12  71 ± 10  70 ± 10 
  Sv O  2 , %  48 ± 14  48 ± 14  46 ± 8  65 ± 3  65 ± 3  65 ± 4  14 ± 5  16 ± 5  13 ± 3 

   All data passed the Shapiro–Wilk W test for normality and are presented as mean ± SD.  
  C dyn , dynamic compliance; CO, cardiac output; CVP, central venous pressure; HR, heart rate; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; Pa CO  2 , arterial carbon 
dioxide tension; Pa O  2  , arterial oxygen tension; PEEP, positive end-expiratory pressure; P ETCO  2 , end-tidal pressure of carbon dioxide; P MAX , peak airway pressure; P MEAN , mean airway 
pressure; Pv CO  2 , mixed venous carbon dioxide tension; Pv O  2 , mixed venous oxygen tension; RR, respiratory rate; Sa O  2 , arterial oxygen saturation; Sv O  2 , mixed venous oxygen saturation;  .
V E , minute ventilation; V T , tidal volume;  

.
V A /Q

.
, ventilation/perfusion ratio.   
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± 0.08 for the low, normal, and high 
.
V 

A 
/

.
Q  conditions. The 

ANOVA analysis found that for both gases, the high 
.
V 

A 
/

.
Q

group SPP5-SPP0 was signi� cantly di� erent from low, and 
the normal 

.
V 

A 
/

.
Q  was signi� cantly di� erent from low. The 

normal 
.
V 

A 
/

.
Q  was signi� cantly di� erent from high 

.
V 

A 
/

.
Q  for 

des� urane but not for sevo� urane. As assessed by the arte-
rial samples, des� urane washin was faster than sevo� urane 
washin, an e� ect found to be signi� cant in the ANOVA 
analysis. For the mixed venous samples, for des� urane, the 
order of SPP5-SPP0 was normal > low > high, and all 
three di� erences were signi� cant in the ANOVA analysis. 
The 

.
V 

A 
/

.
Q  condition made little di� erence to the magnitude 

of SPP5-SPP0 for sevo� urane, for mixed venous measure-
ments. As assessed by the mixed venous samples, des� urane 
washin kinetics were faster than sevo� urane washin kinet-
ics, a di� erence identi� ed as statistically signi� cant in the 
ANOVA analysis.

 Figure 6B  shows the mean and CI, for the uptake period, 
for the scaled partial pressure di� erence between 30 min 
and 5 min (SPP30-SPP5, the slow phase shape parameter 
for uptake). For arterial samples, the order of magnitude for 
SPP30-SPP5 compared between 

.
V 

A 
/

.
Q   conditions was low > 

high ≈ normal for both gases. The ANOVA analysis found 
that for both gases, the normal  

.
V 

A 
/

.
Q   group SPP30-SPP5 was 

signi� cantly di� erent from low, and for sevo� urane, the high 

.
V 

A 
/

.
Q   was signi� cantly di� erent from low. As assessed by the 

arterial samples, sevo� urane washin was slightly faster than 
des� urane washin, an e� ect that was statistically signi� cant in 
the ANOVA analysis. For the mixed venous samples, for des-
� urane, the order of SPP30-SPP5 was high > low > normal, 
but the di� erences were small. 

.
V 

A 
/

.
Q  condition made little 

di� erence to the magnitude of SPP30-SPP5 for sevo� urane, 
for mixed venous measurements. As assessed by the mixed 
venous samples, sevo� urane washin kinetics were faster than 
des� urane washin kinetics, and this di� erence was statistically 
signi� cant in the ANOVA analysis. 

 Figure 6C  shows the mean and CI, for the elimination 
period, for the scaled partial pressure di� erence between 0 
minutes and 5 minutes (SPP0-SPP5, the fast phase shape 
parameter for elimination). For arterial samples, the order of 
magnitude for SPP0-SPP5 compared between 

.
V 

A 
/

.
Q   con-

ditions was high > normal > low for both gases. For des-
� urane washout, the SPP0-SPP5 values were 0.76 ± 0.04, 
0.88 ± 0.02, and 0.92 ± 0.01 for the low, normal, and high .
V 

A 
/

.
Q   conditions (mean ± 95% CI). For sevo� urane washout, 

the SPP0-SPP5 values were 0.79 ± 0.05, 0.85 ± 0.03, and 
0.90 ± 0.03 for the low, normal, and high 

.
V 

A 
/

.
Q   conditions. 

All three di� erences (normal  vs.  low, normal  vs.  high, and 
high  vs.  low), for sevo� urane, were statistically signi� cant in 
the ANOVA analysis. For des� urane, normal  versus  low and 

 Fig. 2.      Scaled desfl urane partial pressures in arterial blood ( solid line  and  fi lled circles ) and mixed venous blood ( dashed line  and  open cir-
cles ) during the uptake period ( upper, A to C ), for the three ventilation/perfusion ratio (  

.
V A /Q

.
) conditions (normal, low, and high). Mean values for 

seven pigs, with 99% CI; no excluded data points. Partial pressures for each pig are scaled to the arterial partial pressure at the end of uptake 
(45 min) for that pig. Scaled desfl urane partial pressures during the elimination period are shown in the  lower  panels ( D to F ). No excluded 
data points. Partial pressures for each pig are scaled to the arterial partial pressure at the end of uptake (45 min) for that pig.    
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high  versus  low were signi� cantly di� erent. As assessed by 
the arterial samples, des� urane washout speed was approx-
imately equal to the speed of sevo� urane washout, with no 
signi� cant di� erence in the ANOVA analysis. For the mixed 

venous samples, for both gases, the order of SPP0-SPP5 
was normal > low > high, but the di� erences were small, 
and none of the di� erences between the 

.
V 

A 
/

.
Q   groups were 

signi� cant for either gas. As assessed by the mixed venous 

 Fig. 4.      Side-by-side comparisons of the effects of ventilation/perfusion ratio (  
.
V A /Q

.
) conditions on washin and washout curves for desfl u-

rane ( A ) and sevofl urane ( B ). For clarity, the CI and symbols from fi gures 2 and 3 are omitted, and only the lines connecting time points are 
presented. Normal  

.
V A /Q

.
 is represented with  solid lines , low  

.
V A /Q

.
 with  dashed lines , and high  

.
V A /Q

.
 with  dotted lines . Arterial measurements are 

represented in  red , and mixed venous measurements are represented in  blue .    

 Fig. 3.      Scaled sevofl urane partial pressures in arterial blood ( solid line  and  fi lled circles ) and mixed venous blood ( dashed line  and  open 
circles ) during the uptake period ( upper, A to C ), for the three ventilation/perfusion ratio (  

.
V A /Q

.
) conditions (normal, low, and high). Mean values 

for seven pigs, with 99% CI; no excluded data points. Partial pressures for each pig are scaled to the arterial partial pressure at the end of 
uptake (45 min) for that pig. Scaled sevofl urane partial pressures during the elimination period are shown in the  lower  panels ( D to F ). No 
excluded data points. Partial pressures for each pig are scaled to the arterial partial pressure at the end of uptake (45 min) for that pig.    
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 Fig. 5.      Side-by-side comparisons of uptake and elimination kinetics for desfl urane  versus  sevofl urane, for the three ventilation/perfusion 
ratio (  

.
V A /Q

.
) conditions. For clarity, the CI and symbols from fi gures 2 and 3 are omitted, and only the lines connecting time points are pre-

sented. Desfl urane in  blue , sevofl urane in  red ; arterial measurements represented by  solid lines , mixed venous by  dashed lines .    

 Fig. 6.      Means and 95% CIs for the curve shape parameters describing the fast and slow phases of washin and washout. The fast phases 
of washin curves are characterized by the difference in scaled partial pressure between 5 min and 0 min (SPP5-SPP0;  A, upper left ). The 
slow phases of washin curves are characterized by the difference in scaled partial pressure between 30 min and 5 min (SPP30-SPP5;  B, 
upper right ). For washout ( lower, C and D ), fast and slow phases are characterized by SPP0-SPP5 ( C, lower left ), and SPP5-SPP30 ( D, lower 
right ). “nl, lo, hi” represent the ventilation/perfusion ratio (  

.
V A /Q

.
) condition (normal, low, and high  

.
V A /Q

.
) . The  

.
V A /Q

.
 condition is also encoded by 

symbol shape:  circle  = normal,  inverted triangle  = low,  triangle  = high. “art” = arterial measurements, “mv” = mixed venous measurements, 
also encoded in the symbols ( open  = arterial,  fi lled  = mixed venous). Desfl urane in  blue , sevofl urane in  red .  Overhead lines  connecting  

.
V A /Q

.

conditions signify signifi cant differences ( P  < 0.05) between the conditions from the ANOVA analysis. *Signifi cant differences ( P  < 0.05) 
between desfl urane and sevofl urane from the ANOVA analyses of arterial samples. **Signifi cant differences ( P  < 0.05) between desfl urane 
and sevofl urane from the ANOVA analyses of mixed venous samples.    
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samples, speeds of sevo� urane and des� urane washout were 
approximately equal. 

 Figure 6D  shows the mean and CI, for the elimination 
period, for the scaled partial pressure di� erence between 
5 min and 30 min (SPP5-SPP30, the slow phase shape 
parameter for elimination). For arterial des� urane samples, 
the order of magnitude for SPP5-SPP30 was low > normal 
> high, and the normal  versus  low and high  versus  low com-
parisons were identi� ed as signi� cant in the ANOVA analy-
sis. For arterial sevo� urane samples, the order of magnitude 
for SPP5-SPP30 was normal ≈ low > high, and the normal 
versus  high and low  versus  high comparisons were identi-
� ed as signi� cant in the ANOVA analysis. For the mixed 
venous samples, the order of magnitude for SPP5-SPP30 
compared between 

.
V 

A 
/

.
Q  conditions was high > normal > 

low, for both gases, but the di� erences were small, and only 
for sevo� urane were the normal  versus  low and high  versus 
low di� erences signi� cant. As assessed by both arterial and 
mixed venous samples, des� urane and sevo� urane washout 
had similar slow phase kinetics. 

  Table 3  presents the two-way repeated measures ANOVA 
analyses of the data in  � gure 6 . 

 Figure 7 , upper ( � g. 7A  to 7C), presents the results for 
the arterial-mixed venous di� erences in anesthetic par-
tial pressure  versus  time (P 

art 
 − P 

mv 
) for the uptake period. 

 Figure 7 , lower ( � g. 7D  to 7F), presents the results for the 
partial pressure di� erences  versus  time (P 

mv 
 – P 

art 
) for the 

elimination period.  Table  4  presents the areas under the 
curves for these plots and the results for two-way repeated 
measures ANOVA analysis of these area-under-the-curve 
results. There was an association between higher 

.
V 

A 
/

.
Q  and 

more separation between the arterial and mixed venous 
partial pressures for both washin and washout. 

 All data points were included for every plot for  � gures 2  
to 7 and for their ANOVA analyses ( tables 3  and  4 ) 

 Table 5  shows the results of the t90 (time for the scaled 
signal to reach 90% of its � nal value, on uptake) and t10 
(time for the scaled signal to reach 10% of its initial value, 
on elimination) analyses for the arterial washin and wash-
out data. For  table  5 , all animal subjects,  

.
V 

A 
/

.
Q  groups, 

and data points were included for the washin t90 ANOVA 
analysis. For the t10 washout analysis, three animals in 
the low 

.
V 

A 
/

.
Q   group did not reach 10% at 45 minutes, 

and these data points were excluded from the analysis. 
The remaining t10 data points passed tests for normal-
ity and equal variance after log transformation, and two-
way repeated measures ANOVA was carried out on the 
log-transformed data. 

 Discussion 
Our study experimentally examined the e� ects of global 
lung 

.
V 

A 
/

.
Q  , for normal lungs, expected to have a unimodal 

and narrow 
.
V 

A 
/

.
Q  distribution, on the arterial and mixed 

venous kinetics of des� urane and sevo� urane during uptake 
and elimination. Previous studies that have explored the 
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e� ects of lung gas exchange ine�  ciency on uptake and elim-
ination kinetics have focused on 

.
V 

A 
/

.
Q  distribution abnor-

malities, including shunt,  20 , 21 , 23   dead space,  22   and other types 
of abnormal 

.
V 

A 
/

.
Q   distributions.  20 , 24–26   Also, some previous 

experimental and mathematical modeling studies have inves-
tigated the e� ects of individual changes in minute ventilation 
or cardiac output on anesthetic kinetics,  2 , 6–8 , 14 , 15 , 30 , 41 , 42   or par-
allel changes in both cardiac output and minute ventilation.  5  

The interventions that produced the three di� erent  
.
V 

A 
/

.
Q  

conditions (normal, low, and high 
.
V 

A 
/

.
Q ) caused marked 

changes in the time course of P 
art 

 and P 
mv 

 for both washin 
and washout ( � gs. 2  to 4), suggesting that the global  

.
V 

A 
/

.
Q   

ratio has an important impact on uptake and elimination 
kinetics. The majority of the scaled partial pressure di� erences 
between 0 and 5 minutes, and between 5 and 30 minutes, 
were substantially di� erent between the  

.
V 

A 
/

.
Q   conditions 

( � g. 6 ), supporting the visual impression from  � gures 2  to 
4 that  

.
V 

A 
/

.
Q   markedly a� ects washin and washout kinetics.

Although individual comparisons between di� erent 
experimental conditions (des� urane  vs.  sevo� urane; nor-
mal  vs.  low  vs.  high 

.
V 

A 
/

.
Q  ; arterial  vs.  mixed venous mea-

surements; uptake period  vs.  elimination period; and fast 
vs.  slow phases) are complex and vary with the individual 

comparisons, several general features emerge from the data 
presented in  � gures 4  to 6. First, des� urane was generally 
faster than sevo� urane, most prominently for arterial mea-
surements during washin ( � gs. 5  and  6A ). The des� urane–
sevo� urane kinetic di� erences were also observed for the 
slow phase of washout ( � g. 5 ) for both arterial and mixed 
venous measurements. 

Second, the experimental interventions to create the dif-
ferent 

.
V 

A 
/

.
Q  conditions generally had a substantial impact 

on the anesthetic kinetics, most prominently for arterial 
measurements for both washin and washout. Compared 
to the normal 

.
V 

A 
/

.
Q  condition, the low 

.
V 

A 
/

.
Q  condition 

decreased the di� erences in scaled arterial partial pressures 
between 0 and 5 minutes, whereas the high 

.
V 

A 
/

.
Q   condition 

increased these di� erences from the low 
.
V 

A 
/

.
Q  value to a 

value approaching or exceeding the value for normal  
.
V 

A 
/

.
Q  . 

Third, the assessment of anesthetic kinetics from mixed 
venous measurements produces di� erent results than assess-
ment from arterial measurements. Mixed venous kinetics 
were not only slower than arterial kinetics for both washin 
and washout but also less in� uenced by 

.
V 

A 
/

.
Q  ( � g. 4 ). 

Our experimental design prioritized the creation of a 
wide range of global  

.
V 

A 
/

.
Q   for assessing the e� ects of  

.
V 

A 
/

.
Q

 Fig. 7.      Arterial minus mixed venous scaled partial pressure differences during the uptake period ( upper, A to C ), for the three ventilation/
perfusion ratio (  

.
V A /Q

.
) conditions (normal, low, and high). Mixed venous minus arterial scaled partial pressure differences during the elimina-

tion period are shown in the  lower  panels ( D to F ). Desfl urane represented in  blue , sevofl urane in  red . Mean values and 95% CIs, no outliers 
excluded.    
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on kinetics. For the low 
.
V 

A 
/

.
Q  condition, we decreased 

ventilation while simultaneously increasing cardiac out-
put; for the high 

.
V 

A 
/

.
Q  condition, the opposite changes 

were induced. These perturbations, however, could have 
also in� uenced tissue blood � ow and distribution of tis-
sue � ow between the several tissue groups, thereby altering 
the kinetics of P 

art 
 and P 

mv 
 independent of the e� ects of 

the 
.
V 

A 
/

.
Q  condition on lung factors. The increase in tissue 

blood � ow from increased cardiac output, for example, is 
expected to alter the tissue time constants and speed tis-
sue uptake and elimination. The dobutamine infusion that 
increased total blood � ow might also have altered the dis-
tribution of blood � ow between the vessel rich group, the 
muscle group, and fat, and could have altered tissue kinetics 
in unpredictable ways. The atrial occlusion used to reduce 
cardiac output could also lead to alterations in � ow distri-
bution by altering the contributions of superior and infe-
rior caval � ow to total cardiac output. Similar e� ects could 
result from the mechanical changes in thoracic pressure 

with manipulation of minute ventilation. Hypocarbia and 
hypercarbia from altered minute ventilation could also alter 
the distribution of � ows between tissues. The overall e� ects 
of these potential confounding factors are complicated and 
di�  cult to predict, and would be very di�  cult to control 
experimentally. 

We therefore attempted to look more speci� cally at the 
e� ects of global 

.
V 

A 
/

.
Q  and lung gas exchange on kinetics, 

and minimize potential confounding from tissue e� ects, by 
also examining the di� erences between P 

art 
 and P 

mv 
. At high  .

V 
A 
/

.
Q  , as  

.
V 

A 
/

.
Q   approaches in� nity, we would expect alveolar 

partial pressure and arterial partial pressure to approach the 
partial pressure of inspired gas (open circuit inspired par-
tial pressure for uptake, 0 for elimination) and to be more 
separated from P 

mv 
. At low 

.
V 

A 
/

.
Q  , as 

.
V 

A 
/

.
Q   approaches 0, we 

would expect P 
alv 

 and P 
art 

 to approach P 
mv 

. At any given 
time, the P 

art 
-P 

mv 
 di� erence re� ects the extent of equili-

bration of mixed venous blood as it traverses the lung, and 
the time-averaged di� erence should be less dependent on 

 Table 4.      Two-way Repeated Measures ANOVA Analysis of the Area under the Curve for Washin (P art  − P mv ) and Washout (P mv  − P art ) and 
Pairwise Multiple Comparison (Holm–Sidak)   

 Desfl urane 
Normal 

.
V A /

.
Q   

 Desfl urane 
Low 

.
V A /

.
Q   

 Desfl urane 
High 

.
V A /

.
Q   

 Sevofl urane 
Normal 

.
V A /

.
Q   

 Sevofl urane 
Low  

.
V A /

.
Q   

 Sevofl urane 
High 

.
V A /

.
Q   

 Uptake 
  AUC mean, min  13.27  9.17  13.73  10.79  7.33  11.07 
 Two-way repeated measures ANOVA for AUC P 

art  − P mv 

 Source of Variation  Degrees of freedom  Type III sum of squares  Mean square  F ratio P  value    
  Subject  6  42.2  7.04          
  Gas  1  57.0  57.0  61.2  < 0.001    
  Gas × subject  6  5.59  0.93          
    

.
V 
A /Q

.
 2  148  73.9  11.1  0.002    

    
.
V A /Q

.  
× subject  12  80.1  6.68          

  Gas ×  
.
V A /Q

.
 2  1.29  0.64  0.32  0.733    

 Pairwise Multiple Comparison for AUC P art  − P mv 

 Comparison  Diff of Means  t P  value          
  Desfl urane  vs.  sevo

 fl urane 
 2.33  7.82  < 0.001          

  High  
.
V A /Q

.
  vs.  low  

.
V A /Q

. 
 4.15  4.25  0.003          

  Normal  
.
V A /Q

.
  vs.  low  

.
V A /Q

. 
 3.78  3.87  0.004          

  High  
.
V A /Q

.
  vs.  normal  

.
V A /Q

. 
 0.38  0.39  0.707          

 Elimination 
  AUC mean, min  4.49  4.29  7.84  4.96  4.97  8.33 
 Two-way repeated measures ANOVA for AUC P 

mv  − P art 

 Source of variation  Degrees of freedom  Type III sum of squares  Mean square  F ratio P  value    
  Subject  6  14.4  2.41          
  Gas  1  3.09  3.09  26.7  0.002    
  Gas × subject  6  0.69  0.12          
    

.
V 
A /Q

.
 2  108  54.2  74.7  < 0.001    

    
.
V A /Q

.  
× subject  12  8.71  0.73          

  Gas ×  
.
V A /Q

.
 2  0.10  0.05  0.09  0.919    

 Pairwise multiple comparison for AUC P mv  − P art 

 Comparison  Diff of means  t P  value          
  Sevofl urane  vs. 

 desfl urane 
 0.54  5.17  0.002          

  High  
.
V A /Q

.
  vs.  low  

.
V A /Q

. 
 3.46  10.7  < 0.001          

  High  
.
V A /Q

.
  vs.  normal  

.
V A /Q

. 
 3.36  10.4  < 0.001          

  Normal  
.
V A /Q

.
  vs.  low  

.
V A /Q

. 
 0.10  0.30  0.767          

   AUC, area under the curve;  
.
V A /Q

.
, ventilation/perfusion ratio.   
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confounding tissue kinetic e� ects than direct comparisons 
of P 

art 
  versus  P 

art 
, and P 

mv 
  versus  P 

mv 
. Our results support the 

concept that higher 
.
V 

A 
/

.
Q  widens the gap between P 

art 
 and 

P 
mv 

 ( � g.  7 ;  table  4 ), and if all other factors were equal, a 
higher  

.
V 

A 
/

.
Q   would therefore accelerate the kinetics of 

both uptake and elimination. 
Our study also provides a side-by-side comparison of 

des� urane  versus  sevo� urane kinetics under di� erent 
.
V 

A 
/

.
Q   

conditions ( � gs. 2 ,  3 ,  5 , and  6 ). Previous experimental stud-
ies in small pigs  13   and in human volunteers  35 , 36   have estab-
lished that washin and washout are faster for des� urane than 
for sevo� urane, as assessed by end-tidal anesthetic measure-
ments. The e� ect of global 

.
V 

A 
/

.
Q  on this relationship, how-

ever, has not been previously reported. Our results ( � gs. 5  
and  6 ) demonstrate that faster arterial kinetics for des� urane 
are generally maintained at all three 

.
V 

A 
/

.
Q  conditions for 

both washin and washout. Of interest, however, is the � nd-
ing that for mixed venous kinetics, these kinetic di� erences 
are sometimes reversed—for example, in the high 

.
V 

A 
/

.
Q   

condition during uptake ( � g. 5C ).
Our study has several limitations. We did not directly 

measure the 
.
V 

A 
/

.
Q  distributions in our piglets. Previous 

measurements in this normal pig model in our laboratory, 
however, have shown normal distributions,  i.e. , a single, nar-
row primary 

.
V 

A 
/

.
Q  mode with little shunt or alveolar dead 

space.  24 , 25   Our experiments were not blinded, and the order 
of  

.
V 

A 
/

.
Q  conditions was not randomized. To create a wide 

range of  
.
V 

A 
/

.
Q  ,  

.
V and  

.
Q   were both altered simultaneously, 

rather than � xing the 
.
Q  constant and varying 

.
V, and  vice 

versa . Finally, the fractional weights of the tissue groups and 
fractional � ows to these groups in our juvenile piglets are 
unlikely to exactly match the corresponding values in adult 
human patients. 

Our study also has several strengths. The mass spectrome-
ter–based measurement system we used features high sensi-
tivity, allowing the use of subanesthetic partial pressures that 

would be expected to have little e� ect on cardiac output, 
distributions of cardiac output, or ventilation mechanics 
and lung 

.
V 

A 
/

.
Q  distributions. Anesthetic gas partial pres-

sures were measured directly in small blood samples, with 
no extraction into a gas phase, no errors from extraction 
techniques, and no dependence on individual variations in 
solubility.    38,39   We measured mixed venous as well as arterial 
anesthetic partial pressures to fully characterize anesthetic 
entry into, and exit from, pulmonary blood. Finally, the 
combination of small blood sample volumes and rapid anal-
ysis time facilitated relatively dense sampling times during 
washin and washout. 

In summary, the global
.
V 

A 
/

.
Q   ratio for normal lungs had 

substantial and complex e� ects on the washin and washout 
kinetics for des� urane and sevo� urane, most prominently 
for the arterial measurements. Increased 

.
V 

A 
/

.
Q   ratio was 

associated with increased arterial–mixed venous di� erences 
for the anesthetic gases. For all three 

.
V 

A 
/

.
Q   ratios, des� urane 

kinetics were faster than sevo� urane kinetics. 
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 Table 5.      Arterial t90 (Washin) and t10 (Washout)   

      Desfl urane    Sevofl urane   

 t90, min 
  Normal  

.
V A /Q

. 
 4.6 ± 4.3 *   12.5 ± 3.7 *  

  Low  
.
V A /Q

. 
 19.0 ± 2.5 *  †   25.7 ± 6.2 *  †  

  High  
.
V A /Q

. 
 12.7 ± 7.2 *  †   15.5 ± 5.4 *  ‡  

 t10, min 
  Normal  

.
V 
A /Q

. 
 6.2 ± 1.1 *   12.5 ± 6.4 *  

  Low  
.
V A /Q

. 
 23.2 ± 6.6 †   31.8 ± 3.9 †  

  High  
.
V A /Q

. 
 3.6 ± 1.1*†‡      9.2 ± 8.1*†‡     

   Presented as mean ± SD.  
  * P  < 0.05 between gases.     † P  < 0.05  vs.  control within same gas.     ‡ P  < 0.05  vs.  low  .
V A /Q

.
 within same gas.  

 t90, time for scaled arterial partial pressure to reach 90% of its value at 45 min, for 
wash-in; t10, time for scaled arterial partial pressure to reach 10% of its value at 
45 min, for washout;.
V A /Q

.  
, ventilation/perfusion ratio. 
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 EDITOR’S PERSPECTIVE 

 What We Already Know about This Topic  

•   Understanding the elimination kinetics of inhaled anesthetics is of 
more practical importance than understanding their uptake kinetics  

•   Normal lungs are assumed to play a major role in the elimination of 
inhaled anesthetics in the early rapid stages and a negligible role 
subsequently  

•   The fraction of cardiac output that is completely cleared of anes-
thetic in one pass is the fractional clearance    

 What This Article Tells Us That Is New  

• A mathematical model of inhaled anesthetic elimination was devel-
oped in a  post hoc  analysis of anesthetic partial pressures measured 
in mixed venous and arterial blood samples after simultaneous 
administration of desflurane and sevoflurane to seven piglets under 
normal, low, and high ventilation/perfusion ratio conditions 

•   After a brief and rapid decline in alveolar anesthetic partial pres-
sure, the fractional clearance of anesthetic became constant, and 
incomplete clearance from the lungs slowed tissue washout  

•   Slowing of tissue elimination by incomplete lung clearance became 
more pronounced at low ventilation/perfusion ratios, and was 
predicted to become more pronounced as blood/gas solubility 
increases    

The time course of inhaled anesthetic uptake and elimi-
nation has been the topic of many previous studies.  1–36  

The majority of these studies have focused on kinetics of 
anesthetic uptake; the kinetics of inhaled anesthetic elimina-
tion have received less attention. An understanding of anes-
thetic uptake is of fundamental importance for the clinical 
practice of anesthesia. In some ways, however, an understand-
ing of elimination kinetics is of more practical importance. 
During uptake, overpressure techniques can be very e� ective 
in speeding uptake in arterial blood and in brain. No simi-
lar option exists for speeding elimination.  1 , 2 , 32   Additionally, 
induction of anesthesia in adults is almost universally expe-
dited by use of intravenous drugs, again with no equivalent 
option to speed emergence. Finally, work� ow tasks during 
uptake of inhaled anesthetics, for example prepping and 
draping, can proceed in parallel, whereas delays in emergence 
might directly in� uence operating room e�  ciency. 

  ABSTRACT 
 Background:     Kinetics of the uptake of inhaled anesthetics have been well 
studied, but the kinetics of elimination might be of more practical importance. 
The objective of the authors’ study was to assess the effect of the overall 
ventilation/perfusion ratio ( 

.
V 

A 
/

.
Q  ), for normal lungs, on elimination kinetics of 

desfl urane and sevofl urane.  

 Methods:     The authors developed a mathematical model of inhaled anes-
thetic elimination that explicitly relates the terminal washout time constant to 
the global lung  

.
V 

A 
/

.
Q   ratio. Assumptions and results of the model were tested 

with experimental data from a recent study, where desfl urane and sevofl urane 
elimination were observed for three different  

.
V 

A 
/

.
Q   conditions: normal, low, and 

high.  

 Results:     The mathematical model predicts that the global  
.
V 

A 
/

.
Q    ratio, for 

normal lungs, modifi es the time constant for tissue anesthetic washout 
throughout the entire elimination. For all three  

.
V 

A 
/

.
Q    conditions, the ratio of 

arterial to mixed venous anesthetic partial pressure P 
art 

/P 
mv 

 reached a con-
stant value after 5 min of elimination, as predicted by the retention equation. 
The time constant corrected for incomplete lung clearance was a better pre-
dictor of late-stage kinetics than the intrinsic tissue time constant.  

 Conclusions:     In addition to the well-known role of the lungs in the early 
phases of inhaled anesthetic washout, the lungs play a long-overlooked role 
in modulating the kinetics of tissue washout during the later stages of inhaled 
anesthetic elimination. The  

.
V 

A 
/

.
Q  ratio infl uences the kinetics of desfl urane 

and sevofl urane elimination throughout the entire elimination, with more pro-
nounced slowing of tissue washout at lower  

.
V 

A 
/

.
Q   ratios.   
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Several types of abnormalities in the distribution of lung 
ventilation/perfusion ratios (

.
V 

A 
/

.
Q ) cause ine�  cient gas 

exchange for oxygen and carbon dioxide.  37   Previous studies 
have demonstrated that several types of abnormalities in the 
distribution of lung 

.
V 

A 
/

.
Q   ratios can also impact the kinetics 

of inhaled anesthetic uptake and elimination.  9 , 25 , 26 , 35 , 36 , 38   The 
traditional view, however, is that normal lungs (with e�  cient 
gas exchange and a unimodal, narrow

.
V 

A 
/

.
Q    distribution) play 

a major role only in the early, rapid stages of elimination. 
After the completion of these early stages, lungs with normal 
gas exchange e�  ciency have generally been regarded as hav-
ing little in� uence on later, slower stages of elimination.  7 , 15–18  

In a recent experimental study, in pigs with normal 
lungs, we measured anesthetic partial pressures in mixed 
venous (P 

mv 
) and arterial (P 

art 
) blood samples at multiple 

times during uptake and elimination of des� urane and 
sevo� urane, for three di� erent lung

.
V 

A 
/

.
Q   ratios.  39   In the cur

rent study, we further analyze this experimental data and 
develop a simpli� ed and approximate mathematical model 
of anesthetic elimination that demonstrates the dependence 
of whole-body elimination kinetics on the global 

.
V 

A 
/

.
Q    ratio 

for normal lungs. The study reported here is an exploratory, 
post hoc  analysis of a subset of a larger data set. The objective 
was to develop a mathematical model of inhaled anesthetic 
elimination that explicitly states the dependence of washout 
kinetics on overall  

.
V 

A 
/

.
Q   ratio. 

 Materials and Methods 

 Experimental Measurements 

Details of experimental methods and experimental results 
are presented in the companion experimental paper.  39   In 
brief, seven juvenile, 2.5-month-old piglets (weight, mean 
± SD 25 ± 2 kg) with normal lungs were anesthetized with 
intravenous anesthetics. Subanesthetic levels of sevo� u-
rane and des� urane were administered simultaneously with 
an open circuit technique for 45 min. Arterial and mixed 
venous blood samples were collected at predetermined 
times during the 45 min washin and during 45 min of wash-
out. Sevo� urane and des� urane partial pressures in the blood 
samples were measured with a mass spectrometer–based 
method.  40 , 41   Uptake and elimination measurements were 
carried out for three di� erent conditions  39   of alveolar min-
ute ventilation (

.
V 

A 
) and cardiac output value (

.
Q  ): normal .

V 
A 
/

.
Q  (0.91); low 

.
V 

A 
/

.
Q  (0.32); and high

.
V 

A 
/

.
Q  (1.73). Minute 

ventilation was varied between these three conditions by 
adjustment of respiratory rate. Cardiac output was increased 
with dobutamine infusion and decreased by in� ation of a 
right atrial balloon.

 Approximate and Simplifi ed Mathematical Model of 
Elimination 

We start our simpli� ed mathematical modeling approach 
by considering the kinetics of anesthetic elimination from 

body tissues. A single well-mixed compartment, as depicted 
in  � gure 1A   , has a uniform anesthetic partial pressure and 
is being supplied with fresh, anesthetic-free blood � owing 
in at rate   

.
Q ,  and � owing out also at rate   

.
Q  , where the 

out� owing blood is equilibrated to the gas partial pressure 
of the compartment. The di� erential equation describing 
the washout of anesthetic gas from this single well-mixed 
compartment is  

d Vol P t

dt
Q P tbg cmpt

bg

( ( ))
( )

λ
λ

i i
i � i= − (1) 

where P(t) is the gas partial pressure in the compartment and 
in exiting blood at time t; Vol 

cmpt 
 is the volume of the com-

partment (up to this point considered to be occupied only 
by the � owing � uid,  i.e. , blood), 

.
Q  is the liquid � uid � ow 

(units of volume/time), and  λ  
bg 

 is the Ostwald solubility of 
the gas in blood (units of ml gas · ml blood -1  · atm -1 ) that 
links gas partial pressure (units of pressure) to gas content of 
the � uid (units of volume of gas/volume of liquid). When 
gas partial pressure is expressed in atmospheres, the Ostwald 
blood gas solubility is numerically equal to the blood/gas 
partition coe�  cient (dimensionless). For constant blood 
� ow 

.
Q  , the kinetics of gas washout, starting from an initial 

gas partial pressure of P 
i 
 at time zero, are well known  4  : 

P t P ei

t

cmpt( ) =
−

i
( )
τ (2) 

The decay in gas partial pressure P(t) from any starting pres-
sure P 

i 
 is a monoexponential function of time t, with time 

constant  τ  
cmpt 

 given by 

τ
λ

λcmpt
bg cmpt

bg

cmptVol P t

Q P t

Vol

Q
= =

i i

i � i �
( )

( )
(2A: blood-� lled tank) 

 The numerator of this time constant represents the total gas 
content in the compartment at time t, and the denominator 
represents how quickly this compartment is being � ushed 
out by fresh blood � ow. 

The well-mixed compartment of interest here is � lled 
not only with blood, but rather a small volume of blood 
(V 

bld 
) supplying a much larger volume of tissue (V 

tiss 
), as 

depicted in  � gure 1B . The gas content of the compartment 
is then ( total content ) = P(t) · (Vol 

bld  
·  λ  

bg 
 + Vol 

tiss  
·  λ  

tg 
), where  λ  

tg 

is the Ostwald solubility coe�  cient for gas dissolved in tis-
sue.  5 , 23 , 42   Equation 2 still applies, but the monoexponential 
time constant becomes 

τ
λ λ

λcmpt
bg bld tg tiss

bg

Vol Vol

Q
=

+i i

i � (2B: tank with blood and tissue) 

Blood volume in many body tissues is a small fraction of 
tissue volume, and most anesthetics, including des� urane 
and sevo� urane, partition preferentially from blood into tis-
sue ( i.e. ,  λ  

tg 
 >  λ  

bg 
). Therefore,  λ  

tg 
· Vol 

tiss 
 >>  λ  

bg  
· Vol 

bld 
, and 
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as an approximation, the � rst term in the numerator can 
be neglected. Also, for a well-mixed tissue compartment, 
compartment gas partial pressure P(t) equals exiting venous 
blood partial pressure P 

v 
(t). The mass balance for the tissue 

compartment then becomes a slight modi� cation of equa-
tion 1: 

d Vol P

dt
Q Ptg cmpt v

bg v

( )λ
λ

i i
i � i= −   (1A)  

The solution for washout from starting gas partial pressure 
P 

i 
 is a monoexponential decay ( i.e. , equation 2 still applies) 

with time constant 

τ
λ

λcmpt
tg tiss

bg

Vol

Q
=

i

i � (2C: tissue, approximate) 

This approximation emphasizes that the important param-
eter for body tissue elimination kinetics is not the gas 
solubility in blood that describes how the gas partitions 
between a blood phase and gas phase, but rather the tissue/

blood partition coe�  cient  λ  
tg 
/ λ  

bg 
 that describes how gas 

partitions between tissue and blood.  1 , 4 , 7 , 8 , 15 , 17 , 18 , 21 , 28  

 In the interest of arriving at simpli� ed approximate 
equations that directly show the importance of parameter 
groups, we start by treating the entire body as one well-
mixed compartment, a composite of the traditional ves-
sel-rich, or visceral, group; the muscle group; and the fat 
group. In  � gure  1C , the blood � owing out of our com-
partment exits at mixed venous gas partial pressure, and the 
blood � ow to the whole-body compartment is the entire 
cardiac output. Mixed venous blood is recycled back to the 
compartment through a gas exchanger (the lung) capable of 
clearing all the anesthetic gas in one pass. It is obvious that 
equation 2 still applies, and the time constant compared to 
 � gure 1B  has not changed. 

 In  � gure 1D , we now consider a lung that does not clear 
all of the anesthetic in one pass. Partial clearance in the lung 
for the entire cardiac output can be divided conceptually 
into a partial lung blood � ow that is not cleared at all and 
is recycled into the body compartment, and a partial lung 
blood � ow that is cleared completely and is returned to the 

 Fig. 1.      ( A ) Stirred, well-mixed tank of volume Vol cmpt , fi lled with blood at anesthetic gas partial pressure P blood . Blood fl ow Q
.
 is entering the 

tank with no anesthetic gas and exiting equilibrated to the tank gas partial pressure P blood .   λ bg  is the anesthetic blood-gas partition coeffi cient. 
( B ) Well-mixed tank is now fi lled with blood and tissue. ( C ) Single well-mixed compartment with blood and tissue now represents the tissue 
for the whole body. Q

.
 fl owing into and out of the body tissue compartment is the cardiac output. Gas partial pressure in the tank and equili-

brated with exiting mixed venous blood is P mv . Mixed venous blood returns to the lung, where it is completely cleared in one pass, returning 
to the body compartment at a gas partial pressure in arterial blood (P art ) of zero. ( D ) The lung now only partially clears the anesthetic gas, 
returning a fraction (FrClr) of cardiac output (Q

.
) to the body compartment with zero gas (P clrd  = 0), and a fraction (1 − FrClr) of cardiac output 

with gas at mixed venous gas partial pressure P mv .    
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body tissue compartment as gas-free blood. It is obvious 
in  � gure 1D  that the part of blood � ow that is not cleared 
at all is simply recycled into the well-mixed compartment 
and has no role in elimination kinetics. It is also obvious 
that the e� ective blood � ow washing out the well-mixed 
compartment is the fraction of cardiac output that is cleared 
in one pass. Consistent with traditional pharmacokinetic 
terminology, we denote the amount of blood � ow that is 
completely cleared of anesthetic as “clearance,” with units 
of milliliters blood/min. The fraction of cardiac output that 
is cleared in one pass will then be called “fractional clear-
ance” and denoted as FrClr (dimensionless). The whole-
body elimination time constant becomes 

τ
λ
λbody

tg

bg

tissVol

FrClr Q
= ( ) i

i � (3) 

 If, for example, the lung fractional clearance (FrClr) was 
20% or one � fth, the overall elimination time constant 
would be increased, by the incomplete lung clearance, � ve-
fold compared to the intrinsic tissue time constant of equa-
tion 2C. 

An illustration of the potential e� ect of incomplete lung 
clearance on the tissue washout time constant is shown in 
� gure 2   . Tissue parameter data for the plots in  � gure 2  were 
chosen to mimic the muscle tissue compartment for the 
population averages for the pigs of our experiments.  39   A 
muscle compartment volume of 13,960 ml was estimated 

based the “standard 30-kg dog” presented by Cowles  et al. ,  23  

scaled to our average pig weight of 25 kg. Average cardiac 
output for our piglets, for the “normal”  

.
V 

A 
/

.
Q   condition, 

was measured at 3,300 ml/min. The fraction of cardiac out-
put to muscle in the Cowles 30-kg dog of 0.31 was applied 
to estimate muscle blood � ow at 1,023 ml/min. The tissue/
gas partition coe�  cient   λ 

tg 
 for des� urane in pig muscle of 

0.56, and the blood/gas partition coe�  cient for des� urane 
in pig blood of 0.40, were taken from Zhou and Liu.  43   For 
purposes of illustration, the single muscle compartment was 
connected in  � gure 2  to a lung with fractional clearance 
assumed to be constant throughout the elimination. Under 
these assumptions, the intrinsic muscle tissue time constant 
(equation 2c or equation 3 with FrClr = 1.0) is estimated as 
19.1 min. The marked e� ect on the muscle washout kinet-
ics of progressively decreasing lung clearance from 1.0 to 
0.2 is readily apparent in  � gure 2 .  

We next consider behavior of the lung during anesthetic 
elimination, and we divide this consideration into early 
stages of elimination, and later stages. We consider a normal, 
homogeneous lung with a single, narrow mode in the 

.
V 

A 
/

.
Q

distribution. A mass balance on the lung provides the key 
di� erential equation  4  : 

d
P
P

V

dt
Q P P

P

P

P

P
V

alv

b
lungeff

bg mv art
b

alv

b

A

( )

[ ] ( )

i
i � i i i �= −( ) −λ 0 (4) 

P 
alv 

 is alveolar anesthetic gas partial pressure (atm), P 
b 
 is 

barometric pressure, V 
lunge�  

 is e� ective lung volume, and P 
0 

is standard pressure (1 atm). E� ective lung volume V 
lunge�  

is the total gas capacity of the lung, given by V 
lunge�  

 = V 
frc 

+ V 
tave 

 +  λ  
bg  

· V 
lungbld  

· P 
0 
 +  λ  

lungtiss  
· V 

lungtiss 
· P 

0 
,  5 , 23 , 29   where V 

frc 

is functional residual capacity (milliliters gas); V 
tave 

 is time 
averaged tidal volume in the alveolus (for example, one half 
tidal volume for a sinusoidal breathing pattern); V 

lungbld 
 is the 

lung blood volume;  λ  
lungtiss 

 is the gas solubility in lung tissue; 
and V 

lungtiss 
 is the tissue volume of the lung. Equation 4 states 

that the time rate of change of the amount of gas in the 
lung is equal to the net delivery by blood into the alveolus 
(positive for elimination since P 

mv 
 > P 

art 
) minus removal in 

the gas phase by tidal ventilation.
Two assumptions are commonly made to simplify equa-

tion 4. The � rst is that alveolar gas and arterial blood, for 
any homogenous lung unit, are equilibrated to the same 
gas partial pressure.  4 , 5 , 10 , 11 , 23 , 29 , 42 , 44 , 45   The second, applicable 
to later stages of elimination, is the pseudo steady-state 
assumption that the term in brackets (net delivery to the 
alveolus by blood) is approximately equal to the term in 
parentheses (net loss in expired gas).  44 , 45   Therefore, as P 

mv 
, 

and P 
art 

 (= P 
alv 

), are all changing slowly together, the net 
result is that dP 

alv 
/dt becomes small enough to be neglected, 

and therefore the left term in brackets is approximately 
equal to the right term in parentheses. Equation 4 under 
these assumptions simpli� es to the retention equation  44 , 45  : 

 Fig. 2.      Hypothetical plots of desfl urane washout from tissue to 
illustrate the potential magnitude of the effect of incomplete lung 
clearance on tissue washout kinetics. Tissue desfl urane partial 
pressure (scaled to the initial pressure at the beginning of wash-
out) is plotted  versus  time for a single muscle tissue compart-
ment connected to a normal lung as in  fi gure 1D , and the lung 
maintains constant fractional clearance (1,  solid line ; 0.7,  dashed 
line ; 0.4,  dotted line ; 0.2,  dash-dot line ) throughout elimination. 
The washout is monoexponential in all cases, with an intrinsic 
muscle time constant (equation 2C) of 19.1 min.    
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P

P V
Q P

art

mv A

bg

=
+

1

1
0

�

i � iλ
(5) 

The retention equation is the underlying basis for the 
multiple inert gas elimination technique that has been 
used successfully hundreds of times in describing lung gas 
exchange.  37   During these later stages of elimination, the 
retention (de� ned as P 

art 
/P 

mv 
, the ratio of arterial to mixed 

venous anesthetic partial pressure) is predicted to become 
constant as both P 

art 
 and P 

mv 
 continue to change together. 

We refer in this manuscript to these later stages of elimina-
tion as the “retention equation plateau.” 

In equations 4 and 5,  λ  
bg 

 is the Ostwald solubility coef-
� cient, and the standard barometric pressure P 

0 
 of 1.0 atm 

appears in these equations to maintain dimensional con-
sistency. If instead we use the numerically equal value of 
the blood/gas partition coe�  cient (dimensionless) for  λ  

bg 
, 

equation 5 takes the slightly simpler form: 

P

P V
Q

art

mv A

bg

=
+

1

1
�

i �λ
(6: retention equation) 

 Fractional clearance of anesthetic gas from pulmonary 
blood is de� ned as the fraction of gas removed from mixed 
venous blood and can be expressed as 

FrClr
P P

P

P

P
mv art

mv

art

mv

=
−

= −1 (7: de� nition of FrClr) 

It is clear that if retention is constant in the latter stages of 
elimination, fractional clearance FrClr will also be constant. 
Fractional clearance can also be expressed by substituting 
the expression in the retention equation for P 

art 
/P 

mv 
, and 

rearranging: 

FrClr
Q

V
bg

A

=
+

1

1
λ i �

�
(8) 

This equation for fractional clearance has been presented 
previously.  1 , 2 , 34 , 46   Retention and fractional clearance curves 
for a des� urane blood/gas partition coe�  cient in pig blood 
of 0.40  43   are shown in  � gure 3   , with three points on each 
curve corresponding to our experimental values of  

.
V 

A 
/

.
Q  . 

 Figure 3  also shows the retention and fractional clearance 
curves, and the corresponding three points, for sevo� urane 
with a blood/gas partition coe�  cient in pig blood of 0.48.  43  

 Constant fractional clearance in the later stages of elimi-
nation, where “later” is yet to be de� ned, will directly a� ect 
the terminal time constant (often called the “beta” constant 
in pharmacokinetics) for elimination for a single whole-
body compartment interacting with the lungs, as discussed 

above. Substituting the expression for fractional clearance in 
equation 8 into equation 3, we obtain the late stage termi-
nal time constant: 

τ
λ
λ

λ
λlate

tg

bg

tiss tg

bg

tissVol

FrClr Q

Vol
=









 =











+

i
i � i

1

1
λλ

λ
λ

λ

bg

A

tg

bg

tiss bg

A

Q

V

Q

Vol

Q

Q

V

i �

�

i �

i � i
i �

�=








 +( )1

(9) 

This simple connection between lung gas exchange and 
whole-body washout time constant shows that during 
later stages of elimination, lung gas exchange efficiency, 
even for normal lungs with a narrow unimodal

.
V 

A 
/

.
Q

distribution, directly affects the whole-body elimination 
time constant, because incomplete clearance directly 
reduces the effective blood flow that is washing out the 
body compartment. In the rightmost version of equa-
tion 9, the term in left parentheses is recognized as the 
intrinsic tissue time constant from equation 2C. The 
term in right parentheses is the impact of the lung in 
slowing whole body washout, and this impact of the 
lung is determined by (1) the overall lung

.
V 

A 
/

.
Q   ratio 

and (2) the blood/gas partition coefficient. Equation 9
can also be rearranged to more directly show the indi-
vidual roles of cardiac output

.
Q  and alveolar minute 

ventilation 
.
V 

alv 
: 

 Fig. 3.      Plots of the retention (defi ned as P art /P mv , calculated from 
retention equation;  solid lines ) and the corresponding fractional 
clearance (1  − P art /P mv ;  dashed lines ) as a function of venti-
lation/perfusion ratio (  

.
V A /Q

.
) for a gas with blood/gas partition 

coeffi cient of 0.40 (matching the partition coeffi cient for des-
fl urane in pig blood; in  blue ) and for a gas with blood/gas par-
tition coeffi cient of 0.48 (matching the partition coeffi cient for 
sevofl urane in pig blood; in  red ). The three points on each curve 
correspond to the mean  

.
V A /Q

.
 ratios in the three conditions of 

our experiments: 0.32, 0.91, and 1.73.    
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τ
λ
λ

λ
late

tg

bg
tiss

bg

A

Vol
Q V

=








 +i i � �( )

1
(10) 

Equation 10 tells us that the direct e� ect of increased cardiac 
output in speeding the tissue compartment washout (the  

.
Q

in equation 2C) always dominates over the indirect e� ect of 
increased cardiac output in decreasing clearance and slowing 
the late-stage whole-body washout (the 

.
Q  in equation 8), 

and therefore the net e� ect of an increase in cardiac out-
put is to speed late-stage elimination. This result, however, 
is restricted to the assumption of a single body compart-
ment where a change in cardiac output cannot be accom-
panied by a change in the organ level distribution of blood 
� ow.  2 , 11 , 28   Equation 10 also helps to clarify the concepts 
of perfusion-limited elimination and ventilation-limited 
elimination.  4 , 21 , 44 , 47   For a gas that has a solubility coe�  cient 
much greater than 1, or when 

.
V 

A 
is much less than 

.
Q, 

the second term in parentheses will dominate, changes in 
cardiac output will have little e� ect, changes in ventilation 
will have a large e� ect, and the late-stage elimination is ven-
tilation-limited. For a gas that has a solubility coe�  cient 
much less than 1, or when

.
Q  is much smaller than  

.
V 

A 
, 

the 1/
.
Qterm in parentheses will dominate, changes in ven-

tilation will have little e� ect, changes in cardiac output 
will have a large e� ect, and the late-stage elimination is 
perfusion-limited.

Early in elimination, in contrast to the later stages of 
elimination, P 

alv 
 is changing rapidly, and the retention equa-

tion cannot be applied to predict P 
art 

/P 
mv 

. Some insight into 
the early stages of elimination can be gained, however, by 
considering the limiting case of an anesthetic gas with a 
solubility in blood approaching zero. For sparingly soluble 
gases, the term describing net delivery in blood in equation 
4 approaches zero, and equation 4 reduces to 

d
P

P
V

dt

P

P
V

alv

b
lungeff

alv

b
A

( )

( )

i
i �= − (11: sparingly soluble gas) 

For a gas that is sparingly soluble in tissue ( λ  
tg 
 ≈ 0) as well as 

in blood ( λ  
bg 

 ≈ 0), e� ective lung volume becomes V 
frc 

 + V 
tave 

, 
and the di� erential equation describing washout becomes 

d P

dt

V

V V
Palv A

frc tave
alv

( )
= −

+

�
i (12: sparingly soluble gas) 

The solution is a monoexponential decay in alveolar partial 
pressure from starting pressure P 

i 
: 

P t P e
V V

Vi

t

frc
frc tave

A

frc( ) = =
+−

i �
τ τ (13: sparingly soluble gas) 

For our piglets, functional residual capacity is estimated as 
669 ml by scaling the data of Ludwigs  et al.   48   to our pig 

weight of 25 kg and linearly interpolating to our set posi-
tive end-expiratory pressure of 5 cm H 

2 
O. An average tidal 

volume for our experiments, globally for all conditions, 
estimates tidal volume as 268 ml, giving functional residual 
capacity + ½ tidal volume as 803 ml. For the three di� erent 
minute ventilation settings in our experiments, the three 
time courses predicted for alveolar washout for a hypothet-
ical, very low solubility gas are graphed in  � gure 4   . Of note, 
all of the functional residual capacity time constants, even 
for low minute ventilation, are small, with this part of wash-
out completing in about 1 min or less.  

For more soluble gases, the approach from P 
art 

/P 
mv 

 = 1 to 
the retention equation plateau is not easily predicted with 
simpli� ed models, because the kinetic behavior is governed 
by the behavior of the lung kinetics interacting with the 
tissue kinetics. It can be appreciated qualitatively that the 
approach to the retention equation plateau will be slower 
than predicted by  τ  

frc 
 because gas exiting the alveolus in 

arterial blood speeds the decay, but gas entering from mixed 
venous blood slows the decay, and P 

mv 
 during elimination 

will be larger than P 
art 

. More quantitative descriptions would 
require simultaneous solution of both di� erential equations 
for lung and body tissue (equations 1A and 4), either numer-
ically  5 , 10 , 11 , 13 , 21 , 23 , 29 , 42   or analytically.  4 , 28   Alternatively, the early 
stages of anesthetic washout can be described with experi-
mental data. In the current study, the experimental data for 
P 

art 
 and P 

mv 
 from our companion experimental study  39   are 

analyzed by calculating the retention at each time point and 
plotting retention  versus  time. 

 Graphic and Statistical Analysis of Experimental 
Measurements 

Data for P 
art 

 and P 
mv 

 were taken from our companion 
experimental study.  39   For each individual animal, and 
each of the three 

.
V 

A 
/

.
Qconditions, arterial (P 

art 
) and mixed 

venous (P 
mv 

) mass spectrometer signals were scaled to that 
individual’s arterial signal at the end of the 45-min anes-
thetic (sevo� urane and des� urane) administration. For each.
V 

A 
/

.
Q  condition and each subject, the scaled P 

art 
 was divided 

by scaled P 
mv 

 to calculate the retention for that individual, .
V 

A 
/

.
Q  condition, and time. Then, for each

.
V 

A 
/

.
Q  condition, 

P 
art 

/P 
mv 

 was averaged for each time over the seven animals, 
99% CIs were determined using the Student’s  t  distribu-
tion, and values were plotted as means and CIs  versus  time 
( � g. 5    for des� urane and  � g. 6    for sevo� urane). Scaled des-
� urane mixed venous partial pressure means and 99% CIs 
were plotted as spline-smoothed curves on a semi-log plot 
( � g.  7   ). Des� urane elimination kinetics in mixed venous 
blood from 20 to 45 min were compared to two theoret-
ical monoexponential washout kinetics, the intrinsic time 
constant for the muscle compartment, and the fractional 
clearance–corrected time constant ( � g. 7 ). A similar anal-
ysis for sevo� urane was performed, with a similar plot in 
� gure 8   . The rationale for focusing on the muscle compart-
ment, when we restrict our attention to the time period 
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from 20 to 45 min, is presented in the appendix. The intrin-
sic muscle compartment time constants (equation 2C, or 
equation 3 with FrClr = 1) were calculated from the fol-
lowing: measured cardiac output times the fractional � ow 
to muscle for the Cowles “standard 30-kg dog”  23  ; muscle 
tissue volume from the Cowles 30-kg dog, scaled to our 
pig weight of 25 kg; pig tissue/gas partition coe�  cients for 
des� urane (0.56) and sevo� urane (1.17) in muscle from 
Zhou and Liu.  43  ; and pig blood/gas partition coe�  cients 
of 0.40 for des� urane and 0.48 for sevo� urane from Zhou 
and Liu.  43   Fractional clearance for the clearance-corrected 
muscle time constant (equation 3) was calculated (equation 
8) from measured cardiac output and alveolar minute ven-
tilation, and   λ 

bg 
 from Zhou and Liu.  43  

 Results 
 Figure  5  shows the time course of calculated P 

art 
/P 

mv 

(retention)  during des� urane elimination, as means (over 
the seven animals at each time point) and 99% CIs. In all 
three

.
V 

A 
/

.
Q   conditions, the values reached the retention 

equation plateau within 5 min. The ratio of scaled P 
art 

 to 
scaled P 

mv 
 is initially greater than 1 in all cases, re� ecting the 

fact that not all body tissues were completely equilibrated 
at the end of a 45 min administration. The experimental 
values of retention on this retention equation plateau are 
compared graphically to the values calculated from the 
retention equation (applied to the average values of 

.
V 

A 
/

.
Qof 

0.91, 0.32, and 1.73), with the central section of the graph 
of  � gure 3  reproduced and aligned to the right of the data 
plot in  � gure 5 . 

  Figure 6  shows the corresponding analysis for the sevo-
� urane data. There is a similar trend for retentions to reach 
a plateau after the � rst 2 to 5 min, especially notable in the 
time period from 2 to 10 min. Later time periods in  � gure 6  
are di�  cult to interpret; the noise in the sevo� urane data 
becomes large as the signals approach zero late in wash-
out. As a consequence of the mass spectrometer setup and 
the chosen inspired concentrations of sevo� urane and des-
� urane, the signal to noise ratio for the sevo� urane data 
analysis was on the order of 20 to 50 times smaller than 
the corresponding des� urane signal to noise ratios. The 
result is the large error bars, compared to des� urane, in the 
sevo� urane retention plots late in washout, where two very 
small quantities are divided as they both approach zero. The 
very small signal for sevo� urane in late stages of washout 
also makes the calculation of the ratio of two small num-
bers susceptible to systematic, nonrandom measurement 
errors—for example, any small amount of drift in the mass 
spectrometer baseline. 

 Figure 7  presents the measured P 
mv 

 values for des� urane 
during elimination, connected by a spline-smoothed curve 
on a semi-log plot (means with 99% CIs). Also plotted are 
the monoexponential washouts (linear on a semi-log plot) 
from the 20-min time point that are predicted for the mus-
cle compartment alone. The more rapid washout (steeper 
slope of a straight line on the semi-log plot; dot-dash line) 
is predicted by the intrinsic time constant of the muscle 
compartment (intrinsic tissue compartment time constant, 
methods),  i.e. , the washout that is predicted for complete 
lung fractional clearance. The slower linear, monoexponen-
tial washout (solid line) is predicted by the intrinsic muscle 
time constant corrected for the fractional clearance by the 
lung (late-stage e� ective time constant; see Materials and 
Methods, equation 9).  Figure 8  presents the corresponding 
analysis for sevo� urane. 

 Discussion 
Our study develops a simpli� ed mathematical model 
of inhaled anesthetic elimination that explicitly shows 
the dependence of elimination on overall lung

.
V 

A 
/

.
Q, 

in contrast to both of the two most prominent previ-
ous approaches to mathematical modeling of elimina-
tion. One prominent approach to previous mathematical 
modeling of elimination has used numerical (or, in early 
studies, analog electrical) solutions to the system of dif-
ferential equations that arise from compartmental mod-
eling.  2 , 5 , 9–13 , 21–24 , 27–29 , 34 , 42 , 49 , 50   Each compartment included 
in the model (for example, lungs/central, visceral, muscle, 
and fat compartments in a four-compartment model)  2 , 23 , 42  

is represented by a di� erential equation, and the resulting 
uptake and elimination curves can be compared to the 
experiment. Because this approach includes a di� erential 
equation for the lungs, equivalent or identical to equation 4, 
the e� ect of overall lung

.
V 

A 
/

.
Q  is implicitly included. 

The numerical solutions, however, do not provide any 

 Fig. 4.      Predicted washout of a very low solubility gas from the 
alveolar gas spaces for a normal, homogeneous lung. Alveolar 
gas partial pressure (scaled to the beginning partial pressure) is 
plotted  versus  time for a fi xed effective alveolar volume (func-
tional residual capacity + ½ tidal volume) of 803 ml for our 25-kg 
pigs at 5 cm H 2 O of positive end-expiratory pressure. The three 
alveolar minute ventilations correspond to the average  

.
V A  for our 

experiments (high, 3.7 l/min,  dotted line ; normal, 2.9 l/min,  solid 
line ; low, 2.0 l/min,  dashed line ).    

ALN_V135N6_Text.indb   1048ALN_V135N6_Text.indb   1048 01-Nov-21   20:54:5701-Nov-21   20:54:57

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



 Anesthesiology 2021; 135:1042–54 1049

.
V A /Q

.
 Ratio and Desfl urane, Sevofl urane Elimination

 Baumgardner  et al .

equations that explicitly show the functional form of the 
dependence of kinetics on

.
V 

A 
/

.
Q  . 

Another prominent approach to mathematical modeling 
of washout data is the empiric � tting of kinetic data for P 

art 

(or for P 
et 
) to sums of multiple exponential terms of the 

form 

P A eart i

n

i
k ti=

=
−∑ 1

i i

  
(14)   

Terms are empirically added to the model according to 
whether or not they improve the � t of the multiexponen-
tial curve to the data points. Carpenter  et al . used � ve terms 
� t to prolonged (several days) washout data for multiple 
anesthetics.  15 , 16   Because the recovered rate constants k 

i 

were substantially separated in magnitude, it was assumed 
as an approximation that each coe�  cient A 

i 
 and rate con-

stant k 
i 
 corresponds to a distinct tissue group, resulting 

in the � ve-compartment model  15–18   for anesthetic elim-
ination: lungs/central compartment, vessel-rich group, 
muscle group, fat group, and the “fourth compartment,” 
attributed to intertissue di� usion.  1 , 15–18   Earlier work inter-
preted uptake kinetics in a similar way for a four-compart-
ment model.  7  

The lungs/central compartment has the fastest kinetics 
compared to all the other compartments, and it has been 
assumed as an approximation  7 , 15–18   that after the early period 
of washin or washout, the role of the lungs in later stages 
of kinetics can be neglected. The expectation is then that 
the empirically recovered time constants for each com-
partment (the time constants  τ  

i 
 = 1/k 

i 
) should reasonably 

match the intrinsic tissue time constants  7 , 15–18   as calculated 
from the equation for “intrinsic tissue compartment time 
constant,” equation 2C in the Materials and Methods. Our 
study shows that this concept is incorrect. The lung overall .
V 

A 
/

.
Q  ratio, and more speci� cally the dimensionless param-

eter group 
.
V 

A 
/ ( λ  

bg 

.
Q), continues to directly in� uence the 

terminal elimination constant for the entire elimination. 
During these later stages of elimination, it is true that the 
in� uence of  V 

frc 
/

.
V 

A 
kinetics has decayed to a negligible 

role. The fractional clearance, however, takes on a constant 
value and plays a major role in modulating the intrinsic 
tissue time constants to determine the overall late-stage 
kinetics. 

 Figures  7  and  8  illustrate several features of late-stage 
des� urane and sevo� urane washout. First, although there is 
still some curvature in the time period from 20 to 45 min, 

 Fig. 5.      Experimental measurements of P art /P mv  (retention, defi ned as anesthetic gas partial pressure in arterial blood/anesthetic gas partial 
pressure in mixed venous blood) for desfl urane, plotted  versus  time for the three ventilation/perfusion ratio (  

.
V A /Q

.
) conditions as means and 

99% CIs for the seven animals. High  
.
V A /Q

.
,  dotted line  and  open squares ; normal  

.
V A /Q

.
,  solid line  and  fi lled circles ; low  

.
V A /Q

.
,  dashed line  and 

open circles . For comparison to theoretical calculations of retentions for each condition (the retention equation applied to mean  
.
V A /Q

.
 for that 

condition), the middle section of the retention curve from  fi gure 3 , for desfl urane, is reproduced and aligned to the right of the experimental 
data plots.    
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 Fig. 6.      Experimental measurements of P art /P mv  (retention, defi ned as anesthetic gas partial pressure in arterial blood/anesthetic gas partial 
pressure in mixed venous blood) for sevofl urane, plotted  versus  time for the three ventilation/perfusion ratio ( 

.
V A /Q

.
) conditions as means and 

99% CIs for the seven animals. High  
.
V A /Q

.
,  dotted line  and  open squares ; normal  

.
V A /Q

.
,  solid line  and  fi lled circles ; low  

.
V A /Q

.
,  dashed line  and  open 

circles . To separate the overlapping CIs, at each time point the three means and CIs are plotted with a slight time offset. For comparison to 
theoretical calculations of retentions for each condition (the retention equation applied to mean  

.
V A /Q

.
 for that condition), the middle section of 

the retention curve from  fi gure 3 , for sevofl urane, is reproduced and aligned to the right of the experimental data plots.    

 Fig. 7.      Scaled desfl urane mixed venous partial pressure means and 99% CIs for the seven animals, plotted with a smoothed spline curve on 
a semi-log plot ( dashed line ,  open circles ). ln(Scaled P mv ) is the natural logarithm of the scaled mixed venous partial pressure P mv . Also plotted 
are the monoexponential washouts, from the time = 20 min point, predicted by a single muscle compartment connected to the lungs, for the 
intrinsic muscle group time constant ( dot-dash line ) and for the effective, or clearance-corrected (FrClr-corrected), time constant ( solid line ).   .
V A /Q

.
, ventilation/perfusion ratio.    
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the washout during this time is a close approximation to 
a monoexponential washout that would plot as a straight 
line on a semi-log plot. This is consistent with the antic-
ipation that this period of washout can be approximately 
represented by a single muscle compartment connected to 
the lungs, as described in the appendix. Second, the clear-
ance-corrected time constant for a monoexponential mus-
cle compartment washout is generally a better predictor 
of the experimental data than the intrinsic time constant, 
supporting our point that incomplete lung clearance slows 
washout during the entire elimination. Third, the clear-
ance-corrected time constant makes a very good prediction 
of the experimental washout kinetics. This � t of theory to 
experimental data is striking, considering that this match 
did not use any adjusted parameters for “best � t.” Finally, 
the correction for lung clearance makes little di� erence 
when lung fractional clearance approaches 1.0 ( � gs. 7C  and 
 8C , high

.
V 

A 
/

.
Q  ),  i.e. , when

.
V 

A 
/

.
Q  is high and/or solubility 

is small. When clearance is not close to 1.0, however, the 
uncorrected washout time constant substantially overesti-
mates the speed of washout ( � gs. 7B  and  8B , low

.
V 

A 
/

.
Q  ). 

Of note, des� urane and sevo� urane are two of the least sol-
uble inhaled anesthetics. These e� ects will be even more 
pronounced for higher solubility gases. 

The dimensionless group
.
V 

A 
/ ( λ  

bg 

.
Q ), highlights two 

important factors in anesthetic elimination: the role of over-
all lung 

.
V 

A 
/

.
Q, and the role of the blood/gas partition coef-

� cient. Even for normal lungs with e�  cient gas exchange 
for oxygen and carbon dioxide, and a narrow unimodal.
V 

A 
/

.
Q distribution, the overall lung 

.
V 

A 
/

.
Q  ratio has a direct 

e� ect on anesthetic elimination kinetics. In general, higher.
V 

A 
/

.
Q  ratios produce higher fractional clearance in the lung 

( � g. 3 ) and therefore less slowing of tissue washout kinetics 
(equation 9 for  τ  

late 
). 

It has been taught intuitively for many years that lower 
blood gas solubility leads to faster overall uptake and elim-
ination kinetics,  1–3 , 6 , 9–11 , 13 , 24   a fact completely consistent 
with experimental data,  6 , 14–20 , 23 , 24   mathematical models of 
kinetics solved numerically  2 , 5 , 9–11 , 13 , 23 , 24 , 34   or analytically,  4 , 28  

and routine clinical experience. Surprisingly, however, it is 
hard to � nd in previous literature any equation that directly 
shows a connection between the overall terminal elimina-
tion time constant and blood gas solubility. Equation 9 for 
τ  

late 
 directly makes a connection between the beta elimi-

nation half-life in the later stages of elimination, and blood 
gas solubility. 

Our two companion studies,  i.e. , the current model-
ing study and the experimental study that provided the 
data for analysis, have several limitations. First, the current 
study was an exploratory  post hoc  analysis of a subset of a 
larger data set. This type of analysis is recognized as a way 
to generate hypotheses, but is not appropriate for testing 
of hypotheses. Second, we did not perform a complete 
factorial design with three levels each of cardiac output 
times three levels of ventilation. Rather, our experiments 
explored a limited subset of all nine possible conditions, 
with cardiac output and ventilation both changing between 
conditions. Third, cardiac output was varied in the desired 
directions, but there was no way to assess or in� uence the 
distribution of blood � ow that could have accompanied 
these changes. Redistribution of blood � ow between body 
compartments can impact elimination kinetics beyond the 
change in cardiac output alone. Both of the maneuvers to 
manipulate cardiac output (dobutamine to increase cardiac 

 Fig. 8.      Scaled sevofl urane mixed venous partial pressure means and 99% CIs for the seven animals, plotted with a smoothed spline curve 
on a semi-log plot ( dashed line ,  open circles ). ln(Scaled P mv ) is the natural logarithm of the scaled mixed venous partial pressure P mv . Also 
plotted are the monoexponential washouts, from the time = 20 min point, predicted by a single muscle compartment connected to the lungs, 
for the intrinsic muscle group time constant ( dot-dash line ) and for the effective, or clearance-corrected (FrClr-corrected), time constant ( solid 
line ).   

.
V A /Q

.
, ventilation/perfusion ratio.    
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output; atrial obstruction to decrease cardiac output) could 
have changed distribution of � ow as well as total � ow. 
Additionally, both hypocarbia and hypercarbia can change 
the blood � ow distribution. Fourth, an optimal condition 
for studying the kinetics of anesthetic elimination would 
be a starting point of complete equilibration of all of the 
body tissues to the same anesthetic partial pressure. Our 
45-min administration obviously did not completely 
equilibrate all body tissues. Fifth, we did not directly mea-
sure the

.
V 

A 
/

.
Q  distributions in our piglets. Previous mea

surements of 
.
V 

A 
/

.
Q  distributions in this model, however, 

have demonstrated normal distributions with a single nar-
row

.
V 

A 
/

.
Q   mode, minimal shunt, and minimal alveolar dead 

space.  36   Based on the close matching of 
.
V 

A 
and 

.
Q    for 

normal lungs, our mathematical model further makes the 
approximation that matching between 

.
V 

A 
   and 

.
Q   is perfect, 

i.e. , that the distribution is a single, idealized spike in both .
V 

A 
and 

.
Q. Finally, in the interests of arriving at relatively 

simple equations for kinetic time constants, we recognize 
that many approximations were made that do not represent 
the full complexity of anesthetic kinetics. In particular, rep-
resentation of the whole body with a single time constant 
does not address the known complexity of multiple tissues 
and multiple compartments. 

 Conclusions 

The ratio of alveolar minute ventilation,
.
V 

A 
, to cardiac out-

put, 
.
Q, in� uences the kinetics of inhaled anesthetic elimi-

nation throughout the entire elimination. After a brief and 
rapid decline in alveolar anesthetic partial pressure, the frac-
tional clearance of anesthetic by the normal lung becomes 
constant, and incomplete clearance from the lung slows the 
anesthetic washout from tissues. The increase in the elim-
ination time constant for body tissues is a function of the 
dimensionless group 

.
V 

A 
/ ( λ  

bg 

.
Q  ) that combines

.
V 

A 
,  

.
Q,  and 

the blood/gas partition coe�  cient  λ  
bg 

. Slowing of tissue 
elimination by incomplete lung clearance becomes more 
pronounced at low

.
V 

A 
/

.
Q  ratios, and is predicted to become 

more pronounced as blood/gas solubility increases. 
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 Appendix 

 Rationale for the Approximation that the 20- to 45-Min 
Washout Period Refl ects a Single Compartment, the 
Muscle Compartment, Connected to the Lung 

The functional residual capacity–dominated early time 
constant produces a very rapid early decrease in des� urane 
and sevo� urane elimination, decaying in less than 5 min as 
shown by the rapid approach to the retention equation pla-
teau for all

.
V 

A 
/

.
Q   ( � gs. 5  and  6 ). The visceral group time con

stant can be estimated from Cowles  et al . 23  and Mapleson's 
data 5  on compartment volumes and fractional � ows, com-
bined with tissue partition coe�  cient data for the vari-
ous central organs from Zhou and Liu. 43  We estimate, for 
des� urane, in our pigs the intrinsic visceral time constants 
for the normal, low, and high

.
V 

A 
/

.
Q  conditions, respectively, 

at 2.5, 1.3, and 3.7 min, and the clearance-corrected time 
constants at 3.5, 2.8, and 4.5 min. The corresponding esti-
mates for sevo� urane for intrinsic visceral time constants 
are 3.8, 1.9, and 5.7 min, and the clearance-corrected time 
constants are estimated as 5.8, 4.8, and 7.3 min. Thus, after 
the � rst 20 min of elimination and approximately two to 
three e� ective visceral group time constants, the low arte-
rial partial pressures ( � gs.  2 through 5 of the companion 
manuscript 39 )  will be roughly matched in venous visceral 
blood with low venous partial pressures, and the visceral 
group will contribute little to the mixed venous washout 
kinetics. That leaves the muscle and fat groups (and possibly 
the intertissue di� usion group). Fat fractional � ow, however, 
is about one tenth of the muscle fractional � ow, limiting 
its contribution to mixed venous partial pressures. In addi-
tion, in our experiment, fat was very poorly equilibrated 
after 45 min, making it even less e� ective as a gas source for 
the mixed venous blood. It is therefore reasonable that the 
washout during 20 to 45 min is approximately monoexpo-
nential, since the washout is approximately described by a 
single muscle compartment. 
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Cervical spinal cord injury can occur due to airway manipulation includ-
ing tracheal intubation even in the presence of an intact cervical spine  

•   During intubation with an intact cervical spine, it is unknown 
whether cervical spine motion can exceed the range of voluntary 
motion and cause cord injury due to stretch or compression (strain) 
or whether injurious cord strain can occur without pathologic motion    

  What This Article Tells Us That Is New   

•   Based on simulation of an adult cervical spine, pathologic motion 
does not occur even with intubation force up to twice that com-
monly encountered during routine tracheal intubation  

•   However, in patients who have increased susceptibility to strain-
related cord injury, potentially injurious cord strain may occur 
during routine tracheal intubation conditions       

 Cervical spinal cord injury caused by tracheal intuba-
tion is a rare but catastrophic complication.  1–3   Cervical 

cord injuries are not limited to patients who have unstable 

spines. In an American Society of Anesthesiologists Closed 
Claims study, most (28 of 37) cervical cord injury claims 
occurred in patients who had stable cervical spines.  2   This 
closed claims study reported that probable contributors to 
perioperative cervical cord injury included direct surgical 
complications (9 of 37), head/neck positioning (7 of 37), 
and airway management (4 of 37).  2   Of the four patients in 
whom airway management was judged to be a probable 
contributor to cord injury, two patients had stable spines.  2  

  ABSTRACT 
  Background:     In a closed claims study, most patients experiencing cervical 
spinal cord injury had stable cervical spines. This raises two questions. First, in 
the presence of an intact (stable) cervical spine, are there tracheal intubation 
conditions in which cervical intervertebral motions exceed physiologically nor-
mal maximum values? Second, with an intact spine, are there tracheal intuba-
tion conditions in which potentially injurious cervical cord strains can occur?  

  Methods:     This study utilized a computational model of the cervical spine 
and cord to predict intervertebral motions (rotation, translation) and cord 
strains (stretch, compression). Routine (Macintosh) intubation force conditions 
were defi ned by a specifi c application location (mid-C3 vertebral body), mag-
nitude (48.8 N), and direction (70 degrees). A total of 48 intubation conditions 
were modeled: all combinations of 4 force locations (cephalad and caudad 
of routine), 4 magnitudes (50 to 200% of routine), and 3 directions (50, 70, 
and 90 degrees). Modeled maximum intervertebral motions were compared to 
motions reported in previous clinical studies of the range of voluntary cervical 
motion. Modeled peak cord strains were compared to potential strain injury 
thresholds.  

  Results:     Modeled maximum intervertebral motions occurred with maxi-
mum force magnitude (97.6 N) and did not differ from physiologically normal 
maximum motion values. Peak tensile cord strains (stretch) did not exceed 
the potential injury threshold (0.14) in any of the 48 force conditions. Peak 
compressive strains exceeded the potential injury threshold (–0.20) in 3 of 
48 conditions, all with maximum force magnitude applied in a nonroutine 
location.  

  Conclusions:     With an intact cervical spine, even with application of twice 
the routine value of force magnitude, intervertebral motions during intuba-
tion did not exceed physiologically normal maximum values. However, under 
nonroutine high-force conditions, compressive strains exceeded potentially 
injurious values. In patients whose cords have less than normal tolerance to 
acute strain, compressive strains occurring with routine intubation forces may 
reach potentially injurious values.   

(ANESTHESIOLOGY  2021 ;  135 : 1055 – 65 )   

 Intubation Biomechanics: 
Clinical Implications of 
Computational Modeling 
of Intervertebral Motion 
and Spinal Cord Strain 
during Tracheal Intubation 
in an Intact Cervical Spine  
 Benjamin C.     Gadomski    ,   Ph.D.     ,   
    Bradley J.     Hindman    ,   M.D.,           Mitchell I.     Page    ,   Ph.D.     ,   
    Franklin     Dexter    ,   M.D., Ph.D., F.A.S.A.     ,       Christian M.     Puttlitz    ,   Ph.D.      
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The occurrence of intubation-related cervical cord injury 
in the presence of a stable cervical spine suggests that intu-
bation may cause cord injury by mechanisms not previously 
considered. 

 There are no clinical studies reporting unrestricted cer-
vical spine motion during tracheal intubations in which 
intubations were more di�  cult and intubation forces were 
increased.  4–6   Thus, we wondered, in the presence of an 
intact (stable) cervical spine, is it possible under uncom-
mon, high-force, or otherwise abnormal intubation con-
ditions that pathologic cervical spine motion could occur? 
In other words, are there tracheal intubation conditions in 
which cervical intervertebral motions can exceed physio-
logically normal maximum values? 

 When the cervical spine moves, the cervical spinal cord 
deforms. The cord stretches and contracts axially  7   and thins 
and thickens transversely.  8   Measures of strain quantify the 
extent of tissue deformation ( e.g. , change in length or 
width) in response to an applied stress (force/area = pres-
sure). In animal models, high levels of cord strain cause 
acute and chronic spinal cord dysfunction and/or injury.  9–14  

Thus, we wondered whether, in the presence of an intact 
cervical spine, even if pathologic spine motion does not 
take place, are there tracheal intubation conditions in which 
potentially injurious cervical cord strain can occur? 

 The aim of this study was to answer the two questions 
posed above. To do so, we used a computational model of 
the human cervical spine and spinal cord to simulate tra-
cheal intubation. We studied large variations in laryngo-
scope force application conditions (location, magnitude, 
and direction) to include practically any set of tracheal 
intubation conditions that could occur in clinical practice. 
Model outputs included cervical spine motions (inter-
vertebral rotation and translation) and peak cervical cord 
tensile (stretch) and compressive strains occurring during 
intubation. 

  Materials and Methods 

  Background, Rationale, and Validation of the Finite 
Element Model 

 Finite element modeling is a computational simulation 
method used to predict the behaviors of complex three-
dimensional structures. The basis of � nite element model-
ing lies in dividing a complex structure into many smaller, 
simpler structures called elements so that the overall struc-
tural response to loading may be mathematically calculated. 
The response of each element is expressed in terms of a 
� nite number of degrees of freedom at a set of points called 
nodes that connect each element to other adjacent ele-
ments. To model biologic structures, � nite element models 
require accurate three-dimensional representations of the 
geometry (anatomy) of all structurally distinct components 
such as vertebrae, intervertebral discs, ligaments, etc. These 
models also require knowledge of the material properties 

of each component ( e.g. , elasticity) under all conditions 
under which the model will be tested.  15   For more than 25 
yr, � nite element models of the human cervical spine have 
been used to predict spine motions that occur under routine 
or hazardous ( e.g. , high force) conditions. In addition, these 
models allow for characterization of processes and dynam-
ics occurring inside the substance of the spine or cord that 
are impossible to directly measure, such as mechanical stress 
and strain.  15  

 The model used in this study is of the complete human 
cervical spine (from the occiput to C7) and the cervical spi-
nal cord.  16   It consists of 196,984 elements, 237,635 nodes, 
and has 671,997 degrees of freedom. In a previous validation 
study, this model closely predicted intervertebral motions 
(occiput–C1 through C4–C5) measured during orotracheal 
intubation in living patients.  16   It did so with intubations 
accomplished with both direct laryngoscopy (Macintosh) 
and videolaryngoscopy.  16   The results of the current study 
provide additional evidence of the validity of this model 
(see Results). Speci� cally, under routine (Macintosh) intu-
bation conditions, this model predicted 1 to 2 degrees of 
� exion at C5–C6 and C6–C7. Flexion below C5 during 
Macintosh intubations has been previously reported by 
Turkstra  et al .  17   Also, under routine conditions, this model 
predicted the occiput translates 1.4 mm posterior to C1, 
with progressively less posterior translation at C1–C2 and 
C2–C3, changing to anterior translation at C3–C4, with 
1.0 mm or less of anterior translation in the remaining cau-
dal segments. These predicted translations are compatible 
with translation values calculated from the clinical intuba-
tion data reported by Mentzelopoulos  et al.   18   (occiput–C1 
= 1.0 mm, C1–C2 = 0.6 mm, C2–C3 = 0.5 mm, C3–C4 
= 0.4 mm, and C4–C5 = 0.3 mm). Therefore, this model 
predicts cervical spine motions measured during routine 
intubations reported in three di� erent clinical studies. In 
addition, in our previous validation study, this model closely 
predicted spine motions in cadavers with type II odontoid 
fractures during intubations performed with both conven-
tional and videolaryngoscopy.  16  

 For additional information about this model, including 
development, anatomy, material properties, convergence 
studies, software, execution time, and code availabil-
ity, see Supplemental Digital Content 1 (Finite Element 
Model Development, Material Properties, Calculations, 
and Limitations;  http://links.lww.com/ALN/C740 ). 
We followed the applicable Enhancing the QUAlity and 
Transparency Of health Research (EQUATOR) guidelines 
for simulation.  19  

  Selection of Tracheal Intubation Force Characteristics 
and Defi ning Routine Conditions 

 Although laryngoscope force is not uniformly distributed 
along the blade, it can be represented biomechanically as 
being applied at a single point.  20   Thus, laryngoscope blade 
contact force was modeled as being applied at a single 
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point (location) having both magnitude (N) and direction 
(degrees),  i.e. , as a force vector.  16   Intubation force was sim-
ulated as a force vector applied to the anterior surface of a 
selected cervical spine vertebral body. In a previous � nite 
element modeling study,  16   using radiographic images and 
simultaneous laryngoscope force distribution measure-
ments from a previous clinical study,  20   the mean applied 
force location, magnitude, and direction for a routine intu-
bation with a Macintosh blade were estimated to be the 
midpoint of the C3 vertebral body, 48.8 N, and 70 degrees 
from the body’s coronal plane, respectively. This speci� c 
combination of laryngoscope force location, magnitude, 
and direction are hereafter referred to as routine conditions, 
denoting force conditions occurring during a routine direct 
(Macintosh) laryngoscopy and intubation. 

 As shown in  � gure  1   , laryngoscope force application 
location, magnitude, and direction were each varied over a 
range of values. Four laryngoscope force application loca-
tions were studied: the superior half of the anterior surface 
of the C2 vertebral body (C2 

SUP 
), the inferior half of the 

anterior surface of the C2 body (C2 
INF 

), the midpoint of 
the anterior surface of the C3 body (C3, routine location); 

and the midpoint of the anterior surface of the C4 body 
(C4). The C2 

INF 
 force application location corresponds to 

that observed with the Airtraq videolaryngoscope.  16 , 20   Four 
intubation force magnitudes were studied: 24.4 N, 48.8 N 
(routine magnitude), 73.2 N, and 97.6 N, corresponding to 
50, 100, 150, and 200% of the routine force magnitude. In a 
study of patients who were predicted to be easy to intubate, 
Macintosh intubation force magnitude was 48.8 ± 15.8 N 
(mean ± SD), with the greatest individual patient force 
magnitude equal to 70.9 N.  20   In a di� erent intubation study, 
with the utilization of manual in-line stabilization, pres-
sures applied by a Macintosh blade were two-fold greater 
than without the use of manual in-line stabilization.  4   In 
a previous cadaver intubation study, Macintosh intuba-
tion force magnitude was 47.1 ± 20.5 N, with the great-
est individual cadaver Macintosh force magnitude equaling 
93.6 N.  21   Thus, 97.6 N (twice the routine value) appears to 
approximate the maximum amount of force that anesthe-
siologists can apply with a conventional direct (Macintosh) 
laryngoscope. Finally, three laryngoscope force directions 
were studied: 50 degrees, 70 degrees (routine direction), and 
90 degrees from the body’s coronal plane. The 90-degree 

 Fig. 1.      Finite element model of the human cervical spine and spinal cord, external sagittal view. For clarity, the caudal portion of the occiput 
is shown without showing the skull. The spinal cord ( blue cylinder ) is seen within the spinal canal between the occiput–C1 and C1–C2. The 
inferior surface of the C7 vertebral body was fi xed in all directions. The occiput was allowed to rotate around the sagittal ( X ) axis in all sim-
ulations and translate in the axial ( Z ) direction. Four laryngoscope force application locations were studied: the superior half of the anterior 
surface of the C2 vertebral body (C2 SUP ), the inferior half of the anterior surface of the C2 body (C2 INF ), the midpoint of the anterior surface of 
the C3 body (routine location, shown in  green ), and the midpoint of the anterior surface of the C4 body. Four intubation force magnitudes were 
studied: 24.4 N, 48.8 N (routine force, shown in  green ), 73.2 N, and 97.6 N. Three laryngoscope force directions were studied: 50 degrees, 
70 degrees (routine direction, shown in  green ), and 90 degrees from the body’s coronal plane.    
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force direction corresponds to that observed with the 
Airtraq videolaryngoscope.  16 , 20   Thus, in total, 48 simulations 
were conducted, consisting of all combinations of laryngo-
scope force application location (n = 4), magnitude (n = 4), 
and direction (n = 3). The resultant spine motion and cord 
strain values represent quasistatic values corresponding to 
the maximum values occurring during tracheal intubation.   

  Measuring Cervical Spine Intervertebral Motion 
Characteristics 

 In all simulations, the occiput was allowed to rotate and 
translate cranially and caudally, whereas the caudal surface 
of the C7 vertebral body was kinematically constrained to 
restrict all motion (see Discussion, Limitations). In all simu-
lations, the cervical spine was considered to start at a neutral 
position, with the degrees of intervertebral rotation (� exion 
and extension) and anterior–posterior translation (sublux-
ation) de� ned as zero. Segmental intervertebral rotation and 
translation at each of seven intervertebral segments were cal-
culated. Rotation was measured as the di� erence in rotation 
between reference nodes kinematically attached to adjacent 
vertebrae and was independent of translation. Intervertebral 
extension was represented by positive values and � exion by 
negative values. Translation was measured as the di� erence in 
anterior–posterior displacement of the centers of rotation of 
the two adjacent vertebrae. This method decreases the e� ect 
of intervertebral rotation on measures of translation. In a 
given intervertebral segment, translation of the cranial verte-
bral body posterior to the caudal vertebral body was de� ned 
as being posterior subluxation and is represented with pos-
itive values. Conversely, translation of the cranial vertebral 
body anterior to the caudal vertebral body of a segment was 
de� ned as anterior and is represented with negative values.  

  Measuring Cervical Spinal Cord Strain and Selection of 
Potentially Injurious Strain Thresholds 

 Because strain quantitates tissue deformation ( e.g ., change 
in length or width) as a ratio of the initial/� nal value of 
the parameter, strain is dimensionless. We utilized the log-
arithmic strain method to calculate strain, strain = ln(L/
L 

0 
), where L is the � nal length, and L 

0 
 is the initial length. 

Studies show that accounting for strain in multiple simul-
taneous planes has a larger observed correlation with tissue 
injury than strain in any single plane.  13 , 22   Thus, we used two 
strain measures that each incorporate the overall three-
dimensional strain � eld: (1) maximum principal strain 
(tensile strain, analogous to stretch, represented by positive 
values) and (2) minimum principal strain (analogous to com-
pression, represented by negative values; see Supplemental 
Digital Content 1 [Finite Element Model Development, 
Material Properties, Calculations, and Limitations;  http://
links.lww.com/ALN/C740 ]). In animal spinal cord injury 
models, these two strains had the largest observed correla-
tions with tissue injury.  13 , 14  

 Based on a recent experimental study of cervical cord 
injury in nonhuman primates,  14   we de� ned two strain val-
ues as thresholds for potential cord injury. The maximum 
principal strains resulting in a 50% cord injury   measured 
histologically 14 to 17 weeks after insult were 0.26 to 0.31 
for gray and white matter, respectively.  14   In the same study, 
the 50% injury   values for minimum principal strains were 
–0.38 to –0.42 for gray and white matter, respectively. 
Because 50% injury strain values are too great to use as 
clinical safety thresholds, we de� ned 50% of these     values as 
potentially  injurious, speci� cally 0.14 for maximum princi-
pal strain (stretch) and –0.20 for minimum principal strain 
(compression; see Discussion).  

  Statistical Analysis 

 Because model cervical spine anatomy was derived from a 
single adult human subject  23   and mean material property 
data inputs were utilized to de� ne the model, the model 
does not simulate the inherent variation across the human 
population. In addition, the model does not include ran-
dom error from experimental measurements. The absence 
of these variations produces deterministic ( i.e ., single-
valued) motion and strain values. Thus, model predictions 
for motion and strain are functionally equivalent to popu-
lation mean values (see Discussion, Limitations). All values 
for cervical spine motions were rounded to a single decimal 
before analysis.   

  Results 

  Cervical Intervertebral Motion 

Figure 2    (A and B) shows the complete data set of predicted 
intervertebral rotations (extension and � exion) and anterior–
posterior translations (subluxation) at the 7 cervical inter-
vertebral segments, each under all (48) modeled tracheal 
intubation force conditions.  Table  1    summarizes model 
maximum values for intervertebral rotation and transla-
tion and the speci� c force conditions that resulted in these 
motions.  24–30   Among the 14 combinations of motion (n = 
2; rotation and translation) and intervertebral segment (n 
= 7), all maximum values occurred with the maximum 
force magnitude (97.6 N). Other intubation force charac-
teristics (location, direction) causing maximum motions 
di� ered among motions and segments. To address our � rst 
question,  table 1  also shows maximum physiologic values 
for intervertebral motion reported among seven clinical 
voluntary range of motion studies.  24–30   Maximum values 
for intervertebral rotation and translation predicted by the 
model did not meaningfully exceed physiologically nor-
mal maximum values measured during voluntary cervical 
� exion and extension (for additional details and discussion 
see Supplemental Digital Content 2 [Clinical Studies of 
Voluntary Cervical Intervertebral Motion;  http://links.
lww.com/ALN/C741 ]).   
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  Table 1  also summarizes model values for rotation and 
translation under routine intubation conditions. Among the 
7 segments, the di� erences between maximum and routine 
values for rotation and translation were 3.5 degrees or less 
and 1.1 mm or less, respectively. Thus, the predicted di� er-
ences between maximum intervertebral motions during 
intubation and those occurring during a routine intubation 
are quantitatively small.  

  Cervical Cord Strain 

 Although our second aim pertained only to maximum 
(peak) values of strain present in  any  portion of the cord, 
the model predicted cord strain to be spatially heteroge-
nous, with peak strains present in di� erent regions of the 
cord depending on the location of applied force.   Figure 3 
shows the distribution of spinal cord strains at each of 
the four force application locations. Maximum principal 
(tensile) strain (stretch) was very low in most of the cord. 
However, there were foci of increased maximum prin-
cipal strain in the anterior cord. In addition, there were 
smaller foci of greater (peak) tensile strain in the poste-
rior cord at C1–C2 that were present at mid-C3 when 
force was applied at C4. Similarly, minimum principal 
strain (compression) was very low in most of the cord. A 
focus of increased (peak) compressive strain was present 
in the posterior cord at C1–C2 with the two most ceph-
alad force application locations (C2 

SUP 
 and C2 

INF 
) and was 

present at mid-C3 with the two most caudal force loca-
tions (C3 and C4).  

 Speci� cally addressing our second aim, some tracheal 
intubation conditions  did  result in potentially injurious 

cord strains.   Figure 4    shows peak maximum and minimum 
principal strain under all (48) intubation force conditions. 
Peak maximum principal strain (stretch) did not exceed the 
potential injury threshold (0.14) in any modeled intuba-
tion force condition (0 of 48). The peak values for maxi-
mum principal strain were insensitive to force magnitude. 
In contrast, peak minimum principal strain (compression) 
exceeded the potential injury threshold (–0.20) in 3 of 48 
conditions, all with force applied at C4 with the greatest 
force magnitude (97.6 N). Peak values for minimum prin-
cipal strain were sensitive to force magnitude; compressive 
strains increased markedly when force magnitude exceeded 
24.4 N. Although peak compressive strains did not exceed 
the potential injury threshold when force was applied at the 
routine location (C3), compressive strains were close to the 
potential injury threshold with force magnitudes of 48.8 N 
or greater (see Discussion).    

  Discussion 

  Clinical Implications and Applications 

 In the presence of an intact (stable) spine, are there tra-
cheal intubation conditions in which cervical intervertebral 
motions exceed physiologically normal maximum values? 
The model predicted that the answer is no. Model predic-
tions for intervertebral rotation (� exion/extension) and 
translation (subluxation) did not exceed the range of vol-
untary motion reported in the clinical studies. This was so 
even with the maximum modeled force magnitude, 97.6 N, 
which approximates the greatest amount of force anesthesi-
ologists can apply with a conventional direct laryngoscope. 

 Fig. 2.      Segmental intervertebral rotation ( A ) and anterior–posterior translation ( B ) at each of seven cervical segments (occiput–C1 through 
C6–C7), each under 48 different intubation force conditions consisting of four locations (C2 SUP , C2 INF , C3, and C4), four magnitudes (24.4, 48.8, 
73.2, and 97.6 N), and three directions (50, 70, and 90 degrees). The values for each segment are color-coded ( e.g. , occiput–C1 is  red , C1–C2 
is  orange , and so forth). Positive rotation values indicate extension, and negative rotation values indicate fl exion. Positive translation values 
indicate that the cranial vertebral body of the segment moves posterior to the caudal vertebral body, and negative translation values indicate 
the cranial vertebral body moves anterior to the caudal vertebral body.    
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In our models, we included two intubation force locations 
that may, in fact, not be clinically achievable: one very ceph-
alad (C2 

SUP 
) and one very caudad (C4). However, this only 

serves to reinforce the conclusions of this study. We mod-
eled conditions that might truly be one in a million, and 
still it was practically impossible for tracheal intubation to 
cause an intact cervical spine to move beyond the maxi-
mum motions that occur voluntarily. This is the expected 
behavior of a stable cervical spine. 

 The second question was whether in the presence of an 
intact cervical spine there are tracheal intubation condi-
tions in which potentially injurious cervical cord strains can 
occur? Importantly, for this second question, we obtained a 
di� erent answer. The model predicted that the answer is yes, 
conditionally . Notably, under force conditions approximating 
a routine intubation using a Macintosh blade, peak strains 
did  not  exceed estimated potential cord injury thresholds for 
maximum and minimum principal strains. This is an expected 
result because if injurious cord strains occurred during 
routine direct laryngoscopy and intubation, intubation-
related cervical cord injury would be commonplace, 
which it is not. In fact, even when intubation force mag-
nitude was twice the routine value (97.6 N instead of 
48.8 N), when force was applied at the routine (C3) 

location, compressive strain did not exceed the potential 
injury threshold. Again, this is consistent with clinical expe-
rience, because even with a di�  cult intubation, cord injury 
is rare. However, when maximum force was applied in a 
location that was more caudal than is routine ( i.e. , force 
applied at C4), predicted compressive cord strains exceeded 
a potentially injurious value. Admittedly, it is di�  cult to 
imagine how, with any current laryngoscope, it would be 
helpful or even possible to apply such high force below 
the level of the glottis. Thus, in patients who have an intact 
cervical spine, it might appear to be practically impossible 
for the cervical cord to experience injurious strain during 
tracheal intubation. 

 There is, however, one critically important caveat. The 
caveat is that model predictions of whether or not injurious 
cord strains occur during tracheal intubation depend entirely 
on the levels of cord strain that cause injury. Strain values 
that cause cord injury in patients are not currently known. 
The potential strain injury thresholds used in this study are 
estimates (see Discussion, Limitations, and Supplemental 
Content 1 [Finite Element Model Development, Material 
Properties, Calculations, and Limitations;  http://links.lww.
com/ALN/C740 ]). Logically, if a patient’s strain injury 
thresholds were less than our estimated injury thresholds 

 Table 1.      Intervertebral Rotation and Translation Predicted by the Model under Maximum and Routine Intubation Force Conditions and 
Maximum Physiologically Normal Values Reported in the Literature   

 Variable    Value   

 Intervertebral Segment 

 Occiput–C1    C1–C2  C2–C3    C3–C4  C4–C5    C5–C6    C6–C7   

 Rotation (degrees)  Model maximum  13.6  11.3  5.4  5.4  4.0  –1.5  –4.3 

 Physiologic maximum *   
 Model routine 

 14.2  8.3  9.3  11.3  13.3  –9.7  –12.5 
 11.7  7.2  3.1  1.9  0.6  –1.0  –2.1 

 Translation (mm)  Model maximum 
 Physiologic maximum *  

 Model routine 

 2.3  1.5  1.8  –1.4  –2.0  –1.6  –0.6 
 1.7  0.8  0.9  –1.2  –1.2  –1.3  –0.9 
 1.4  0.9  0.7  –0.8  –1.0  –0.8  –0.3 

 Intubation force 
conditions: loca-
tion, magnitude 
(N), direction 
(degrees) 

 Model    maximum   
  rotation 

 C2 INF  C2 INF  C3  C4    C4  C3  C4  C4 
 97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N 

 50   50   50  50  90  70  50  70 

 Model    maximum   
    translation 

 C2 
SUP  C2 SUP  C3    C4  C4  C3    C4    C4  C4  C4 

 97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N  97.6 N 
 90  70  90  50  70  70  70  70  70  90 

 Model    routine  C3  C3  C3  C3  C3  C3  C3 

 48.8 N  48.8 N  48.8 N  48.8 N  48.8 N  48.8 N  48.8 N 
 70  70  70  70  70  70  70 

   Model rotation and translation values are analogous to group mean values. Physiologic maximum values are group mean values. For rotation, extension is represented with positive 
values and fl exion is represented with negative values. For translation, translation of the superior vertebral body posterior to the inferior vertebral body is defi ned as posterior translation 
and is represented with positive values; translation of the superior vertebral body anterior to the inferior vertebral body is defi ned as anterior and is represented with negative values. 
See Materials and Methods for an explanation of intubation force conditions and notation. All force conditions are reported when there was more than one set of force conditions that 
resulted in equal maximum values for segmental motion.  
  *The values are the greatest mean values reported among seven clinical voluntary range of motion studies.  24–30   These studies and their results are reviewed and discussed in greater 
detail in Supplemental Digital Content 2 (Clinical Studies of Voluntary Cervical Intervertebral Motion;  http://links.lww.com/ALN/C741 ).   
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( i.e. , less than normal), strain-related cord injury could 
occur during  routine  intubation conditions. In other words, 
cord injury could occur even with normal intubation force 
and in the absence of pathologic cervical spine motion. 
In fact, there are several observations that suggest cervical 
cord injury does, in fact, occur in patients by this mech-
anism. First, in animal models, acute electrophysiologic 
responses ( e.g ., evoked potentials) serve as an indicator 
of neural sensitivity to acute cord strain.  9 , 31   Second, in a 
study of 38 patients who had chronic cervical spondylotic 
myelopathy, spinal cord evoked potential (N13) amplitudes 
decreased when patients were placed in 20 degrees of head/
neck extension.  32   Decreased evoked potential amplitudes 
with extension were not associated with cervical spine 
stability but were associated with measures of preexisting 
cervical cord compression.  32   These observations suggest 
that patients who have spondylotic myelopathy may have 

less tolerance to acute increases in cord strain, even in the 
absence of instability. Third, in a closed claims study, 11 of 
37 patients who experienced perioperative cervical cord 
injury did so while undergoing a noncervical spine proce-
dure and with an apparently  stable  cervical spine.  2   Most of 
these 11 patients had preoperatively unrecognized severe 
cervical spondylosis. Fourth, there are more than 20 case 
reports describing patients with severe cervical spondylo-
sis and who, in the absence of a di�  cult intubation, suf-
fered intraoperative cervical cord injury during noncervical 
spine surgery  33–35   (for additional references and discussion, 
see Supplemental Digital Content 3 [Case Reports of 
Perioperative Cervical Spinal Cord Injury in Patients with 
Cervical Spondylosis;  http://links.lww.com/ALN/C742 ]). 
Accordingly, we hypothesize that patients who have severe 
cervical spondylosis have less tolerance to acute cord strain 
and consequently have greater potential to experience 

 Fig . 3.      Cervical spinal cord strain distributions. Using routine values for intubation force magnitude (48.8 N) and direction (70 degrees), 
the regional distribution of maximum principal strain (stretch) in sagittal and transverse sections of the cervical spinal cord at four force 
application locations are shown in ( A ) through ( D ). In the sagittal views, the  white arrows  show the locations and directions of the applied 
forces, and the  red arrows  show the locations of peak cord strain. At each force location, the transverse view of the cord corresponds to the 
location of the peak cord strain ( red arrows ). ( E ) through ( H ) show the regional distributions of minimum principal strain (compression), using 
the same conventions.    
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potentially injurious cord strain during an otherwise rou-
tine (normal force) intubation.   Figure  4  shows that peak 
compressive strains increase markedly and approach the 
potential injury threshold when force magnitude exceeds 
24.4 N, which is half the value applied during a routine 
intubation with a Macintosh blade. Thus, in patients who 
may have increased susceptibility to strain-related cord 
injury, we hypothesize that low-force laryngoscopy  20   may 
confer less risk of strain-related cervical cord injury.  

  Intubation-related Cervical Cord Injury 

 The � ndings of this study suggest that the approach to pre-
venting intubation-related cervical cord injury should be 
reconsidered. The model suggests that cervical cord injury 
from tracheal intubation is not directly related to the  motion 
of the cervical spine but instead by the resultant spinal cord 

deformation,  i.e. ,  strain . This mechanism of injury would 
apply regardless of whether the cervical spine is intact (sta-
ble) or injured (unstable). We suggest that airway manage-
ment of patients who have disease of the cervical spine or 
cord should no longer exclusively focus on minimizing cer-
vical  spine motion . Instead, an additional, more mechanisti-
cally oriented goal, should be to minimize cervical  cord strain .  

  Limitations 

 As previously reported, when compared to patients, the 
current model appears to underestimate intubation-
related extension at C3–C4 and C4–C5 by 2 or 3 degrees.  16  

This may be caused by the imposed kinematic constraint 
of the C7 vertebral body. Although the di� erence between 
observed and predicted motion is small at these two seg-
ments, we cannot estimate how much this di� erence 

 Fig. 4.      Peak spinal cord strain values as determined by intubation force location, magnitude, and direction. The fi gure shows the peak values 
of maximum principal strain (stretch,  green points and lines ) and minimum principal strain (compression,  purple points and lines ) present at 
any location in the cervical spinal cord under 48 different intubation force conditions consisting of four locations (C2 SUP , C2 INF , C3, and C4), 
four magnitudes (24.4, 48.8, 73.2, and 97.6 N), and three directions (50, 70, and 90 degrees). Potential cord injury thresholds are shown as 
color-matched dashed lines . Three values of minimum principal strain exceed the potential injury threshold (–0.20), each with force applied 
at C4 with maximum force magnitude.    
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might a� ect model values for cord strains in the more cau-
dal regions of the cervical cord. In a future version of the 
model, inclusion of the � rst thoracic (T1) vertebral segment 
will permit C7–T1 motion, and this may increase subaxial 
segmental motion. 

 Because model anatomy was derived from a single adult 
human subject and because mean material property data were 
utilized to de� ne the model, the lack of geometric and mate-
rial property variation produces deterministic ( i.e ., single-
valued) motion and strain values. Accordingly, the current 
model does not simulate the inherent variation across the 
human population but instead represents an anthropometri-
cal mean,  i.e ., an “average” patient. In the future, to account 
for variation in geometry and material properties across the 
general population, probabilistic methods will be dovetailed 
with the current model. With probabilistic analyses, model 
parameters (anatomy, material properties) are not de� ned by 
a single value but are sampled from a distribution that rep-
resents the population’s variation, and the model is solved 
many times to develop a distribution of output variables.  36  

 The values used to de� nite potential strain injury 
thresholds—50% of 50% cord injury   values observed in 
nonhuman primates (see Materials and Methods)—are 
unavoidably speculative. In living humans, injurious cord 
strain values are not currently known. A recent mag-
netic resonance imaging study of nine healthy volunteers 
reported  in vivo  maximum and minimum principal strains 
in sustained extension (without pain or symptoms) were 
approximately 0.12 and –0.14, respectively.  37   Thus, potential 
strain injury thresholds used in our simulations (0.14 for 
maximum and –0.20 for minimum principal strains, respec-
tively) were greater than cord strains that appear to be  non-
injurious in healthy asymptomatic patients. Thus, potential 
injury thresholds used in this study do not appear to be too 
low and, as a result, do not appear to greatly overestimate 
the potential for intubation-related cord injury. 

 The current model does not include an explicit repre-
sentation of spinal cord gray and white matter. These tissues 
may  38 , 39   or may not  40   have di� erent primary biomechanical 
properties, and the rostral–caudal alignment of axonal � bers 
in the spinal cord white matter provides a direction-speci� c 
mechanical response.  39   Gray matter may have lesser strain 
tolerances than white matter,  10–12 , 14 , 41   although the di� erence 
is small (10 to 20%). Thus, spinal cord strain � elds  42 , 43   and 
regional (intracord) susceptibility to strain injury are cer-
tain to be more complex than are represented in the current 
version of our model. For additional discussion of model 
limitations see Supplemental Content 1 (Finite Element 
Model Development, Material Properties, Calculations, and 
Limitations;  http://links.lww.com/ALN/C740 ).  

  Conclusions 

 In the presence of an intact cervical spine, computational 
modeling predicted that intervertebral motions during 
tracheal intubation did not exceed normal physiologic 

(voluntary) maximum values, even under high-force condi-
tions. In contrast, under nonroutine high-force conditions, 
the model predicted that potentially injurious cervical cord 
strains could occur. In patients who have less than normal 
tolerance to acute cord strain (e.g., patients with cervical 
myelopathy), cord strains occurring during routine tracheal 
intubation conditions could approach potentially injurious 
values. In such patients, low-force laryngoscopy may reduce 
the risk of intubation-related (i.e., strain-related) cervical 
cord injury.  
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 EDITOR’S PERSPECTIVE 
  What We Already Know about This Topic  
•   Increases in respiratory drive and effort in critically ill patients may 

place the patient at higher risk for respiratory failure and intubation.  
•   The authors have previously shown that respiratory drive and effort 

are significantly increased in patients with pulmonary infection and 
that support by high-flow nasal cannula significantly reduces this 
increase relative to low-flow oxygen therapy.  

•   Whether respiratory drive is increased and the effect of high-fl ow nasal 
cannula in patients with extrapulmonary sepsis remain unknown.   

  What This Article Tells Us That Is New  
•   Respiratory drive and effort and dynamic lung compliance were 

evaluated in 25 nonintubated patients with extrapulmonary sepsis 
or septic shock using arterial blood gases, esophageal pressure 
monitoring, and electrical impedance tomography at baseline with 
low flow nasal oxygen therapy during high-flow nasal cannula sup-
port and again with low-flow nasal oxygen therapy. Patient comfort 
was evaluated using a 10-point visual analog scale at each step.  

•   High-flow nasal oxygen therapy significantly reduced elevated 
respiratory drive and effort.  

•   There was no correlation between patient perceived comfort and 
measures of drive and effort.  

•   The impact of the findings from this physiologic study on patient 
outcome remain to be determined.       

 Sepsis and septic shock are deadly syndromes character-
ized by intense acute in� ammatory reaction.  1   Mediators 

produced at the site of infection are poured into systemic 
circulation and activate ampli� cation pathways within and 
between peripheral target organs.  2  

 Proin� ammatory stimuli to the central nervous system 
trigger an increase in body temperature.  3   Activation of the 
sympathetic response and release of stress hormones increase 
the cardiovascular tone.  4   These responses alter the meta-
bolic demands of the organism, increasing carbon dioxide 

  ABSTRACT 
  Background:     Experimental and pilot clinical data suggest that spon-
taneously breathing patients with sepsis and septic shock may present 
increased respiratory drive and effort, even in the absence of pulmonary 
infection. The study hypothesis was that respiratory drive and effort may be 
increased in septic patients and correlated with extrapulmonary determinant 
and that high-fl ow nasal cannula may modulate drive and effort.  

 Methods:     Twenty-fi ve nonintubated patients with extrapulmonary sepsis 
or septic shock were enrolled. Each patient underwent three consecutive 
steps: low-fl ow oxygen at baseline, high-fl ow nasal cannula, and then low-
fl ow oxygen again. Arterial blood gases, esophageal pressure, and electrical 
impedance tomography data were recorded toward the end of each step. 
Respiratory effort was measured as the negative swing of esophageal pres-
sure (∆P 

es 
); drive was quantifi ed as the change in esophageal pressure during 

the fi rst 500 ms from start of inspiration (P 
0.5 

). Dynamic lung compliance was 
calculated as the tidal volume measured by electrical impedance tomogra-
phy, divided by ∆P 

es 
. The results are presented as medians [25th to 75th 

percentile].  

 Results:     Thirteen patients (52%) were in septic shock. The Sequential Organ 
Failure Assessment score was 5 [4 to 9]. During low-fl ow oxygen at baseline, 
respiratory drive and effort were elevated and signifi cantly correlated with arte-
rial lactate ( r  = 0.46,  P  = 0.034) and inversely with dynamic lung compliance 
( r  = –0.735,  P  < 0.001). Noninvasive support by high-fl ow nasal cannula 
induced a signifi cant decrease of respiratory drive (P 

0.5 
: 6.0 [4.4 to 9.0]  vs . 4.3 

[3.5 to 6.6]  vs . 6.6 [4.9 to 10.7] cm H 
2 
O,  P  < 0.001) and effort (∆P 

es 
: 8.0 [6.0 to 

11.5]  vs . 5.5 [4.5 to 8.0]  vs . 7.5 [6.0 to 12.6] cm H 
2 
O,  P  < 0.001). Oxygenation 

and arterial carbon dioxide levels remained stable during all study phases.  

  Conclusions:     Patients with sepsis and septic shock of extrapulmonary 
origin present elevated respiratory drive and effort, which can be effectively 
reduced by high-fl ow nasal cannula.   
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production.  5 , 6   A compensatory increase of the respiratory drive 
will be the price to pay to eliminate sepsis-induced excess of 
carbon dioxide through adequate minute ventilation.  7  

 Metabolic acidosis due to poor peripheral perfusion, lactate 
production, impaired renal function, and altered plasma buf-
fers will further increase minute ventilation to compensate for 
systemic acidosis.  8   Moreover, spontaneously breathing septic 
patients often present with respiratory alkalosis, because arte-
rial carbon dioxide levels fall below the compensatory value. 
This is likely due to further activation of the respiratory drive 
by in� ammatory stimuli targeting central and peripheral che-
mosensors and generating exaggerated breathing response.  9  

 Although there is scant data, if any, on human subjects,  10  

the authors reasoned that activation of the above-men-
tioned mechanisms ( i.e. , increased metabolic activity, met-
abolic acidosis, in� ammatory mediators) could lead to 
increased respiratory drive, resulting in excessive inspiratory 
e� ort in sepsis and septic shock patients, even in the absence 
of pulmonary infection. 

 Relevant clinical consequences of increased respira-
tory drive during sepsis and septic shock could be many: 
increased muscular e� ort poses the risk of diaphragm 
fatigue and pump failure  11  ; higher inspiratory transpulmo-
nary pressure may lead to patient self-in� icted lung injury 
in lungs already “hit” by soluble in� ammatory mediators  12  ; 
the increase in oxygen consumption by the respiratory 
muscles could further impair the delivery/consumption 
imbalance and precipitate cardiovascular failure.  13   Two large 
clinical studies already showed extremely high mortality of 
spontaneously breathing septic patients intubated during 
their intensive care unit (ICU) stay  versus  those patients 
who were never intubated.  14 , 15   All these data generate the 
hypothesis that modulation of respiratory drive and e� ort 
might represent a relevant physiologic goal in spontaneously 
breathing patients with sepsis and septic shock in the ICU. 

 In patients with acute hypoxemic respiratory failure, 
high-� ow nasal cannula improves clinical outcomes through 
multiple physiologic mechanisms ( e.g. , decreased e� ort, dead 
space wash-out, increased alveolar F io  

2 
, and improved com-

fort).  16–18   Even though these mechanisms may also be bene� -
cial in patients with increased drive caused by extrapulmonary 
causes, they have not been evaluated in patients with sepsis 
and septic shock without pneumonia. The aim of this study 
was to measure respiratory drive and e� ort in these patients 
and to assess the physiologic e� ects of high-� ow nasal can-
nula. The study hypothesis was that respiratory drive and 
e� ort may be increased in septic patients and correlated with 
extrapulmonary determinants ( e.g. , metabolic acidosis) and 
that high-� ow nasal cannula may modulate drive and e� ort. 

  Materials and Methods 

  Patient Population 

 Between March 2019 and November 2020, 25 nonintu-
bated patients admitted to 3 ICUs in Italy with a diagnosis 

of sepsis or septic shock were enrolled. Sepsis and septic 
shock were de� ned according to the Sepsis-3 consensus 
guidelines.  1   The exclusion criteria were diagnosis of pneu-
monia, severe chronic obstructive pulmonary disease, con-
traindication to the use of an esophageal balloon catheter, 
and encephalopathy with a Glasgow coma scale score of 
less than 12. 

 This study was approved by the ethical committees 
of each participating center (promoting and coordinat-
ing center: Maggiore Policlinico Hospital, Milan, Italy; 
reference No. 193_2019bis). Written informed consent 
was obtained from all participants before enrollment. 
The study was planned and conducted according to eth-
ics and transparence guidelines following the Declaration 
of Helsinki. Because this was an explorative physiologic 
study, the methods used were not registered on a public 
server before its completion, as for other similar studies in 
this � eld.  17–20  

  Clinical Data 

 After enrollment, the following characteristics were 
recorded: age, height, weight, body mass index, length 
of stay in the ICU before inclusion, oxygenation under 
clinical respiratory support ( i.e. , Pa o  

2 
/F io  

2 
 ratio), clinical 

severity assessed by SAPS II and Sequential Organ Failure 
Assessment (SOFA) scores, plasma lactate and C-reactive 
protein levels, and use of vasopressors.  

  Monitoring 

 An esophageal balloon catheter (Cooper Surgical, USA) 
was inserted through the nose, in� ated following the man-
ufacturer’s recommendations, and secured. Appropriate 
positioning was con� rmed by insertion depth, presence 
of cardiac artifacts, and convincing inspiratory swings. The 
esophageal pressure (P 

es 
) signal was recorded intermittently 

with a dedicated acquisition system at a 100-Hz sample rate 
and analyzed o�  ine. 

 An electrical impedance tomography belt was placed 
between the fourth and � fth intercostal space and con-
nected to its recording device. The acquisition sample 
rate was set at 50 Hz. The electrical impedance tomogra-
phy data were continuously acquired and analyzed o�  ine 
with dedicated software. Detailed information about the 
devices and software used in each center is available in the 
Supplemental Digital Content (table A1,  http://links.lww.
com/ALN/C699 ).  

  Study Protocol 

 Patients were kept in a semirecumbent position without 
sedation. Adequate analgesia was checked before the start 
of the protocol (visual analog scale [VAS] of 3 or lower). 
A calm environment was ensured around the patients 
throughout the study. Each patient underwent 3 consecu-
tive 30-min steps:  
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  1)     Low-� ow oxygen–baseline, with no support or low-
� ow oxygenation device to maintain peripheral oxygen 
saturation (Sp o  

2 
) at greater than 94%  

  2)     High-� ow nasal cannula, with � ow 50 l/min, tempera-
ture 34 to 37°C and F io  

2 
 to maintain Sp o  

2 
 at greater 

than 94%  
  3)     Low-� ow oxygen–end, same support and settings as 

during the low-� ow oxygen–baseline step.   

 During Steps 1 and 3, low-� ow oxygen support was 
delivered through nasal cannula or standard nonocclusive 
facemask, according to the clinical practice of each cen-
ter (Supplemental Digital Content, table A2,  http://links.
lww.com/ALN/C699 ). In Step 2, high-� ow nasal cannula 
was provided through a dedicated system (Airvo 2, Fisher & 
Paykel Healthcare, New Zealand). 

 Toward the end of each step, the following was recorded: 
respiratory rate (RR), Sp o  

2 
, mean arterial pressure, and 

heart rate. Then a 3-min recording of the P 
es 
 waveform 

was stored, and arterial blood gas was measured. During 
the high-� ow nasal cannula step, the F io  

2 
 was assessed 

directly by the device, while the F io  
2 
 during the two low-

� ow oxygen steps was calculated as follows: [21 + (O 
2 
 � ow 

in l/min × 3)]%.  21  

 The ratio of oxygen saturation was computed as the 
Sp o  

2 
/F io  

2 
 ratio divided by RR.  22   Patients were asked to 

rate the comfort related to each respiratory support by 
VAS, ranging between 0 (extreme discomfort) to 10 (very 
comfortable).  

  Esophageal Pressure 

 Data from esophageal pressure waveforms from 10 consec-
utive representative breaths were computed o�  ine from 
recordings performed at the end of each step. All trac-
ings were analyzed by two independent observers. In four 
patients, tracings were discarded due to poor quality of the 
waveforms (Supplemental Digital Content, � g. A1a and 
A1b,  http://links.lww.com/ALN/C699 ). 

 Respiratory e� ort was assessed by maximal amplitude 
of P 

es 
 change during negative inspiratory swing ( ∆ P 

es 
). An 

estimate of the metabolic work of breathing was calcu-
lated as the esophageal pressure-time product per minute 
(  Supplemental Digital Content, � g. A2,  http://links.lww.
com/ALN/C699 )  17  .  

  Electrical Impedance Tomography 

 O�  ine analysis of electrical impedance tomography data 
allowed the calculation of tidal volume (V 

T 
) by measur-

ing the average tidal impedance variation (10 representative 
breaths recorded at the end of each step) and then convert-
ing arbitrary units into milliliters based on a calibration fac-
tor derived from a similar population of ICU patients from 
a previous study.  18   Supplemental information about this 
calibration process is provided in the Supplemental Digital 
Content ( http://links.lww.com/ALN/C699 ). 

 Minute ventilation was computed as the product of V 
T 
 × 

RR. Dynamic compliance of the lung was calculated as 
the ratio of V 

T 
/ ∆ P 

es 
, as previously described.  17   Lung homo-

geneity was assessed by the ratio between tidal impedance 
variation in the ventral and dorsal regions (V 

T-NDEP/DEP 
).  17 , 18  

  Respiratory Drive 

 Respiratory drive was measured by three P 
es 
 and electri-

cal impedance tomography–based measures: the inspiratory 
esophageal pressure change during the � rst 500 ms from 
the start of inspiration (P 

0.5 
)  23  ; the slope of the inspiratory 

negative P 
es 
 swing from the start of inspiration to the min-

imum pressure ( ∆ P 
es 
/ ∆ t); and the mean inspiratory � ow, 

calculated as the ratio between V 
T 
 and the inspiratory time 

(V 
T 
/Ti).  24   Through the use of these indexes, the authors 

aimed to assess the two dimensions of drive: the intensity 
(P 

0.5 
 and  ∆ P 

es 
/ ∆ t) and the amplitude (V 

T 
/Ti).  

  Statistical Analysis 

 All results are presented as median [interquartile range] 
or number (%). Distribution normality was checked for 
each variable using the D’Agostino–Pearson test. Based 
on previous studies, sample size calculation (n = 20) was 
performed by hypothesizing a change of  ∆ P 

es 
 of 2.5±3 cm 

H 
2 
O between study Steps 1 and 2,  17 , 18   with a two-tailed 

type I error of 5% and statistical power of 80%. Because we 
predicted a feasibility for  ∆ P 

es 
 measurement of 80%, sample 

size was increased to 25 patients. 
 Comparisons of physiologic variables between the three 

study steps were preplanned and performed by using one-
way repeated measures ANOVA on rank.  Post hoc  compar-
isons between the low-� ow oxygen–baseline and the two 
following steps were performed by Dunnett’s test. 

 Correlations between  ∆ P 
es 
 and selected physiologic vari-

ables were performed by Spearman’s correlation. To further 
identify independent determinants of respiratory e� ort, we 
performed a multiple linear regression including the two 
factors signi� cantly associated with  ∆ P 

es 
 at Spearman’s cor-

relation ( i.e. ,  ∆ P 
es 
/V 

T 
 and arterial lactate) and adjusted for 

age, body mass index, and SOFA score. Spearman’s cor-
relations were also used to assess the relationship between 
comfort scale (VAS),  ∆ P 

es 
, and P 

0.5 
. 

 The association between  ∆ P 
es 
 and measures of respira-

tory drive was assessed by linear regression, pooling data 
from all three study steps (n = 63). Measurements were 
assumed to be independent across individuals. 

 Given the amount of physiologic data that we measured 
in adjunct to esophageal pressure, all 25 patients were ana-
lyzed for main outcomes. Then we repeated the analyses 
only in the subgroup of patients with high-quality wave-
forms of esophageal pressure (n = 21). Finally, we per-
formed a  post hoc  sensitivity analysis ( i.e. , subgroup analysis) 
on nonhypoxemic patients ( i.e. , patients with Pa o  

2 
/F io  

2 

ratios of greater than 200 mmHg upon enrollment, n = 21) 
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to avoid overlap with results from our previous study.  17   For 
all analyses, a two-tailed  P  value of less than 0.05 was con-
sidered signi� cant. Statistical analysis was performed using 
SPSS (SPSS Statistics, USA) and Prism (GraphPad version 
9.0, USA).   

  Results 
 Twenty-� ve patients were enrolled in this study. The main 
characteristics of the study population are described in 
table 1   . The median age was 69 [interquartile range, 54 to 
79] yr old. Seventeen patients (68%) were enrolled within 
24 h from admission, with a median ICU stay before 
enrollment of 1 [0 to 2] day. The median SOFA score was 
5 [4 to 9], and 13 patients (52%) were in septic shock 
( table 1 ).  

 As mentioned above, esophageal data were missing for 
four patients, because of poor quality of the recorded wave-
forms. Arterial blood gas analysis was not available for one 
patient during the low-� ow oxygen–baseline step for tech-
nical reasons. There were no other missing data. 

 Respiratory e� ort assessed by   ∆  P 
es 
 and    was elevated 

during low-� ow oxygen–baseline and low-� ow oxygen–
end phases and signi� cantly decreased during the high-� ow 
nasal cannula phase, in comparison to both low-� ow oxy-
gen steps (ANOVA  P  < 0.001;  table 2   ;  � g. 1A   ). Support by 
high-� ow nasal cannula was also associated with a decrease 
of respiratory drive: all three variables that were measured 
as surrogate of central drive (P 

0.5 
,   ∆  P 

es 
/  ∆  t, and V 

T 
/Ti) sig-

ni� cantly fell during high-� ow nasal cannula ( P  < 0.01 for 
all;  table 2 ;  � g. 1B ). Of note, high-� ow nasal cannula mod-
ulated respiratory drive and e� ort even in patients with rel-
atively normal values during the � rst low-� ow oxygen step 
( � g. 1 ). The absolute changes in respiratory e� ort and drive 
between study phases were so relevant that they may be 
considered clinically signi� cant ( table 2 ).   

 Electrical impedance tomography allowed nonin-
vasive assessment of minute ventilation and dynamic 
lung compliance (V 

T 
/ ∆ P 

es 
;  table  2 ;  � g.  1C ). During 

high-� ow nasal cannula, minute ventilation decreased 
( P  = 0.080) with unchanged arterial carbon diox-
ide levels ( P  = 0.151), and the V 

T 
/ ∆ P 

es 
 ratio improved 

( P  = 0.003). Lung homogeneity assessed by electri-
cal impedance tomography with the V 

NDEP/DEP 
 ratio 

improved ( P  = 0.080) as well ( table 2 ). 
 As expected by study protocol, there was no di� erence 

between the three phases in terms of Sp o  
2 
 ( P  = 0.335), 

and the Pa o  
2 
/F io  

2 
 ratio did not change either ( P  = 0.160; 

 table 2 ). Hemodynamics remained stable during high-� ow 
nasal cannula ( table  2 ). All the main study comparisons 
presented in  table 2  were reanalyzed in the subgroups of 
nonhypoxemic patients and those with high-quality esoph-
ageal pressure tracings (n = 21 for both, see “Materials and 
Methods” above), leading to similar results (Supplemental 
Digital Content, tables A3 and A4,  http://links.lww.com/
ALN/C699 ). 

 Although maybe relevant only for hypoxemic patients, 
the authors measured the ratio of oxygen saturation, which 
increased during the high-� ow nasal cannula phase (low-
� ow oxygen–baseline 11.7 [9.4 to 17.1]  vs.  high-� ow nasal 
cannula 18.5 [15.6 to 25.6]  vs.  low-� ow oxygen–end 14.8 
[11.9 to 19.4];  P  < 0.001). High-� ow nasal cannula was 
well tolerated: comfort assessed by the VAS scale did not 
di� er between the three phases (low-� ow oxygen–baseline 
8 [7 to 9]  vs . high-� ow nasal cannula 8 [7 to 9]  vs.  low-� ow 
oxygen–end 8 [8 to 9];  P  = 0.119). Of note, there was no 
correlation between  ∆ P 

es 
, P 

0.5 
, and the comfort VAS during 

the low-� ow oxygen–baseline step (Supplemental Digital 
Content, � g. A3,  http://links.lww.com/ALN/C699 ). 

 To explore the main determinants of increased inspi-
ratory e� ort during sepsis and septic shock, the authors 
evaluated the correlation between   ∆  P 

es 
 assessed within the 

low-� ow oxygen–baseline phase and physiologic respira-
tory stimuli measured at the bedside.  Figure  2    shows all 
the correlations:   ∆  P 

es 
 was signi� cantly associated with arte-

rial lactate and inversely with the V 
T 
/  ∆  P 

es 
 ratio ( r  = 0.46, 

P  = 0.034 and  r  = –0.76,  P  < 0.001, respectively). 
Interestingly, altered arterial blood gases (O 

2 
 and carbon 

dioxide levels), sepsis severity (SOFA score), and biomarker 
of in� ammation (C-reactive protein) did not correlate 
with respiratory e� ort. In the multivariate model adjusted 
for clinical confounders (see the “Materials and Methods” 
above), both arterial lactate (  β  -coe�  cient: 1.70 [95% CI 
0.53 to 2.87],  r  2  = 0.41,  P  = 0.012) and the V 

T 
/  ∆  P 

es 
 ratio 

(  β  -coe�  cient: –0.05 [–0.08 to –0.02],  r  2  = 0.39,  P  = 0.012) 
were independently correlated with   ∆  P 

es 
.  

 The correlation between drive and e� ort may be lost 
in the presence of neuromuscular insu�  ciency, but in the 
current study performed early after admission, the cor-
relation between P 

0.5 
 and   ∆  P 

es 
 was statistically signi� cant 

( r  = 0.95;  P  < 0.001;  � g. 3   ). Signi� cant correlations existed 

 Table 1.      Patients’ Main Characteristics   

 Characteristics    All Patients (n = 25)   

 Age, yr  69 [54 to 79] 
 Female (%)  15 (60) 
 Height, cm  170 [160 to 173] 
 Body mass index, kg/m 2  24.2 [21.6 to 27.1] 
 ICU days before enrollment  1 [0 to 2] 
 SOFA score  5 [4 to 9] 
 SAPS II score at ICU admission  37 [31 to 46] 
 C-reactive protein, mg/l  19 [13 to 35] 
 Patients with septic shock (%)  13 (52) 
 Plasma lactate in septic shock patients, mmol/l  2.9 [2.4 to 4.7] 
 Plasma lactate in patients with sepsis, mmol/l  1.2 [0.9 to 3.3] 
 Etiology (%)    
  Abdominal  15 (60) 
  Urinary  7 (28) 
  Other  3 (12) 

   ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment score.   
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also between   ∆  P 
es 
 and   ∆  P 

es 
/  ∆  t, whereas correlation with 

mean inspiratory � ow was poorer (Supplemental Digital 
Content, � g. A4,  http://links.lww.com/ALN/C699 ). 

∆  P 
es 
 during the high-� ow nasal cannula phase improved 

more in patients with higher baseline RR and   ∆  P 
es 
, with 

a linear relationship between these variables and the   ∆  P 
es 

 Table 2.      Physiologic Effects of High-fl ow Nasal Cannula in Spontaneously Breathing Patients with Sepsis and Septic Shock   

     
 Low-fl ow 

Oxygen–Baseline   
 High-fl ow 

Nasal Cannula   
 Low-fl ow 

Oxygen–End   
 ANOVA 
P  Value   

 Respiratory effort             
  ∆P es , cm H 2 O  8.0 [6.0 to 11.5]  5.5 [4.5 to 8.0] *   7.5 [6.0 to 12.6] < 0.001 
  P es  time product  , cm H 2 O ∙ s ∙ min –1  224 [184 to 300]  140 [84 to 192] *   210 [174 to 275] < 0.001 
 Respiratory drive             
  P 

0.5 , cm H 2 O  6.0 [4.4 to 9.0]  4.3 [3.5 to 6.6] *   6.6 [4.9 to 10.7] < 0.001 
  ∆P es /∆t, cm H 2 O ∙ s –1  9.0 [5.4 to 13.0]  5.7 [4.6 to 8.8] *   10.0 [6.2 to 14.2] < 0.001 
  V T /T i , ml ∙ s –1  534 [473 to 668]  489 [424 to 593] †   533 [420 to 611] 0.003 
 Lung volumes by electrical impedance tomography             
  V 

T , ml  512 [391 to 695]  584 [421 to 733]  519 [403 to 635]  0.958 
  Respiratory rate, min –1  23 [20 to 27]  20 [14 to 24] *   22 [20 to 25] 0.002 
  Minute ventilation, l ∙ min –1  11.95 [9.72 to 14.70]  10.49 [8.73 to 14.28]  11.51 [8.17 to 14.06]  0.080 
  V T /∆P es , ml ∙ cm H 2 O –1  63 [36 to 105]  83 [71 to 144] *   65 [41 to 114] 0.003 
  V T-NDEP  /  DEP  1.21 [0.84 to 1.54]  1.15 [0.78 to 1.48]  1.27 [0.86 to 1.52]  0.080 
 Gas exchange             
  pH  7.43 [7.41 to 7.46]  7.44 [7.39 to 7.47]  7.43 [7.41 to 7.47]  0.663 
  Pa CO  2 , mmHg  33.8 [30.9 to 41.3]  33.9 [29.9 to 39.1]  34.1 [32.1 to 41.2]  0.151 
  Pa O  2 /F IO  2 , mmHg  257 [228 to 331]  329 [280 to 367]  308 [246, 356]  0.160 
  Sa O  2 , %  96.0 [93.8 to 96.5]  96 [93.8 to 96.0]  96.0 [95.0 to 96.4]  0.335 
 Hemodynamics             
   Mean arterial pressure, mmHg  83 [71 to 97]  80 [71 to 92]  76 [69 to 94]  0.130 
   Heart rate, beats/min  94 [81 to 118]  101 [84 to 113]  94 [78 to 115]  0.319 

   The values are from Dunnett’s  post hoc  tests. Boldface refers to the statistically signifi cant ANOVA  P  values (with a threshold of 0.05).  
  * P  < 0.005 from low-fl ow oxygen–baseline;     † P  < 0.05 from low-fl ow oxygen–baseline.  
  F IO  2 , inspired dioxygen fraction; ∆P es , negative esophageal pressure swing; RR, respiratory rate; Sa O  2 , arterial dioxygen saturation; T i , inspiratory time; V T , tidal volume; V T-NDEP/DEP , 
nondependent on dependent regions tidal volume ratio.   

 Figure 1.      Effects of high-fl ow nasal cannula on negative esophageal pressure swing (patient’s effort: ∆P es ,  A ); ∆P es  at 500 ms from the start 
of effort (patient’s drive: P 0.5 ,  B ); and dynamic lung compliance (V T /∆P es ,  C ).  Red bars  indicate median value.  P  values for the ANOVA test are 
reported in  table 2 .  Post hoc  Dunnett’s  P  values: * P  < 0.005; ** P  < 0.05.    
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improvement (Supplemental Digital Content, � g. A5, 
 http://links.lww.com/ALN/C699 ).   

  Discussion 
 The main � ndings of the study can be summarized as fol-
lows: respiratory drive and e� ort are increased in patients 
with sepsis and septic shock of extrapulmonary origin, and 
noninvasive support by high-� ow nasal cannula modu-
lates them e� ectively; higher plasma lactate level and lower 
dynamic lung compliance are associated with more intense 
respiratory e� ort; respiratory drive and e� ort are tightly cor-
related early after admission to the ICU; and higher inspira-
tory e� ort and respiratory rate during low-� ow oxygen are 
associated with more e� ective modulation of e� ort by high-
� ow nasal cannula. This study con� rmed the hypothesis of 
increased respiratory e� ort in patients with sepsis and septic 
shock in comparison to controls. The median for  ∆ P 

es 
 of 

8.0 cm H 
2 
O measured in septic patients is clearly higher than 

3.2 cm H 
2 
O measured in recent series on healthy adults.  25   In 

addition, more than 75% of septic patients had pressure-time 
product    values above the physiologic upper threshold of 
150 cm H 

2 
O ∙ s ∙ min -1 .  26   Experimental and pilot clinical 

data showed that, during sepsis, multiple mechanisms could 
lead to increased respiratory drive and e� ort.  10 , 27  

 Askanazi  et al.   5   showed that infusion of catecholamines 
and stress hormones (which are hallmark mediators of the 
systemic septic syndrome) increase the O 

2 
 consumption 

and carbon dioxide production in healthy subjects, lead-
ing to a compensatory increase of minute ventilation. 
Metabolic acidosis is highly prevalent in sepsis and septic 
shock; the etiology is multifactorial, and the severity of the 
acidosis is correlated with the outcome.  28   Metabolic acido-
sis is accompanied by respiratory compensation and hyper-
ventilation to clear carbon dioxide, if the patient is able to 
manage that.  8 , 10  

 Tang  et al.   9   showed that an intravenous challenge with 
50 mg/kg endotoxin in healthy rats increases the minute 
ventilation by 144% within 5 h and that tachypnea is pre-
vented by vagotomy, suggesting that hyperventilation is 
mediated by lung vagal a� erents. Interestingly, in that study, 
the e� ects of endotoxin were independent from alterations 
of gas exchange.  9   Similarly, Huxtable  et al.   29   described 
increased respiratory rates in rats treated with lipopolysac-
charide and hypothesized a direct action on the brainstem 
centers. Finally, the study � ndings may resemble experimen-
tal human data by Doorduin  et al.   30  : Lipopolysaccharides 
infused in healthy humans induced an increase in diaphrag-
matic strength, which might explain the tight correlation 
with drive. 

 In summary, metabolic demands, acidosis, and in� am-
mation increase the respiratory drive and, if muscular func-
tion is preserved, the e� ort in septic patients.  10 , 31   The close 
correlation between drive and e� ort that we describe likely 
suggests that the muscular function in the patient popula-
tion was not impaired, and higher drive directly produced 

 Figure 2.      Correlations between physiologic determinants of inspiratory effort  versus  ∆P es  during the low-fl ow oxygen–baseline step. 
Spearman’s correlation was computed for each variable. r and  p  values are reported in the fi gure for each variable.    
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an increase in ventilation. Previous clinical study con� rmed 
a more rapid and shallow breathing pattern in intubated 
septic patients during weaning, which is a quite di� er-
ent setting in comparison with the current data.  27   Septic 
patients may be considered at risk of increased respiratory 
drive and e� ort, even when their lungs are not the primary 
site of infection. 

 To further describe the correlation between determi-
nants of drive and the respiratory e� ort in the study pop-
ulation, the authors correlated markers of each mechanism 
with  ∆ P 

es 
. Plasma lactate and dynamic lung compliance 

were the only factors showing an association. Lactate is one 
of the main determinants of cerebrospinal � uid acidosis, 
which directly stimulates the respiratory centers  32  ; however, 
they are also correlated with the overall severity of sepsis, 
and a simple noncausal association cannot be excluded.  33  

Dynamic compliance may be a more sensitive indicator of 
the impairment in lung function than gas exchange, and 
although patients with pneumonia were excluded from the 
study, initial lung injury caused by circulating mediators 
and/or high lung stress may have already been at play to 
increase respiratory drive and e� ort. 

 In our population, there was no association between 
the respiratory drive and e� ort and the comfort perceived 
by the patient, making this measure unsuitable as a marker 
of increased transpulmonary pressure. This � nding likely 
highlights the very complex interaction between acute 
respiratory failure and comfort: other determinants like 
mucosal dryness, pain, psychologic stress, and fear might 
become predominant over more speci� c mechanisms such 
as increased respiratory load. Similar lack of linear correla-
tion between respiratory pattern and comfort was already 

described in patients with acute exacerbation of chronic 
obstructive pulmonary disease.  34  

 Previously published data on patients with acute respira-
tory hypoxemic failure (including only patients with Pa o  

2 
/

F io  
2 
 of less than 200, 87% with pneumonia) already showed 

a decrease in respiratory e� ort by noninvasive support 
with high-� ow nasal cannula.  17   In the current study, only 
4 patients (16%) had Pa o  

2 
/F io  

2 
 of less than 200, and pneu-

monia was an exclusion criterion. Despite di� erent settings 
and minimum overlap with previous study, high-� ow nasal 
cannula modulated both the intensity and the amplitude of 
respiratory drive of septic patients, and this likely decreased 
the instantaneous per-breath e� ort ( ∆ P 

es 
), as well as the 

surrogate index of longer term work of breathing (pres-
sure-time product  ). The most probable mechanisms lead-
ing to bene� cial e� ects of high-� ow nasal cannula in septic 
patients may have been washout of the dead space, com-
pensating excessive carbon dioxide production, and some 
expiratory positive pressure e� ect, improving dynamic lung 
compliance.  17 , 18   Regardless of the mechanism used for the 
same clinical condition, by application of high-� ow nasal 
cannula, the muscles of septic patients may have to bear 
less work of breathing, and their lungs may be subject to 
decreased lung stress. 

 The potential clinical impact of the authors’ � ndings is 
correlated with the risk of worse clinical outcome in spon-
taneously breathing septic patients intubated during their 
ICU stay. In a  post hoc  analysis of data from a large random-
ized clinical trial on 776 septic shock patients, Delbove 
et al.   14   described signi� cantly lower mortality in patients 
admitted to the ICU and never requiring intubation  ver-
sus  those intubated during their ICU stay. Later on, the 

 Figure 3.      Dunnett’s  post hoc  tests: * P  < 0.05 from low-fl ow oxygen–baseline; † P  < 0.005 from low-fl ow oxygen–baseline. Data from all 
three study steps were gathered. Linear regression values are provided with 95% CIs and equation.    
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prospective INTUBATIC study performed by Darreau  et al.   15  

enrolled 859 spontaneously breathing patients with sep-
tic shock admitted to the ICU: in-hospital mortality 
was 46.9% in patients intubated within 8 h  versus  41.2% 
in patients intubated between 8 and 72 h and 13.1% in 
patients who were never intubated. Interestingly, in that 
study, use of accessory muscles (likely indicating strong 
inspiratory e� ort) and higher respiratory rate character-
ized patients who ended up intubated  versus  those who 
were never intubated. Respiratory e� ort and rate are the 
same factors that, in the current study, correlated with 
larger reduction of e� ort by high-� ow nasal cannula. 
However, the primary endpoint of the current study was 
physiologic. 

 This study presents some limitations. First, � ndings 
should be generalized with caution because of the limited 
number of patients enrolled and given the heterogeneous 
nature of sepsis. However, the sample size is larger than 
previous physiologic studies on the same topic.  17 , 18 , 20 , 27  

Second, esophageal pressure measurements were per-
formed without calibration according to the method 
described by Baydur  et al. ,  35   but the current study used 
objective criteria to evaluate the quality of online mea-
sures (insertion depth, cardiac artifacts, amplitude of neg-
ative P 

es 
 swings). Third, electrical impedance tomography 

was calibrated by a factor derived from another patient 
population with similar characteristics (adult nonintu-
bated critically ill patients),  18   for whom synchronized spi-
rometry and electrical impedance tomography data were 
collected; although the factor may not be as accurate for 
this population, the relative e� ects between study steps 
should be reliable. Fourth, the authors did not assess the 
di� erential role of the diaphragm  versus  accessory inspira-
tory and expiratory muscles ( e.g. , by ultrasonography)  36   as 
the origin of increased e� ort. Of note, experimental stud-
ies in dogs exposed to endotoxin showed homogeneous 
activation of all the inspiratory muscles.  37 , 38   In a cohort of 
intubated septic patients, use of accessory muscles mea-
sured by ultrasonography was veri� ed in the majority of 
cases.  36   These � ndings generate the hypothesis that both 
the diaphragm and the accessory muscles may generate 
increased e� ort in septic patients, and their di� erential 
role deserves further exploration. Fifth, the correlation 
between  ∆ P 

es 
 and dynamic lung compliance (V 

T 
/ ∆ P 

es 
) 

may su� er by some degree of mathematical coupling. 
However, we present it given the sound physiologic back-
ground linking respiratory mechanics and e� ort.  39   Sixth, 
the three measures of respiratory drive may have been 
in� uenced by respiratory muscle strength and/or respi-
ratory system compliance, and conclusions regarding the 
impact of high-� ow nasal cannula on respiratory drive 
in septic patients should be taken with caution. Finally, 
both sepsis and septic shock patients were enrolled in this 
study, which may have introduced some heterogeneity; 
the authors wanted to explore a spectrum of severity to 

analyze correlations between clinical and biochemical fac-
tors and respiratory drive and e� ort. 

  Conclusions 

 High-� ow nasal cannula modulates e� ectively elevated 
respiratory drive and e� ort in patients with sepsis and septic 
shock of extrapulmonary etiology. Higher lactatemia and 
lower dynamic lung compliance characterize patients with 
stronger inspiratory e� ort. Higher respiratory rate and e� ort 
during low-� ow oxygen may predict larger modulation of 
e� ort by high-� ow nasal cannula. The study � ndings gen-
erate the hypothesis that noninvasive respiratory support by 
high-� ow nasal cannula in septic patients without pneumo-
nia might reduce the risks of increased inspiratory e� ort.  
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   While the treatment of critically ill COVID-19 patients has improved, 
mortality rates remain high    

  What This Article Tells Us That Is New  

•   In a retrospective cohort consisting of 2,070 critically ill COVID-19 
patients treated in six hospitals, multivariable regression analysis 
showed lower in-hospital mortality associated with apixaban, aspi-
rin, or enoxaparin treatment  

•   Propensity score–matching analyses demonstrated lower mortality 
for patients receiving apixaban (27% [96 of 360]  vs.  37% [133 
of 360]), aspirin (26% [121 of 473]  vs.  30% [140 of 473]), or 
enoxaparin (25% [87 of 347)  vs.  34% [117 of 347]) compared to 
matched controls            

 A Particular challenge of COVID-19 treatment is the 
high mortality, especially among critically ill patients. 

Although the mortality rate was estimated to be ~50% 
among critically ill COVID-19 patients in the early stage 
of the pandemic,  1   a study performed at a later stage of the 
pandemic showed a downward trend of mortality rates 
from ~44% to ~19%.  2   E� ective treatments might be one 
factor responsible for this decline. Continuous e� orts in 

discovering e� ective treatments are needed and have been 
ongoing as evidenced by the recent trials exploring the 
e� ectiveness of therapeutic  versus  prophylactic anticoag-
ulation in hospitalized and critically ill patients.  3–5   With 
the passing of the COVID-19 pandemic’s � rst anniversary 
and the surge of the Delta variant, a look back at the data 
accumulated over 1 yr provides an opportunity to identify 
potentially e� ective treatments. Such an approach could 
corroborate established treatments or generate hypotheses 
for future investigations. 

 This retrospective cohort study hypothesized that certain 
treatments would be associated with lower mortality in patients 
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  ABSTRACT 
  Background:     Mortality in critically ill COVID-19 patients remains high. 
Although randomized controlled trials must continue to defi nitively evaluate 
treatments, further hypothesis-generating efforts to identify candidate treat-
ments are required. This study’s hypothesis was that certain treatments are 
associated with lower COVID-19 mortality.  

  Methods:     This was a 1-yr retrospective cohort study involving all COVID-19 
patients admitted to intensive care units in six hospitals affi liated with Yale 
New Haven Health System from February 13, 2020, to March 4, 2021. The 
exposures were any COVID-19–related pharmacologic and organ support 
treatments. The outcome was in-hospital mortality.  

  Results:     This study analyzed 2,070 patients after excluding 23 patients 
who died within 24 h after intensive care unit admission and 3 patients who 
remained hospitalized on the last day of data censoring. The in-hospital mor-
tality was 29% (593 of 2,070). Of 23 treatments analyzed, apixaban (hazard 
ratio, 0.42; 95% CI, 0.363 to 0.48; corrected CI, 0.336 to 0.52) and aspi-
rin (hazard ratio, 0.72; 95% CI, 0.60 to 0.87; corrected CI, 0.54 to 0.96) 
were associated with lower mortality based on the multivariable analysis with 
multiple testing correction. Propensity score–matching analysis showed an 
association between apixaban treatment and lower mortality (with  vs . without 
apixaban, 27% [96 of 360]  vs . 37% [133 of 360]; hazard ratio, 0.48; 95% 
CI, 0.337 to 0.69) and an association between aspirin treatment and lower 
mortality (with  vs . without aspirin, 26% [121 of 473]  vs . 30% [140 of 473]; 
hazard ratio, 0.57; 95% CI, 0.41 to 0.78). Enoxaparin showed similar associ-
ations based on the multivariable analysis (hazard ratio, 0.82; 95% CI, 0.69 
to 0.97; corrected CI, 0.61 to 1.05) and propensity score–matching analysis 
(with  vs . without enoxaparin, 25% [87 of 347]  vs . 34% [117 of 347]; hazard 
ratio, 0.53; 95% CI, 0.367 to 0.77).  

  Conclusions:     Consistent with the known hypercoagulability in severe 
COVID-19, the use of apixaban, enoxaparin, or aspirin was independently 
associated with lower mortality in critically ill COVID-19 patients.   

(ANESTHESIOLOGY  2021 ;  135 : 1076 – 90 )   
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treated in intensive care units (ICUs) for COVID-19–related 
complications. Our objective was to identify the treatments asso-
ciated with lower COVID-19 mortality based on multivariable 
analysis. The reproducibility of the associations identi� ed by 
multivariable analysis was evaluated by propensity score–match-
ing analysis. This study was based on all COVID-19 patients 
treated in the ICUs in hospitals a�  liated with Yale New Haven 
Health System headquartered in New Haven, Connecticut. 

  Materials and Methods 

  Study Design 

 Yale University’s Human Subject Protection Program ini-
tially approved this retrospective cohort study and waived 
informed consent on May 6, 2020 (institutional review 
board protocol no. 2000028070). The reporting of this study 
followed the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) guidelines.  

  Setting 

 This study was based on all patients diagnosed with COVID-19 
secondary to a SARS-CoV-2 infection and treated for 
COVID-19–related complications in the ICUs of six hospitals 
a�  liated with Yale New Haven Health System ( i.e. , Yale New 
Haven Hospital, Saint Raphael Campus, Greenwich Hospital, 
Bridgeport Hospital, Lawrence + Memorial Hospital, and 
Westerly Hospital). The study period was from February 13, 
2020, when the � rst COVID-19 patient was admitted to the 
ICU at Yale, to March 4, 2021, when the COVID-19 ICU 
admission signi� cantly declined. We included all COVID-
19 patients admitted to Yale’s ICUs during the study period 
to re� ect the experience of treating critically ill COVID-19 
patients throughout the � rst pandemic year.  

  Study Population 

 Inclusion criteria for this study included an age of 18 yr 
or older, a diagnosis of COVID-19 (based on real-time 
reverse transcription–polymerase chain reaction assay tar-
geting three regions of the SARS-CoV-2 genome, namely 
orf1ab, spike [S] gene, and nucleocapsid [N] gene), and 
treatment in one of Yale New Haven Health System’s ICUs 
at any time during the study period. COVID-19 patients 
who required organ support therapies or intensive mon-
itoring and care were eligible for ICU admission at Yale. 
No patients were admitted to ICU purely for isolation. The 
respiratory criteria for ICU admission varied over time: 
when there were su�  cient ICU resources, patients requir-
ing noninvasive ventilation or invasive mechanical ventila-
tion were admitted to the ICU; however, during the case 
surge, when ICU resources were inadequate, only patients 
requiring invasive mechanical ventilation were admitted 
to the ICU. Exclusion criteria for this study were death 
within 24 h after ICU admission, age of less than 18 yr, and 
continued hospitalization on the last day of data censoring. 
Patient care was per the institutional protocols customized 

for COVID-19 patients and continuously updated based on 
the evolving evidence.  

  Variables 

 The primary outcome was in-hospital mortality, de� ned as 
all-cause death that occurred during a patient’s hospitaliza-
tion. Patients were regarded as survivors if they were dis-
charged alive from the hospital or as nonsurvivors if they 
died during hospitalization. We included patients who were 
admitted to Yale’s ICUs up to March 4, 2021. The relevant 
information of those patients who remained hospitalized on 
March 4, 2021, was updated based on the electronic medical 
records on June 1, 2021 ( i.e. , the last day of data censoring). 

 The treatments in this study were any COVID-19–
related pharmacologic or organ support intervention insti-
tuted during a patient’s hospitalization. The pharmacologic 
treatments included (1) antiviral drugs ( e.g. , remdesivir and 
hydroxychloroquine); (2) anticoagulants ( e.g. , enoxaparin, 
heparin, and apixaban); (3) antiplatelet agents ( e.g. , aspirin, 
clopidogrel, and ticagrelor); (4) steroids ( e.g. , dexamethasone, 
methylprednisolone, and hydrocortisone); (5) immunomodu-
lators ( e.g. , tocilizumab); (6) immunosuppressants ( e.g. , tacroli-
mus); (7) vasopressors ( e.g. , norepinephrine, epinephrine, and 
dopamine); and (8) uncategorized drugs ( e.g. , azithromycin, 
convalescent plasma, and famotidine). Information on drug 
dose, timing, and duration of treatment was collected. The 
organ support therapies included (1) conventional oxygen 
therapy delivered using a regular nasal cannula or face mask; 
(2) high-� ow nasal cannula; 3) bilevel positive airway pressure 
ventilation; (4) continuous positive airway pressure ventilation; 
(5) invasive mechanical ventilation; (6) continuous venovenous 
hemo� ltration; and (7) extracorporeal membrane oxygenation. 

 The potential confounders were as follows: (1) the 
known risk factors for COVID-19 mortality (age, sex, and 
hypertension); (2) the severity of the acute illness during 
the � rst 24 h after ICU admission (Sequential Organ Failure 
Assessment score, Glasgow Coma Scale score, and invasive 
mechanical ventilation); (3) the various phases during the 
� rst pandemic year,  i.e. , the � rst phase (February 1, 2020, to 
May 31, 2020), the second phase (June 1, 2020, to August 31, 
2020), the third phase (September 1, 2020, to November 30, 
2020), and the fourth phase (December 1, 2020, to March 4, 
2021), with each patient assigned to a phase based on their 
ICU admission date; (4) the demographics and comorbidi-
ties; and (5) the laboratory results and vital signs during the 
� rst 24 h after ICU admission.  

  Data Sources and Measurement 

 The measurements of all variables of interest were con-
ducted in routine patient care guided by the institutional 
protocols customized for COVID-19 patients and continu-
ously updated based on the evolving evidence. Patient data 
were extracted from the electronic medical records by the 
Joint Data Analytics Team at the Yale Center for Clinical 
Investigation. This team centralizes and coordinates clinical 
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and research analytics and reporting across the Yale New 
Haven Health System and Yale School of Medicine.  

  Bias 

 E� orts were made to minimize selection bias. Our study 
analyzed all adult COVID-19 patients admitted to the 
ICUs in six hospitals a�  liated with Yale New Haven 
Health System at any time during the study period. Yale 
New Haven Health System covers a signi� cant portion 
of Connecticut and provides a mixture of di� erent levels 
of care to state residents. As all our patients were treated 
in hospital settings, missing data were minimized because 
of standardized electronic methods for data capture and 
recording. All variables of interest were measured using the 
same methods across the healthcare system.  

  Study Size 

 No statistical power calculation was conducted before 
the study because we planned to include all COVID-19 
patients who had been treated in Yale New Haven Health 
System’s ICUs throughout the entire � rst pandemic year. 
The sample size was based on the available cases.  

  Quantitative Variables 

 We used original quantitative data collected from electronic 
medical records, including demographic characteristics, lab-
oratory results, vital signs, drug doses, and treatment timing 
and duration. We removed data outside of the 0.5 to 99.5 
percentile range for vital signs, considering that some of 
these measurements could be artifacts or outliers.  

  Statistical Methods 

 Continuous data are presented as means and SD or median 
and interquartile range, depending on the normality of 
distribution, assessed using histograms and Q-Q plots. 
Categorical data are presented as numbers and percentages. 
Missing data were not imputed. 

 Our objective was to identify treatments associated with 
lower mortality using a multivariable Cox proportional-haz-
ards model. The variables entering the multivariable anal-
ysis included all COVID-19–related treatments and the 
potential confounders described above under “Variables.” 
Only those treatments that were used in at least 5% of 
patients were included in the analysis. Demographics, 
comorbidities, laboratory results, and vital signs with a 
P  value less than 0.25 in univariate analyses were included in the 
multivariable analysis. If two variables had an absolute Pearson’s 
or Spearman’s rank correlation coe�  cient greater than 0.5, we 
included only one variable to avoid collinearity. We excluded 
variables that had missing data for more than 10% of the patients. 
Multiple testing correction was performed using the Bonferroni 
method to reduce the chance of type I errors at the two-sided 
0.05  α  level. The hypotheses for all COVID-19–related treat-
ments were considered as a family; therefore, the raw  P  value 

for each treatment was multiplied by the number of treatments 
being analyzed to derive the corrected  P  value. The association 
was estimated using hazard ratios and reported with 95% CIs. To 
account for clustering within hospitals, we used robust sandwich 
estimators to compute standard errors for the hazard ratios.  6 

 We used propensity score–matching analysis to evaluate 
the reproducibility of the association identi� ed by the mul-
tivariable analysis. We divided patients into two cohorts: one 
cohort received the treatment, and the other cohort did not, 
with these two cohorts balanced at the baseline level using 
propensity score matching. The propensity score model 
included the demographic characteristics, comorbidities, pan-
demic phase, severity of acute illness (during the � rst 24 h after 
ICU admission), laboratory results (during the � rst 24 h after 
ICU admission), and vital signs (during the � rst 24 h after ICU 
admission). The matched pairs were identi� ed using a one-to-
one nearest neighbor caliper of 0 to 0.1 width. The balance 
between matched pairs was assessed using a standardized 10% 
di� erence. Survival was estimated using the product-limit 
Kaplan–Meier estimator, and the log-rank statistic was used 
to compare the survival curves. A strati� ed Cox proportion-
al-hazards model was used in the analysis of the matched pairs. 

 We additionally explored the factors that could have mod-
i� ed the association identi� ed by the multivariable analysis 
and evaluated by the propensity score–matching analysis. The 
method of analysis depended on the characteristics of the treat-
ment associated with lower COVID-19 mortality. If a drug was 
associated with lowering mortality signi� cantly, we presented 
the relevant data by dividing the patients into subgroups with 
di� erent drug doses when feasible. When feasible, we also split 
the matched pairs derived from the propensity score matching 
into subgroups with di� erent drug doses to explore the poten-
tial factors that might have modi� ed the association. 

 A data analysis and statistical plan was written and � led with 
a private entity (institutional review board) before the data were 
accessed. During the peer-review process, signi� cant modi� ca-
tions were requested and implemented. No minimum clini-
cally meaningful e� ect size was de� ned before data access. The 
propensity score-matched analyses were planned  post hoc . For a 
two-tailed hypothesis test, the signi� cance level for each general 
hypothesis was 0.05. All analyses were performed in R soft-
ware (version 3.5.3, R Foundation for Statistical Computing, 
Austria), with packages including sqldf, dplyr, sandwich, sur-
vival, survminer, arsenal, mltools, MatchIt, stddi� , and tableone.   

  Results 

  Study Population 

 From February 13, 2020, to March 4, 2021 (1 yr and 3 weeks), 
a total of 2,096 patients were treated for COVID-19–related 
complications in Yale New Haven Health System’s ICUs 
( � g. 1   ). We excluded 23 patients who died within 24 h after 
ICU admission and 3 patients who remained hospitalized 
on the last day of data censoring. The � nal analysis involved 
2,070 patients, including 856 (41%) patients admitted to 
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ICU during the � rst phase, 138 (6.7%) patients during the 
second phase, 400 (19.3%) patients during the third phase, 
and 676 (32.7%) patients during the fourth phase (� g. S1 
in Supplemental Digital Content,  http://links.lww.com/
ALN/C693 ). The study population had a mean age of 65 
yr (SD, 16 yr; N = 2,070) and a male patient percentage of 
58.8% (1,218 of 2,070;  table 1    and table S1 in Supplemental 
Digital Content,  http://links.lww.com/ALN/C693 ).    

  Descriptive Data 

 The potential COVID-19–related treatments are presented 
in table S2 in Supplemental Digital Content ( http://links.
lww.com/ALN/C693 ), with most treatments given to less 
than 5% of the study population. The treatments included 
in the multivariable analysis are presented in  table 2   . The 
potential confounders included in the multivariable anal-
ysis are presented in table S3 in Supplemental Digital 
Content ( http://links.lww.com/ALN/C693 ).   

  Outcome Data 

 A total of 593 patients died during hospitalization, and 1,477 
patients were discharged from the hospital alive. The all-cause 
in-hospital mortality was 28.6% (593 of 2,070). The mortal-
ity was 31.8% (272 of 856) during the � rst pandemic phase, 
10.1% (14 of 138) during the second pandemic phase, 26.8% 
(107 of 400) during the third pandemic phase, and 29.6% 
(200 of 676) during the fourth pandemic phase. The median 
hospital stay was 16 days (interquartile range, 10 to 27), and 
the median ICU stay was 6 days (interquartile range, 2 to 13).  

  Treatments Associated with Lower Mortality 

 The following treatments were associated with 
lower mortality based on the multivariable 

analysis: atazanavir (hazard ratio, 0.58; 95% CI, 0.393 to 0.89;  P
= 0.006), enoxaparin (hazard ratio, 0.82; 95% CI, 0.69 to 0.97; 
P  = 0.021), heparin (hazard ratio, 0.79; 95% CI, 0.66 to 0.95; 
P  = 0.011), apixaban (hazard ratio, 0.42; 95% CI, 0.363 to 0.48; 
P  < 0.001), aspirin (hazard ratio, 0.72; 95% CI, 0.60 to 0.87;  P  < 
0.001), famotidine (hazard ratio, 0.364; 95% CI, 0.174 to 0.76; 
P  = 0.008), and conventional oxygen therapy (hazard ratio, 
0.51; 95% CI, 0.327 to 0.81;  P  = 0.004;  table 2 ). The results of 
the 23 hypotheses, corresponding to all treatments included in 
the multivariable analysis, were corrected using the Bonferroni 
method. After multiple testing correction, only apixaban (cor-
rected CI, 0.336 to 0.52; corrected  P  < 0.001) and aspirin 
(corrected CI, 0.54 to 0.96; corrected  P  = 0.010) remained 
signi� cantly associated with lower mortality. The results of the 
univariate analyses are presented in table S4 in Supplemental 
Digital Content ( http://links.lww.com/ALN/C693 ).  

  Propensity Score–matching Analysis for Apixaban 

 The association between apixaban and mortality was fur-
ther evaluated using propensity score–matching analysis as 
this association remained signi� cant after the multivariable 
analysis with multiple testing correction. The propensity 
score matching generated two well balanced cohorts: one 
comprising 360 patients who received apixaban treatment 
and the other comprising 360 patients who never received 
apixaban treatment ( table 3    and table S5 in Supplemental 
Digital Content,  http://links.lww.com/ALN/C693 ). The 
mortality was 26.7% (96 of 360) in patients treated with 
apixaban and 36.9% (133 of 360) in patients not treated 
with apixaban. Apixaban treatment had a signi� cant asso-
ciation with lower mortality (hazard ratio, 0.48; 95% CI, 
0.337 to 0.69;  P  < 0.001), re� ecting a 52% lower mortality 
risk in apixaban-treated patients compared to patients never 
treated with apixaban. The respective survival probabilities 

 Fig. 1.      Patients and analyses. ICU, intensive care unit.    
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of patients who received and did not receive apixaban treat-
ment are presented in  � gure  2A   . An additional strati� ed 
multivariable Cox regression analysis based on the matched 
cohorts also showed a signi� cant association between apix-
aban treatment and lower mortality (hazard ratio, 0.388; 
95% CI, 0.254 to 0.59;  P  < 0.001), with the covariates 
including enoxaparin, aspirin, and dexamethasone.    

  Propensity Score–matching Analysis for Enoxaparin 

 Enoxaparin was the anticoagulant of choice for hospitalized 
COVID-19 patients during this pandemic. In total, 72.7% 
of our patients received enoxaparin, whereas only 19.7% 
received apixaban. The multivariable analysis suggested an 
association between enoxaparin treatment and lower mor-
tality, although this association was no longer signi� cant 

after multiple testing correction ( table 2 ). This result might 
be due to overcorrection. To further explore this association, 
we used propensity score–matching analysis to estimate the 
association between enoxaparin and mortality. 

 The propensity score matching generated two well bal-
anced cohorts: one comprising 347 patients who received 
enoxaparin treatment and the other comprising 347 patients 
who never received enoxaparin treatment ( table 4    and table 
S6 in Supplemental Digital Content,  http://links.lww.
com/ALN/C693 ). The mortality was 25.1% (87 of 347) 
in patients treated with enoxaparin and 33.7% (117 of 347) 
in patients never treated with enoxaparin. Enoxaparin treat-
ment had a signi� cant association with lower mortality (haz-
ard ratio, 0.53; 95% CI, 0.367 to 0.77;  P  < 0.001), re� ecting a 
47% lower mortality risk in enoxaparin-treated patients com-
pared to patients never treated with enoxaparin. The respec-
tive survival probabilities of patients who received and did 
not receive enoxaparin are presented in  � gure 2B . An addi-
tional strati� ed multivariable Cox regression analysis based 
on the matched cohorts also showed a signi� cant association 
between enoxaparin treatment and lower mortality (haz-
ard ratio, 0.55; 95% CI, 0.373 to 0.81;  P  = 0.002), with the 
covariates including apixaban, aspirin, and dexamethasone.   

  Propensity Score–matching Analysis for Aspirin 

 The association between aspirin and mortality was further 
evaluated using propensity score–matching analysis because 
this association remained signi� cant after the multivariable 
analysis with multiple testing correction. The propensity 
score matching generated two well balanced cohorts: one 
comprising 473 patients who received aspirin treatment 
and the other comprising 473 patients who never received 
aspirin treatment ( table  5    and table S7 in Supplemental 
Digital Content,  http://links.lww.com/ALN/C693 ). The 
mortality was 25.6% (121 of 473) in patients treated with 
aspirin and 29.6% (140 of 473) in patients not treated with 
aspirin. Aspirin treatment had a signi� cant association with 
lower mortality (hazard ratio, 0.57; 95% CI, 0.41 to 0.78; 
P  < 0.001), re� ecting a 43% lower mortality risk in aspi-
rin-treated patients compared to patients never treated with 
aspirin. The respective survival probabilities of patients who 
received and did not receive aspirin treatment are pre-
sented in  � gure  2C . An additional strati� ed multivariable 
Cox regression analysis based on the matched cohorts also 
showed a signi� cant association between aspirin treatment 
and lower mortality (hazard ratio, 0.61; 95% CI, 0.43 to 
0.86;  P  = 0.005), with the covariates including apixaban, 
enoxaparin, and dexamethasone.   

  Exploratory Analysis  
Association Modifi cation by Apixaban Dose  .    Apixaban was 
administered in two di� erent doses: a prophylactic dose (2.5 
or 5 mg two times daily) in 80% (328 of 408) of patients and 
a therapeutic dose (10 mg two times daily) in 20% (80 of 

 Table 1.      Baseline Characteristics (N = 2,070)   

 Categories and Variables   

 Mean ± SD and Median 
[Interquartile Range] and 
Number of Patients (%)   

 Demographics 
  Age, yr  65 ± 16 
  Sex (male)  1,218 (58.8%) 
  Body mass index, kg/m 2  *   29 [24–35] 
  Never smoking †   882 (46.6%) 
 Comorbidities 
  Myocardial infarction  381 (18.4%) 
  Congestive heart failure  665 (32.1%) 
  Peripheral vascular disease  512 (24.7%) 
  Cerebrovascular disease  539 (26.0%) 
  Dementia  283 (13.7%) 
  Chronic obstructive pulmonary disease  749 (36.2%) 
  Rheumatic disease  141 (6.8%) 
  Peptic ulcer disease  142 (6.9%) 
  Liver disease  347 (16.8%) 
  Diabetes  935 (45.2%) 
  Paraplegia  127 (6.1%) 
  Renal disease  619 (29.9%) 
  Malignancy  377 (18.2%) 
  Metastatic cancer  201 (9.7%) 
  Human immunodefi ciency virus infection  28 (1.4%) 
  Hypertension  1,549 (74.8%) 
  Hyperlipidemia  1,263 (61.0%) 
  Anxiety  532 (25.7%) 
  Depression  542 (26.2%) 
  Immunosuppression  18 (0.9%) 
  Asthma  430 (20.8%) 
  Number of comorbidities, number  4 [2–7] 
  Charlson Comorbidity Index, points  3 [1–6] 
 Severity of acute illness during the fi rst 24 h after ICU admission 
  Sequential Organ Failure Assessment score ‡   6 [4–9] 
  Glasgow Coma Scale score §   15 [14–15] 
  Invasive mechanical ventilation  541 (26.1%) 

   Refer to table S1 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) 
for laboratory results and vital signs acquired during the fi rst 24 h after ICU admis-
sion.  
  *Data were missing in 9 patients.     †Data were missing in 177 patients.     ‡Data were 
missing in 114 patients.     §Data were missing in 927 patients.  
  ICU, intensive care unit.   
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408) of patients (table S8 in Supplemental Digital Content, 
 http://links.lww.com/ALN/C693 ). The 360 matched 
pairs based on apixaban treatment were split into two sub-
groups: one subgroup had patients treated with prophy-
lactic apixaban  versus  matched patients never treated with 
apixaban (N, 287  vs . 287), whereas the other subgroup had 
patients treated with therapeutic apixaban  versus  matched 
patients never treated with apixaban (N, 73  vs . 73; table S9 
in Supplemental Digital Content,  http://links.lww.com/
ALN/C693 ). Prophylactic apixaban was associated with 
lower mortality (30.7%  vs . 38.0%; hazard ratio, 0.50; 95% 
CI, 0.340 to 0.73;  P  < 0.001), whereas therapeutic apixaban 
was not associated with lower mortality (11.0%  vs . 32.9%; 
hazard ratio, 0.385; 95% CI, 0.137 to 1.08;  P  = 0.069).   
Association Modifi cation by Enoxaparin Dose  .    Enoxaparin 
was administered in two di� erent doses: a prophylactic 
dose (40 mg one time daily or 0.5 mg/kg two times daily) 

in 79.3% (1,192 of 1,504) of patients and a therapeutic 
dose (1 mg/kg two times daily) in 20.7% (312 of 1,504) 
of patients (table S10 in Supplemental Digital Content, 
 http://links.lww.com/ALN/C693 ). The 347 matched pairs 
per enoxaparin treatment were split into two subgroups: 
one subgroup had patients treated with prophylactic enox-
aparin  versus  matched patients never treated with enox-
aparin (N, 289  vs . 289), whereas the other subgroup had 
patients treated with therapeutic enoxaparin  versus  matched 
patients never treated with enoxaparin (N, 58  vs . 58; table 
S11 in Supplemental Digital Content,  http://links.lww.
com/ALN/C693 ). Prophylactic and therapeutic enoxapa-
rin were both associated with lower mortality (25.6%  vs.
31.8%; hazard ratio, 0.65; 95% CI, 0.43 to 0.97;  P  = 0.036 
and 22.4%  vs.  43.1%; hazard ratio, 0.191; 95% CI, 0.066 to 
0.55;  P  = 0.002, respectively).   

 Table 2.      Association between Treatment and Mortality Based on Multivariable Analysis (N = 1,656)   

 Categories and Treatments   
 Number of 

Patients (%) *    

 Multiple Testing Uncorrected  Multiple Testing Corrected †  

 Hazard Ratio [95% CI]   P  Value    Hazard Ratio [Corrected CI]   P  Value   

 Antiviral drugs 
  Remdesivir  991 (47.9)  1.06 [0.71–1.58]  0.770  1.06 [0.57–1.98]  > 0.999 
  Hydroxychloroquine  706 (34.1)  0.98 [0.64–1.52]  0.935  0.98 [0.50–1.94]  > 0.999 
  Atazanavir  162 (7.8)  0.58 [0.393–0.89]  0.006  0.58 [0.315–1.07]  0.138 
 Anticoagulants 
  Enoxaparin  1,504 (72.7)  0.82 [0.69–0.97]  0.021  0.82 [0.61–1.05]  0.483 
  Heparin  1,086 (52.5)  0.79 [0.66–0.95]  0.011  0.79 [0.59–1.05]  0.253 
  Apixaban  408 (19.7)  0.42 [0.363–0.48]  < 0.001  0.42 [0.336–0.52]  < 0.001 
 Antiplatelet drugs 
  Aspirin  1,355 (65.5)  0.72 [0.60–0.87]  < 0.001  0.72 [0.54–0.96]  0.010 
  Clopidogrel  181 (8.7)  0.88 [0.53–1.44]  0.610  0.88 [0.40–1.91]  > 0.999 
 Steroids 
  Dexamethasone  831 (40.1)  1.13 [0.70–1.83]  0.603  1.13 [0.54–2.39]  > 0.999 
  Methylprednisolone  561 (27.1)  0.91 [0.81–1.03]  0.123  0.91 [0.76–1.09]  > 0.999 
  Hydrocortisone  264 (12.8)  1.29 [1.02–1.62]  0.030  1.29 [0.89–1.88]  0.690 
 Immunomodulators 
  Tocilizumab  925 (44.7)  1.03 [0.86–1.23]  0.738  1.03 [0.78–1.37]  > 0.999 
 Vasopressors 
  Norepinephrine  890 (43.0)  1.38 [1.07–1.77]  0.012  1.38 [0.93–2.04]  0.276 
  Epinephrine  178 (8.6)  1.62 [1.37–1.92]  < 0.001  1.62 [1.24–2.11]  < 0.001 
 Uncategorized drugs 
  Azithromycin  327 (15.8)  0.78 [0.55–1.10]  0.156  0.78 [0.46–1.33]  > 0.999 
  Convalescent plasma  317 (15.3)  0.90 [0.77–1.05]  0.193  0.90 [0.71–1.15]  > 0.999 
  Famotidine  132 (6.4)  0.364 [0.174–0.76]  0.008  0.364 [0.114–1.15]  0.184 
 Organ support therapies 
  Conventional oxygen therapy  1,898 (91.7)  0.51 [0.327–0.81]  0.004  0.51 [0.253–1.05]  0.092 
  High-fl ow nasal cannula  1,070 (51.7)  0.81 [0.61–1.08]  0.146  0.81 [0.52–1.26]  > 0.999 
   Bilevel positive airway pressure ventilation  473 (22.9)  1.45 [0.98–2.15]  0.066  1.45 [0.78–2.68]  > 0.999 
  Continuous positive airway pressure ventilation   234 (11.3)  0.83 [0.68–1.02]  0.076  0.83 [0.61–1.14]  > 0.999 
  Invasive mechanical ventilation  888 (42.9)  1.01 [0.91–1.13]  0.791  1.01 [0.86–1.20]  > 0.999 
   Continuous veno-venous hemofi ltration  116 (5.6)  1.26 [0.89–1.77]  0.194  1.26 [0.73–2.15]  > 0.999 

   All treatments included in this table were entered into a multivariable regression model simultaneously. The multivariable model included the following variables: all treatments 
listed in this table and all potential confounders listed under “Multivariable Analysis” in table S3 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ). Refer to table 
S4 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) for the results of the association between each treatment and mortality based on univariate analysis. Refer to 
table S3 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) for the results of the associations between each potential confounder and mortality based on univariate 
and multivariable analysis.  
  *The denominator for percentage calculation was 2,070.     †The CI of hazard ratio and  P  value were corrected for multiple testing using the Bonferroni method. The 23 hypotheses for 
all treatments included in this table were regarded as one family. The corrected  P  value is equal to the uncorrected  P  value multiplied by 23.   
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Association Modifi cation by Aspirin Dos e .    Aspirin was admin-
istered in two di� erent doses: a low dose (81 mg one time 
daily) in 89.2% (1,209 of 1,355) of patients and a high 
dose (300/325 mg one time daily) in 10.8% (146 of 1,355) 
of patients (table S12 in Supplemental Digital Content, 

 http://links.lww.com/ALN/C693 ). The 473 matched 
pairs based on aspirin treatment were split into two sub-
groups: one subgroup had patients treated with low-dose 
aspirin  versus  matched patients never treated with aspirin 
(N, 422  vs.  422), whereas the other subgroup had patients 

 Table 3.      Cohort Characteristics before and after Propensity Score Matching Based on Apixaban Treatment   

 Categories and Treatments   

 Before Propensity Score Matching  After Propensity Score Matching 

 Apixaban Used 
(N = 408) *    

 Apixaban Not 
Used (N = 1,662) *    

 Standardized 
Difference   

 Apixaban Used 
(N = 360) *    

 Apixaban Not 
Used (N = 360) *    

 Standardized 
Difference   

 Demographics 
  Age, yr  70 ± 12  64 ± 16  0.454  70 ± 12  70 ± 14  0.001 
  Sex (male)  248 (60.8%)  970 (58.4%)  0.049  216 (60.0%)  205 (56.9%)  0.062 
  Body mass index, kg/m 2  29 [24–34]  29 [25–35]  0.078  29 [24–34]  28 [24–34]  0.039 
  Never smoking  144 (37.6%)  738 (48.9%)  0.229  134 (37.2%)  136 (37.8%)  0.011 
 Hospital 
  Yale New Haven Hospital  173 (42.4%)  747 (44.9%)  0.147  156 (43.3%)  156 (43.3%)  0.056 
  Bridgeport Hospital  72 (17.6%)  347 (20.9%)  64 (17.8%)  67 (18.6%) 
  Saint Raphael Campus  32 (7.8%)  135 (8.1%)  20 (5.6%)  22 (6.1%) 
  Greenwich Hospital  28 (6.9%)  102 (6.1%)  24 (6.7%)  20 (5.6%) 
  Lawrence + Memorial Hospital  87 (21.3%)  288 (17.3%)  80 (22.2%)  80 (22.2%) 
  Westerly Hospital  16 (3.9%)  43 (2.6%)  16 (4.4%)  15 (4.2%) 
 Comorbidities 
  Myocardial infarction  118 (28.9%)  263 (15.8%)  0.318  109 (30.3%)  105 (29.2%)  0.024 
  Congestive heart failure  199 (48.8%)  466 (28.0%)  0.436  184 (51.1%)  181 (50.3%)  0.017 
  Peripheral vascular disease  141 (34.6%)  371 (22.3%)  0.274  130 (36.1%)  121 (33.6%)  0.052 
  Cerebrovascular disease  137 (33.6%)  402 (24.2%)  0.208  121 (33.6%)  125 (34.7%)  0.023 
  Dementia  57 (14.0%)  226 (13.6%)  0.011  50 (13.9%)  53 (14.7%)  0.024 
  COPD  178 (43.6%)  571 (34.4%)  0.191  165 (45.8%)  168 (46.7%)  0.017 
  Rheumatic disease  40 (9.8%)  101 (6.1%)  0.138  38 (10.6%)  36 (10.0%)  0.018 
  Peptic ulcer disease  28 (6.9%)  114 (6.9%)  < 0.001  25 (6.9%)  22 (6.1%)  0.034 
  Liver disease  77 (18.9%)  270 (16.2%)  0.069  66 (18.3%)  72 (20.0%)  0.042 
  Diabetes  206 (50.5%)  729 (43.9%)  0.133  190 (52.8%)  184 (51.1%)  0.033 
  Paraplegia  30 (7.4%)  97 (5.8%)  0.061  28 (7.8%)  27 (7.5%)  0.010 
  Renal disease  178 (43.6%)  441 (26.5%)  0.364  164 (45.6%)  165 (45.8%)  0.006 
  Malignancy  91 (22.3%)  286 (17.2%)  0.128  86 (23.9%)  83 (23.1%)  0.020 
  Metastatic cancer  48 (11.8%)  153 (9.2%)  0.084  48 (13.3%)  44 (12.2%)  0.033 
  HIV infection  6 (1.5%)  22 (1.3%)  0.013  6 (1.7%)  5 (1.4%)  0.023 
  Hypertension  334 (81.9%)  1,215 (73.1%)  0.211  304 (84.4%)  308 (85.6%)  0.031 
  Hyperlipidemia  292 (71.6%)  971 (58.4%)  0.278  270 (75.0%)  262 (72.8%)  0.051 
  Anxiety  100 (24.5%)  432 (26.0%)  0.034  87 (24.2%)  91 (25.3%)  0.026 
  Depression  119 (29.2%)  423 (25.5%)  0.083  110 (30.6%)  107 (29.7%)  0.018 
  Immunosuppression  3 (0.7%)  15 (0.9%)  0.019  3 (0.8%)  2 (0.6%)  0.033 
  Asthma  94 (23.0%)  336 (20.2%)  0.069  88 (24.4%)  85 (23.6%)  0.020 
  Number of comorbidities, number  6 [3–8]  4 [2–6]  0.420  6 [4–8]  6 [3–8]  0.025 
  Charlson Comorbidity Index, points  4 [2–7]  2 [1–5]  0.368  5 [2–7]  4 [2–7]  0.029 
 Severity of acute illness during the fi rst 24 h after ICU admission 
  SOFA score  7 [5–9]  6 [4–9]  0.187  7 [5–9]  6 [5–9]  0.018 
  Glasgow Coma Scale score  15 [14–15]  15 [14–15]  0.012  15 [14–15]  15 [14–15]  0.009 
  Invasive mechanical ventilation  106 (26.0%)  435 (26.2%)  0.004  91 (25.3%)  94 (26.1%)  0.019 
 Pandemic phase †  
  First phase  168 (41.2%)  688 (41.4%)  0.121  136 (37.8%)  127 (35.3%)  0.053 
  Second phase  19 (4.7%)  119 (7.2%)  17 (4.7%)  17 (4.7%) 
  Third phase  88 (21.6%)  312 (18.8%)  83 (23.1%)  87 (24.2%) 
  Fourth phase  133 (32.6%)  543 (32.7%)  124 (34.4%)  129 (35.8%) 

   Refer to table S5 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) for laboratory results and vital signs before and after propensity score matching per apixaban 
treatment.  
  *Data are expressed as mean ± SD, median [interquartile range], or number (%).     †The World Health Organization declared the COVID-19 outbreak a global pandemic on March 11, 
2020. Accordingly, we divided the fi rst year of the pandemic into four stages: the fi rst phase from February 1, 2020, to May 31, 2020 (including the early cases happened before March 
11, 2020); the second phase from June 1, 2020, to August 31, 2020; the third phase from September 1, 2020, to November 30, 2020; and the fourth phase from December 1, 2020, 
to March 11, 2021. We divided the pandemic into different phases to account for the chronological effect of different treatments.  
  COPD, chronic obstructive pulmonary disease; HIV, human immunodefi ciency virus; ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment.   
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 Fig. 2.      Survival probability for patients treated and not treated with apixaban ( A ), enoxaparin ( B ), and aspirin ( C ). The patients are matched 
using propensity score matching. ICU, intensive care unit.    
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treated with high-dose aspirin  versus  matched patients never 
treated with aspirin (N, 51  vs.  51; table S13 in Supplemental 
Digital Content,  http://links.lww.com/ALN/C693 ). Low-
dose aspirin was associated with lower mortality (24.6%  vs.

30.6%; hazard ratio, 0.53; 95% CI, 0.375 to 0.74;  P  < 0.001), 
whereas high-dose aspirin was not associated with lower 
mortality (33.3%  vs.  21.6%; hazard ratio, 1.14; 95% CI, 0.41 
to 3.15;  P  = 0.796).    

 Table 4.      Cohort Characteristics before and after Propensity Score Matching Based on Enoxaparin Treatment   

 Categories and Treatments   

 Before Propensity Score Matching  After Propensity Score Matching 

 Enoxaparin 
Used  

(N = 1,504) *    

 Enoxaparin 
Not Used  

(N = 566) *    
 Standardized 

Difference   

 Enoxaparin 
Used  

(N = 347) *    

 Enoxaparin 
Not Used  

(N = 347) *    
 Standardized 

Difference   

 Demographics 
  Age, yr  64 ± 16  68 ± 18  0.214  69 ± 16  68 ± 15  0.086 
  Sex (male)  904 (60.1%)  314 (55.5%)  0.094  186 (53.6%)  189 (54.5%)  0.017 
  Body mass index, kg/m 2  29 [25–35]  29 [24–35]  0.018  28 [24–35]  29 [24–35]  0.064 
  Never smoking  665 (48.9%)  217 (40.7%)  0.165  135 (38.9%)  141 (40.6%)  0.035 
 Hospital 
  Yale New Haven Hospital  643 (42.8%)  277 (48.9%)  0.332  173 (49.9%)  173 (49.9%)  0.022 
  Bridgeport Hospital  279 (18.6%)  140 (24.7%)  79 (22.8%)  80 (23.1%) 
  Saint Raphael Campus  146 (9.7%)  21 (3.7%)  17 (4.9%)  16 (4.6%) 
  Greenwich Hospital  107 (7.1%)  23 (4.1%)  13 (3.7%)  14 (4.0%) 
  Lawrence + Memorial Hospital  280 (18.6%)  95 (16.8%)  56 (16.1%)  55 (15.9%) 
  Westerly Hospital  49 (3.3%)  10 (1.8%)  9 (2.6%)  9 (2.6%) 
 Comorbidities 
  Myocardial infarction  208 (13.8%)  173 (30.6%)  0.411  96 (27.7%)  94 (27.1%)  0.013 
  Congestive heart failure  375 (24.9%)  290 (51.2%)  0.563  167 (48.1%)  157 (45.2%)  0.058 
  Peripheral vascular disease  299 (19.9%)  213 (37.6%)  0.400  127 (36.6%)  115 (33.1%)  0.073 
  Cerebrovascular disease  328 (21.8%)  211 (37.3%)  0.344  124 (35.7%)  121 (34.9%)  0.018 
  Dementia  196 (13.0%)  87 (15.4%)  0.067  55 (15.9%)  48 (13.8%)  0.057 
  COPD  482 (32.0%)  267 (47.2%)  0.313  157 (45.2%)  164 (47.3%)  0.040 
  Rheumatic disease  90 (6.0%)  51 (9.0%)  0.115  23 (6.6%)  30 (8.6%)  0.076 
  Peptic ulcer disease  89 (5.9%)  53 (9.4%)  0.13  29 (8.4%)  31 (8.9%)  0.021 
  Liver disease  243 (16.2%)  104 (18.4%)  0.059  62 (17.9%)  64 (18.4%)  0.015 
  Diabetes  627 (41.7%)  308 (54.4%)  0.257  174 (50.1%)  179 (51.6%)  0.029 
  Paraplegia  74 (4.9%)  53 (9.4%)  0.173  27 (7.8%)  25 (7.2%)  0.022 
  Renal disease  322 (21.4%)  297 (52.5%)  0.68  150 (43.2%)  146 (42.1%)  0.023 
  Malignancy  253 (16.8%)  124 (21.9%)  0.129  87 (25.1%)  83 (23.9%)  0.027 
  Metastatic cancer  130 (8.6%)  71 (12.5%)  0.127  46 (13.3%)  45 (13.0%)  0.009 
  HIV infection  19 (1.3%)  9 (1.6%)  0.028  6 (1.7%)  5 (1.4%)  0.023 
  Hypertension  1,058 (70.3%)  491 (86.7%)  0.408  299 (86.2%)  295 (85.0%)  0.033 
  Hyperlipidemia  859 (57.1%)  404 (71.4%)  0.301  245 (70.6%)  246 (70.9%)  0.006 
  Anxiety  364 (24.2%)  168 (29.7%)  0.124  104 (30.0%)  108 (31.1%)  0.025 
  Depression  353 (23.5%)  189 (33.4%)  0.221  107 (30.8%)  112 (32.3%)  0.031 
  Immunosuppression  13 (0.9%)  5 (0.9%)  0.002  7 (2.0%)  5 (1.4%)  0.044 
  Asthma  282 (18.8%)  148 (26.1%)  0.178  82 (23.6%)  90 (25.9%)  0.053 
  Number of comorbidities, number  4 [2–6]  6 [4–8]  0.665  6 [3–8]  5 [3–8]  0.019 
  Charlson Comorbidity Index, points  2 [1–5]  5 [2–7]  0.623  4 [2–7]  4 [2–7]  0.033 
 Severity of acute illness during the fi rst 24 h after ICU admission 
  SOFA score  6 [4–8]  7 [4–10]  0.208  6 [4–9]  6 [4–9]  0.008 
  Glasgow Coma Scale score  15 [14–15]  15 [14–15]  0.055  15 [14–15]  15 [14–15]  0.048 
  Invasive mechanical ventilation  401 (26.7%)  140 (24.7%)  0.044  79 (22.8%)  83 (23.9%)  0.027 
 Pandemic phase †  
  First phase  659 (43.8%)  197 (34.8%)  0.227  103 (29.7%)  108 (31.1%)  0.046 
  Second phase  83 (5.5%)  55 (9.7%)  33 (9.5%)  31 (8.9%) 
  Third phase  291 (19.3%)  109 (19.3%)  79 (22.8%)  74 (21.3%) 
  Fourth phase  471 (31.3%)  205 (36.2%)  132 (38.0%)  134 (38.6%) 

   Refer to table S6 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) for laboratory results and vital signs before and after propensity score matching per enoxaparin 
treatment.  
  *Data are expressed as mean ± SD, median [interquartile range], or number (%).     †The World Health Organization declared the COVID-19 outbreak a global pandemic on March 11, 
2020. Accordingly, we divided the fi rst year of the pandemic into four stages: the fi rst phase from February 1, 2020, to May 31, 2020 (including the early cases happened before 
March 11, 2020); the second phase from June 1, 2020, to August 31, 2020; the third phase from September 1, 2020, to November 30, 2020; and the fourth phase from December 1, 
2020, to March 11, 2021. We divided the pandemic into different phases to account for the chronological effect of different treatments.  
  COPD, chronic obstructive pulmonary disease; HIV, human immunodefi ciency virus; ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment.   
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  Discussion 

  Key Results 

 This retrospective cohort study examined 2,070 patients 

treated for COVID-19–related complications in the ICUs in 

six hospitals a�  liated with one healthcare system throughout 
the � rst pandemic year. The results suggested that among the 
multiple COVID-19–related treatments, anticoagulants (i.e., 
apixaban and enoxaparin) and antiplatelet therapy (i.e., aspi-
rin) were associated with lower in-hospital mortality. Analyses 
based on propensity score matching suggested that patients 

 Table 5.      Cohort Characteristics before and after Propensity Score Matching Based on Aspirin Treatment   

 Categories and Treatments   

 Before Propensity Score Matching  After Propensity Score Matching 

 Aspirin Used  
(N = 1,355) *    

 Aspirin Not Used  
(N = 715) *    

 Standardized 
Difference   

 Aspirin Used  
(N = 473) *    

 Aspirin Not Used  
(N = 473) *    

 Standardized 
Difference   

 Demographics 
 Age, yr  67 ± 14  62 ± 18  0.272  64 ± 16  64 ± 18  0.007 
 Sex (male)  810 (59.8%)  408 (57.1%)  0.055  273 (57.7%)  260 (55.0%)  0.055 
 Body mass index, kg/m 2  29 [25–35]  28 [24–35]  0.041  28 [24–34]  28 [24–35]  0.044 
 Never smoking  555 (44.7%)  327 (50.2%)  0.109  213 (45.0%)  228 (48.2%)  0.064 
 Hospital 
  Yale New Haven Hospital  612 (45.2%)  308 (43.1%)  0.240  214 (45.2%)  205 (43.3%)  0.089 
  Bridgeport Hospital  242 (17.9%)  177 (24.8%)  106 (22.4%)  102 (21.6%) 
  Saint Raphael Campus  97 (7.2%)  70 (9.8%)  34 (7.2%)  39 (8.2%) 
  Greenwich Hospital  97 (7.2%)  33 (4.6%)  17 (3.6%)  24 (5.1%) 
  Lawrence + Memorial Hospital  262 (19.3%)  113 (15.8%)  88 (18.6%)  90 (19.0%) 
  Westerly Hospital  45 (3.3%)  14 (2.0%)  14 (3.0%)  13 (2.7%) 
 Comorbidities 
  Myocardial infarction  299 (22.1%)  82 (11.5%)  0.287  69 (14.6%)  66 (14.0%)  0.018 
  Congestive heart failure  472 (34.8%)  193 (27.0%)  0.170  150 (31.7%)  147 (31.1%)  0.014 
  Peripheral vascular disease  364 (26.9%)  148 (20.7%)  0.145  130 (27.5%)  118 (24.9%)  0.058 
  Cerebrovascular disease  378 (27.9%)  161 (22.5%)  0.124  133 (28.1%)  118 (24.9%)  0.072 
  Dementia  174 (12.8%)  109 (15.2%)  0.069  72 (15.2%)  75 (15.9%)  0.018 
  COPD  501 (37.0%)  248 (34.7%)  0.048  186 (39.3%)  183 (38.7%)  0.013 
  Rheumatic disease  93 (6.9%)  48 (6.7%)  0.006  37 (7.8%)  34 (7.2%)  0.024 
  Peptic ulcer disease  83 (6.1%)  59 (8.3%)  0.082  38 (8.0%)  41 (8.7%)  0.023 
  Liver disease  216 (15.9%)  131 (18.3%)  0.063  83 (17.5%)  88 (18.6%)  0.027 
  Diabetes  640 (47.2%)  295 (41.3%)  0.120  212 (44.8%)  215 (45.5%)  0.013 
  Paraplegia  84 (6.2%)  43 (6.0%)  0.008  32 (6.8%)  31 (6.6%)  0.008 
  Renal disease  441 (32.5%)  178 (24.9%)  0.170  155 (32.8%)  134 (28.3%)  0.096 
  Malignancy  240 (17.7%)  137 (19.2%)  0.037  114 (24.1%)  101 (21.4%)  0.066 
  Metastatic cancer  117 (8.6%)  84 (11.7%)  0.103  52 (11.0%)  55 (11.6%)  0.020 
  HIV infection  15 (1.1%)  13 (1.8%)  0.059  10 (2.1%)  11 (2.3%)  0.014 
  Hypertension  1,049 (77.4%)  500 (69.9%)  0.171  370 (78.2%)  362 (76.5%)  0.040 
  Hyperlipidemia  893 (65.9%)  370 (51.7%)  0.291  296 (62.6%)  286 (60.5%)  0.043 
  Anxiety  350 (25.8%)  182 (25.5%)  0.009  138 (29.2%)  138 (29.2%)  < 0.001 
  Depression  365 (26.9%)  177 (24.8%)  0.050  141 (29.8%)  135 (28.5%)  0.028 
  Immunosuppression  16 (1.2%)  2 (0.3%)  0.106  3 (0.6%)  2 (0.4%)  0.029 
  Asthma  277 (20.4%)  153 (21.4%)  0.024  109 (23.0%)  113 (23.9%)  0.020 
  Number of comorbidities, number  4 [2–7]  4 [2–6]  0.181  4 [2–7]  4 [2–7]  0.048 
  Charlson Comorbidity Index, points  3 [1–6]  2 [1–6]  0.069  3 [1–6]  3 [1–6]  0.038 
 Severity of acute illness during the fi rst 24 h after ICU admission 
  SOFA score  6 [4–9]  6 [4–9]  0.030  6 [4–9]  6 [4–9]  0.051 
  Glasgow Coma Scale score  15 [14–15]  15 [14–15]  0.130  15 [14–15]  15 [14–15]  0.057 
  Invasive mechanical ventilation  326 (24.1%)  215 (30.1%)  0.136  125 (26.4%)  122 (25.8%)  0.014 
 Pandemic phase †  
  First phase  400 (29.5%)  456 (63.8%)  0.808  250 (52.9%)  249 (52.6%)  0.010 
  Second phase  77 (5.7%)  61 (8.5%)  41 (8.7%)  42 (8.9%) 
  Third phase  326 (24.1%)  74 (10.3%)  65 (13.7%)  66 (14.0%) 
  Fourth phase  552 (40.7%)  124 (17.3%)  117 (24.7%)  116 (24.5%) 

   Refer to table S7 in Supplemental Digital Content ( http://links.lww.com/ALN/C693 ) for laboratory results and vital signs before and after propensity score matching per aspirin 
treatment.  
  *Data are expressed as mean ± SD, median [interquartile range], or number (%).     †The World Health Organization declared the COVID-19 outbreak a global pandemic on March 11, 2020. 
Accordingly, we divided the fi rst year of the pandemic into four stages: the fi rst phase from February 1, 2020, to May 31, 2020 (including the early cases happened before March 11, 2020); 
the second phase from June 1, 2020, to August 31, 2020; the third phase from September 1, 2020, to November 30, 2020; and the fourth phase from December 1, 2020, to March 11, 
2021. We divided the pandemic into different phases to account for the chronological effect of different treatments.  
  COPD, chronic obstructive pulmonary disease; HIV, human immunodefi ciency virus; ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment.   
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treated with apixaban were associated with a 52% lower 
mortality risk than patients who never received apixaban, 
patients treated with enoxaparin were associated with a 47% 
lower mortality risk compared to patients who never received 
enoxaparin, and patients treated with aspirin were associated 
with a 43% lower mortality risk compared to patients who 
never received aspirin. It is worth noting that patients treated 
with apixaban were older and had more comorbidities than 
patients who never received apixaban treatment in our study 
population. Moreover, therapeutic anticoagulants were used 
for imaging-con� rmed venous thromboembolism (i.e., 
patients were likely sicker). Nevertheless, we still observed an 
association between apixaban/enoxaparin/aspirin and lower 
mortality among critically ill COVID-19 patients.  

  Interpretation 

 Although abundant treatments were applied to our patients 
throughout the � rst pandemic year, our study � nds that 
apixaban, enoxaparin, and aspirin, rather than the previously 
reported treatments like remdesivir,  7 , 8   dexamethasone,  9 

hydroxychloroquine,  10   convalescent plasma,  11   and famoti-
dine,  12   are associated with lower COVID-19 mortality. In 
hospitalized COVID-19 patients, four di� erent meta-anal-
yses indicated that venous thromboembolism occurred in 
24 to 31% of patients, pulmonary embolism occurred in 
12 to 19%, and deep venous thrombosis occurred in 12 to 
20%.  13–16   The incidence of venous thromboembolism was 
much higher in COVID-19 patients admitted to the ICU 
than those hospitalized on the ward (30%  vs.  13%).  16   Patients 
with severe COVID-19 had an almost four-fold increased 
risk of venous thromboembolism compared to patients with 
nonsevere COVID-19.  14   Therefore, the existing evidence 
advocates a more proactive strategy of systemic anticoagula-
tion therapy in hospitalized COVID-19 patients. 

 Several studies examined the use of systemic anticoag-
ulants in hospitalized COVID-19 patients.  17 , 18   A retrospec-
tive cohort study involving 4,389 hospitalized COVID-19 
patients showed that therapeutic and prophylactic anticoag-
ulation is associated with lower mortality when compared to 
no anticoagulation therapy.  19   However, that study did not dis-
tinguish di� erent anticoagulants and was not explicitly inves-
tigating critically ill patients. Another retrospective cohort 
study involving 3,625 hospitalized COVID-19 patients 
showed that the prophylactic use of apixaban or enoxaparin 
was associated with lower in-hospital mortality.  20   The study 
also showed that apixaban’s therapeutic use was associated 
with lower mortality, although it was not more bene� cial 
than prophylactic use. However, that study was only based on 
propensity score–matching analysis and only considered the 
last anticoagulant order in the � rst 48 h after hospital admis-
sion. Therefore, it did not control the confounding exerted 
by other COVID-19–related treatments, unlike the multi-
variable analysis used in our study, and it could not tell what 
would have happened if an anticoagulant had been given 
after the � rst 48 h of hospital admission. Moreover, the study 

involved all hospitalized patients, including patients requiring 
ICU-level care, and covered a short period (from March 1, 
2020, to April 26, 2020; less than 2 months during the early 
stage of the pandemic); therefore, it may provide a di� er-
ent insight compared to our study, which focuses on ICU 
patients and spans the entire � rst pandemic year. 

 Three international trials compared the e� ectiveness of 
therapeutic-dose anticoagulation with heparin  versus  usual 
pharmacologic thromboprophylaxis.  3 , 4   These trials discon-
tinued the enrollment of noncritically ill patients (de� ned as 
an absence of critical care-level organ support at enrollment) 
because of therapeutic anticoagulation’s superiority in reduc-
ing the need for organ support over 21 days.  3   These trials also 
discontinued the enrollment of critically ill patients because 
of therapeutic anticoagulation’s futility in reducing the need 
for organ support over 21 days.  4   These trials did not � nd an 
in-hospital mortality di� erence between di� erent anticoagu-
lation treatments.  3 , 4   A separate multicenter trial performed in 
hospitalized COVID-19 patients with elevated D-dimer did 
not � nd a di� erence between therapeutic and prophylactic 
anticoagulation.  5   However, the result of this trial is challeng-
ing to interpret because the primary outcome was de� ned as 
a hierarchical composite of time to death, duration of hos-
pitalization, or duration of supplemental oxygen use over 
30 days.  5   This trial also did not � nd a mortality di� erence 
between di� erent anticoagulation treatments. Overall, the 
available evidence showed no mortality di� erence between 
therapeutic and prophylactic anticoagulation among hospi-
talized and critically ill COVID-19 patients. The discrepancy 
in the results of nonmortality outcome measures among 
these studies remains to be reconciled. 

 Although lacking in some details, the current anticoag-
ulation recommendations have primarily focused on the 
use of enoxaparin.  18   Our � ndings support this practice. 
However, our important � nding is the robust association 
between the use of apixaban and lower mortality in criti-
cally ill COVID-19 patients, which is consistent with early 
cohort studies suggesting an association between apixaban 
treatment and lower mortality in hospitalized COVID-19 
patients.  20 , 21   As a commonly used direct factor Xa inhibitor, 
apixaban has anticoagulant, anti-in� ammatory, and antivi-
ral e� ects.  22   A previous virology investigation suggested that 
the inhibition of coagulation factor Xa–mediated cleavage 
and the subsequent activation of the viral spike protein 
leads to an impaired fusion of the viral envelope with host 
cells and, consequently, reduces the infectivity of the SARS 
virus.  23   This � nding o� ers a mechanism that could explain 
our observed associations. We note that we did not � nd an 
association between the use of rivaroxaban (with a mecha-
nism similar to apixaban) and mortality. The reasons for this 
� nding remain to be elucidated but may be related to the 
small number of patients who received rivaroxaban treat-
ment (3.4%, 70 of 2,070) in our study population. It should 
also be noted that the concurrent use of direct oral anticoag-
ulants, including apixaban and antiviral drugs in COVID-19 
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patients, can lead to an alarming increase in plasma anticoag-
ulant levels and may increase the risk of bleeding.  24 

 The association between aspirin treatment and lower 
COVID-19 mortality identi� ed by our study is consistent 
with the literature based on large patient cohorts.  25–28   This 
association was also corroborated by meta-analyses.  29 

  Limitations 

 This study has several limitations. First, although this cohort 
study is based on data collected from electronic medical 
records for all patients treated within a prede� ned time 
window across a relatively homogeneous healthcare sys-
tem, there may still be imprecise information and patient 
selection bias, especially considering the dramatic toll on 
the healthcare system caused by the pandemic. Second, our 
study may be limited by confounding by indication as a 
retrospective cohort study. Although multivariable analysis 
and analysis based on propensity score matching were per-
formed, residual bias and a lack of control for unmeasured 
confounders may still exist. Third, there is a possibility of an 
immortal time bias or other similar biases related to ignoring 
di� erences in timing before treatment because certain med-
ications were not administered until a particular time in the 
disease course. Fourth, caution is needed when interpreting 
the data concerning the comparisons of prophylactic and 
therapeutic anticoagulants with their counterparts because 
these analyses were not powered to di� erentiate between 
di� erent drug doses. Fifth, we conducted a complete case 
analysis and chose not to impute missing data. Although 
other approaches dealing with missing data were possible, 
we excluded patients from speci� c analyses if the data were 
missing. Last, as a study based on the experiences of the � rst 
pandemic year, the results may not be entirely applicable to 
future cases, for reasons that include viral mutation, di� erent 
vulnerable populations, vaccination rates, and the evolution 
of our knowledge of and measures for treating the disease.  

  Conclusions 

 We performed a retrospective cohort study involving all 
patients treated in a healthcare system’s ICUs for COVID-
19–related complications throughout the � rst pandemic 
year to explore the treatments associated with lower mortal-
ity. Consistent with the known hypercoagulability in severe 
COVID-19, our study showed that the use of apixaban, enox-
aparin, or aspirin was independently associated with lower 
mortality among critically ill COVID-19 patients. The repro-
ducibility of this � nding and the ideal dose, timing, and dura-
tion of treatment require further elucidation in future studies.  

  Acknowledgments 

 Special thanks go to Soundari Sureshanand, M.C.A., and 
Richard Hintz, M.S., from the Joint Data Analytics Team at 
the Yale Center for Clinical Investigation for their pro� cient 
and e�  cient handling of data extraction and reporting.  

  Research Support 

 Support was provided solely from institutional and/or 
departmental sources.  

  Competing Interests 

 Dr. Meng received consulting fees from Edwards 
Lifesciences, Irvine, California. The other authors declare 
no competing interests.   

  Correspondence 

  Address correspondence to Dr. Meng:  Yale University 
School of Medicine ,  333 Cedar Street, New Haven, 
Connecticut 06511.   lingzhong.meng@yale.edu .   This article 
may be accessed for personal use at no charge through the 
Journal Web site, www.anesthesiology.org.      

 References 

     1.        Grasselli     G   ,    Greco     M   ,    Zanella     A   ,    Albano     G   ,    Antonelli     M   , 
   Bellani     G   ,    Bonanomi     E   ,    Cabrini     L   ,    Carlesso     E   ,    Castelli   
  G   ,    Cattaneo     S   ,    Cereda     D   ,    Colombo     S   ,    Coluccello     A   , 
   Crescini     G   ,    Forastieri Molinari     A   ,    Foti     G   ,    Fumagalli   
  R   ,    Iotti     GA   ,    Langer     T   ,    Latronico     N   ,    Lorini     FL   ,    Mojoli   
  F   ,    Natalini     G   ,    Pessina     CM   ,    Ranieri     VM   ,    Rech     R   , 
   Scudeller     L   ,    Rosano     A   ,    Storti     E   ,    Thompson     BT   ,    Tirani   
  M   ,    Villani     PG   ,    Pesenti     A   ,    Cecconi     M    ;    COVID-19 
Lombardy ICU Network   :   Risk factors associated with 
mortality among patients with COVID-19 in intensive 
care units in Lombardy, Italy.     JAMA Intern Med     2020  ; 
  180  :  1345  –  55   

     2.        Anesi     GL   ,    Jablonski     J   ,    Harhay     MO   ,    Atkins     JH   ,    Bajaj   
  J   ,    Baston     C   ,    Brennan     PJ   ,    Candeloro     CL   ,    Catalano   
  LM   ,    Cereda     MF   ,    Chandler     JM   ,    Christie     JD   ,    Collins   
  T   ,    Courtright     KR   ,    Fuchs     BD   ,    Gordon     E   ,    Greenwood   
  JC   ,    Gudowski     S   ,    Hanish     A   ,    Hanson     CW     III   ,    Heuer   
  M   ,    Kinniry     P   ,    Korn� eld     ZN   ,    Kruse     GB   ,    Lane-Fall     M   , 
   Martin     ND   ,    Mikkelsen     ME   ,    Negoianu     D   ,    Pascual     JL   , 
   Patel     MB   ,    Pugliese     SC   ,    Qasim     ZA   ,    Reilly     JP   ,    Salmon   
  J   ,    Schweickert     WD   ,    Scott     MJ   ,    Shashaty     MGS   ,    Sicoutris   
  CP   ,    Wang     JK   ,    Wang     W   ,    Wani     AA   ,    Anderson     BJ   ,    Gutsche   
  JT    :   Characteristics, outcomes, and trends of patients 
with cOVID-19–related critical illness at a learning 
health system in the United States.     Ann Intern Med   
  2021  ;   174  :  613  –  21   

     3.        Lawler     PR   ,    Goligher     EC   ,    Berger     JS   ,    Neal     MD   , 
   McVerry     BJ   ,    Nicolau     JC   ,    Gong     MN   ,    Carrier     M   , 
   Rosenson     RS   ,    Reynolds     HR   ,    Turgeon     AF   ,    Escobedo   
  J   ,    Huang     DT   ,    Bradbury     CA   ,    Houston     BL   ,    Kornblith   
  LZ   ,    Kumar     A   ,    Kahn     SR   ,    Cushman     M   ,    McQuilten   
  Z   ,    Slutsky     AS   ,    Kim     KS   ,    Gordon     AC   ,    Kirwan     BA   , 
   Brooks     MM   ,    Higgins     AM   ,    Lewis     RJ   ,    Lorenzi     E   ,    Berry   
  SM   ,    Berry     LR   ,    Angus     DC   ,    McArthur     CJ   ,    Webb     SA   , 
   Farkouh     ME   ,    Hochman     JS   ,    Zarychanski     R   ,    Aday     AW   , 
   Al-Beidh     F   ,    Annane     D   ,    Arabi     YM   ,    Aryal     D   ,    Baumann 

ALN_V135N6_Text.indb   1087ALN_V135N6_Text.indb   1087 01-Nov-21   20:55:0901-Nov-21   20:55:09

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



1088 Anesthesiology 2021; 135:1076–90  Zhao  et al.

CRITICAL CARE MEDICINE

Kreuziger     L   ,    Beane     A   ,    Bhimani     Z   ,    Bihari     S   ,    Billett   
  HH   ,    Bond     L   ,    Bonten     M   ,    Brunkhorst     F   ,    Buxton     M   , 
   Buzgau     A   ,    Castellucci     LA   ,    Chekuri     S   ,    Chen     JT   ,    Cheng   
  AC   ,    Chkhikvadze     T   ,    Coi� ard     B   ,    Costantini     TW   ,    de 
Brouwer     S   ,    Derde     LPG   ,    Detry     MA   ,    Duggal     A   ,    Džavík   
  V   ,    E� ron     MB   ,    Estcourt     LJ   ,    Everett     BM   ,    Fergusson     DA   , 
   Fitzgerald     M   ,    Fowler     RA   ,    Galanaud     JP   ,    Galen     BT   , 
   Gandotra     S   ,    García-Madrona     S   ,    Girard     TD   ,    Godoy   
  LC   ,    Goodman     AL   ,    Goossens     H   ,    Green     C   ,    Greenstein   
  YY   ,    Gross     PL   ,    Hamburg     NM   ,    Hani� a     R   ,    Hanna     G   , 
   Hanna     N   ,    Hegde     SM   ,    Hendrickson     CM   ,    Hite     RD   , 
   Hindenburg     AA   ,    Hope     AA   ,    Horowitz     JM   ,    Horvat   
  CM   ,    Hudock     K   ,    Hunt     BJ   ,    Husain     M   ,    Hyzy     RC   ,    Iyer   
  VN   ,    Jacobson     JR   ,    Jayakumar     D   ,    Keller     NM   ,    Khan     A   ,   et 
al.   :   Therapeutic anticoagulation with heparin in non-
critically ill patients with COVID-19.     N Engl J Med   
  2021  ;   385  :  790  –  802    

     4.        Goligher     EC   ,    Bradbury     CA   ,    McVerry     BJ   ,    Lawler   
  PR   ,    Berger     JS   ,    Gong     MN   ,    Carrier     M   ,    Reynolds   
  HR   ,    Kumar     A   ,    Turgeon     AF   ,    Kornblith     LZ   ,    Kahn   
  SR   ,    Marshall     JC   ,    Kim     KS   ,    Houston     BL   ,    Derde     LPG   , 
   Cushman     M   ,    Tritschler     T   ,    Angus     DC   ,    Godoy     LC   , 
   McQuilten     Z   ,    Kirwan     BA   ,    Farkouh     ME   ,    Brooks     MM   , 
   Lewis     RJ   ,    Berry     LR   ,    Lorenzi     E   ,    Gordon     AC   ,    Berry   
  SM   ,    McArthur     CJ   ,    Neal     MD   ,    Hochman     JS   ,    Webb   
  SA   ,    Zarychanski     R   ,    Ahuja     T   ,    Al-Beidh     F   ,    Annane     D   , 
   Arabi     YM   ,    Aryal     D   ,    Baumann Kreuziger     L   ,    Beane     A   , 
   Bhimani     Z   ,    Bihari     S   ,    Billett     HH   ,    Bond     L   ,    Bonten   
  M   ,    Brunkhorst     F   ,    Buxton     M   ,    Buzgau     A   ,    Castellucci   
  LA   ,    Chekuri     S   ,    Chen     JT   ,    Cheng     AC   ,    Chkhikvadze     T   , 
   Coi� ard     B   ,    Contreras     A   ,    Costantini     TW   ,    de Brouwer   
  S   ,    Detry     MA   ,    Duggal     A   ,    Džavík     V   ,    E� ron     MB   ,    Eng     HF   , 
   Escobedo     J   ,    Estcourt     LJ   ,    Everett     BM   ,    Fergusson     DA   , 
   Fitzgerald     M   ,    Fowler     RA   ,    Froess     JD   ,    Fu     Z   ,    Galanaud   
  JP   ,    Galen     BT   ,    Gandotra     S   ,    Girard     TD   ,    Goodman     AL   , 
   Goossens     H   ,    Green     C   ,    Greenstein     YY   ,    Gross     PL   , 
   Hani� a     R   ,    Hegde     SM   ,    Hendrickson     CM   ,    Higgins   
  AM   ,    Hindenburg     AA   ,    Hope     AA   ,    Horowitz     JM   ,    Horvat   
  CM   ,    Huang     DT   ,    Hudock     K   ,    Hunt     BJ   ,    Husain     M   ,    Hyzy   
  RC   ,    Jacobson     JR   ,    Jayakumar     D   ,    Keller     NM   ,    Khan     A   , 
   Kim     Y   ,    Kindzelski     A   ,    King     AJ   ,   et al.   :   Therapeutic anti-
coagulation with heparin in critically ill patients with 
COVID-19.     N Engl J Med     2021  ;   385  :  777  –  89    

     5.        Lopes     RD   ,    de Barros E Silva     PGM   ,    Furtado     RHM   , 
   Macedo     AVS   ,    Bronhara     B   ,    Damiani     LP   ,    Barbosa     LM   , 
   de Aveiro Morata     J   ,    Ramacciotti     E   ,    de Aquino Martins   
  P   ,    de Oliveira     AL   ,    Nunes     VS   ,    Ritt     LEF   ,    Rocha     AT   , 
   Tramujas     L   ,    Santos     SV   ,    Diaz     DRA   ,    Viana     LS   ,    Melro   
  LMG   ,    de Alcântara Chaud     MS   ,    Figueiredo     EL   , 
   Neuenschwander     FC   ,    Dracoulakis     MDA   ,    Lima     RGSD   , 
   de Souza Dantas     VC   ,    Fernandes     ACS   ,    Gebara     OCE   , 
   Hernandes     ME   ,    Queiroz     DAR   ,    Veiga     VC   ,    Canesin     MF   , 
   de Faria     LM   ,    Feitosa-Filho     GS   ,    Gazzana     MB   ,    Liporace   
  IL   ,    de Oliveira Twardowsky     A   ,    Maia     LN   ,    Machado     FR   , 
   de Matos Soeiro     A   ,    Conceição-Souza     GE   ,    Armaganijan   

  L   ,    Guimarães     PO   ,    Rosa     RG   ,    Azevedo     LCP   ,    Alexander   
  JH   ,    Avezum     A   ,    Cavalcanti     AB   ,    Berwanger     O    ;    ACTION 
Coalition COVID-19 Brazil IV Investigators   : 
  Therapeutic  versus  prophylactic anticoagulation for 
patients admitted to hospital with COVID-19 and 
elevated D-dimer concentration (ACTION): An 
open-label, multicentre, randomised, controlled trial.   
  Lancet     2021  ;   397  :  2253  –  63   

     6.        Lin     DY   ,    Wei     L-J    :   The robust inference for the Cox 
proportional hazards model.     J Am Stat Assoc     1989  ; 
  84  :  1074  –  8   

     7.        Wang     Y   ,    Zhang     D   ,    Du     G   ,    Du     R   ,    Zhao     J   ,    Jin     Y   ,    Fu     S   , 
   Gao     L   ,    Cheng     Z   ,    Lu     Q   ,    Hu     Y   ,    Luo     G   ,    Wang     K   ,    Lu     Y   , 
   Li     H   ,    Wang     S   ,    Ruan     S   ,    Yang     C   ,    Mei     C   ,    Wang     Y   ,    Ding   
  D   ,    Wu     F   ,    Tang     X   ,    Ye     X   ,    Ye     Y   ,    Liu     B   ,    Yang     J   ,    Yin     W   ,    Wang   
  A   ,    Fan     G   ,    Zhou     F   ,    Liu     Z   ,    Gu     X   ,    Xu     J   ,    Shang     L   ,    Zhang   
  Y   ,    Cao     L   ,    Guo     T   ,    Wan     Y   ,    Qin     H   ,    Jiang     Y   ,    Jaki     T   ,    Hayden   
  FG   ,    Horby     PW   ,    Cao     B   ,    Wang     C    :   Remdesivir in adults 
with severe COVID-19: A randomised, double-blind, 
placebo-controlled, multicentre trial.     Lancet     2020  ; 
  395  :  1569  –  78   

     8.        Beigel     JH   ,    Tomashek     KM   ,    Dodd     LE   ,    Mehta     AK   , 
   Zingman     BS   ,    Kalil     AC   ,    Hohmann     E   ,    Chu     HY   , 
   Luetkemeyer     A   ,    Kline     S   ,    Lopez de Castilla     D   ,    Finberg   
  RW   ,    Dierberg     K   ,    Tapson     V   ,    Hsieh     L   ,    Patterson     TF   , 
   Paredes     R   ,    Sweeney     DA   ,    Short     WR   ,    Touloumi   
  G   ,    Lye     DC   ,    Ohmagari     N   ,    Oh     MD   ,    Ruiz-Palacios   
  GM   ,    Ben� eld     T   ,    Fätkenheuer     G   ,    Kortepeter     MG   , 
   Atmar     RL   ,    Creech     CB   ,    Lundgren     J   ,    Babiker     AG   , 
   Pett     S   ,    Neaton     JD   ,    Burgess     TH   ,    Bonnett     T   ,    Green   
  M   ,    Makowski     M   ,    Osinusi     A   ,    Nayak     S   ,    Lane     HC    ; 
   ACTT-1 Study Group Members   :   Remdesivir for the 
treatment of COVID-19: Final report.     N Engl J Med   
  2020  ;   383  :  1813  –  26   

     9.        Horby     P   ,    Lim     WS   ,    Emberson     JR   ,    Mafham     M   ,    Bell   
  JL   ,    Linsell     L   ,    Staplin     N   ,    Brightling     C   ,    Ustianowski     A   , 
   Elmahi     E   ,    Prudon     B   ,    Green     C   ,    Felton     T   ,    Chadwick     D   , 
   Rege     K   ,    Fegan     C   ,    Chappell     LC   ,    Faust     SN   ,    Jaki     T   ,    Je� ery   
  K   ,    Montgomery     A   ,    Rowan     K   ,    Juszczak     E   ,    Baillie     JK   , 
   Haynes     R   ,    Landray     MJ    :   Dexamethasone in hospi-
talized patients with Covid-19.     N Engl J Med     2021  ; 
  384  :  693  –  704   

     10.        Horby     P   ,    Mafham     M   ,    Linsell     L   ,    Bell     JL   ,    Staplin     N   , 
   Emberson     JR   ,    Wiselka     M   ,    Ustianowski     A   ,    Elmahi     E   , 
   Prudon     B   ,    Whitehouse     T   ,    Felton     T   ,    Williams     J   ,    Faccenda   
  J   ,    Underwood     J   ,    Baillie     JK   ,    Chappell     LC   ,    Faust     SN   , 
   Jaki     T   ,    Je� ery     K   ,    Lim     WS   ,    Montgomery     A   ,    Rowan     K   , 
   Tarning     J   ,    Watson     JA   ,    White     NJ   ,    Juszczak     E   ,    Haynes     R   , 
   Landray     MJ    :   E� ect of hydroxychloroquine in hospi-
talized patients with Covid-19.     N Engl J Med     2020  ; 
  383  :  2030  –  40   

     11.        Bloch     EM   ,    Shoham     S   ,    Casadevall     A   ,    Sachais     BS   ,    Shaz   
  B   ,    Winters     JL   ,    van Buskirk     C   ,    Grossman     BJ   ,    Joyner     M   , 
   Henderson     JP   ,    Pekosz     A   ,    Lau     B   ,    Wesolowski     A   ,    Katz     L   , 
   Shan     H   ,    Auwaerter     PG   ,    Thomas     D   ,    Sullivan     DJ   ,    Paneth   

ALN_V135N6_Text.indb   1088ALN_V135N6_Text.indb   1088 01-Nov-21   20:55:0901-Nov-21   20:55:09

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



 Anesthesiology 2021; 135:1076–90 1089

 Treatments Associated with Lower COVID-19 Mortality

 Zhao  et al.

  N   ,    Gehrie     E   ,    Spitalnik     S   ,    Hod     EA   ,    Pollack     L   ,    Nicholson   
  WT   ,    Pirofski     LA   ,    Bailey     JA   ,    Tobian     AA    :   Deployment of 
convalescent plasma for the prevention and treatment 
of COVID-19.     J Clin Invest     2020  ;   130  :  2757  –  65   

     12.        Freedberg     DE   ,    Conigliaro     J   ,    Wang     TC   ,    Tracey     KJ   , 
   Callahan     MV   ,    Abrams     JA    ;    Famotidine Research Group   : 
  Famotidine use is associated with improved clini-
cal outcomes in hospitalized COVID-19 patients: A 
propensity score matched retrospective cohort study.   
  Gastroenterology     2020  ;   159  :  1129  –  31.e3   

     13.        Por� dia     A   ,    Valeriani     E   ,    Pola     R   ,    Porreca     E   ,    Rutjes     AWS   , 
   Di Nisio     M    :   Venous thromboembolism in patients 
with COVID-19: Systematic review and meta-analysis.   
  Thromb Res     2020  ;   196  :  67  –  74   

     14.        Zhang     C   ,    Shen     L   ,    Le     KJ   ,    Pan     MM   ,    Kong     LC   ,    Gu     ZC   , 
   Xu     H   ,    Zhang     Z   ,    Ge     WH   ,    Lin     HW    :   Incidence of venous 
thromboembolism in hospitalized coronavirus disease 
2019 patients: A systematic review and meta-analysis.   
  Front Cardiovasc Med     2020  ;   7  :  151   

     15.        Di Minno     A   ,    Ambrosino     P   ,    Calcaterra     I   ,    Di Minno   
  MND    :   COVID-19 and venous thromboembolism: 
A meta-analysis of literature studies.     Semin Thromb 
Hemost     2020  ;   46  :  763  –  71   

     16.        McMichael     TM   ,    Currie     DW   ,    Clark     S   ,    Pogosjans     S   ,    Kay   
  M   ,    Schwartz     NG   ,    Lewis     J   ,    Baer     A   ,    Kawakami     V   ,    Luko�    
  MD   ,    Ferro     J   ,    Brostrom-Smith     C   ,    Rea     TD   ,    Sayre     MR   , 
   Riedo     FX   ,    Russell     D   ,    Hiatt     B   ,    Montgomery     P   ,    Rao   
  AK   ,    Chow     EJ   ,    Tobolowsky     F   ,    Hughes     MJ   ,    Bardossy     AC   , 
   Oakley     LP   ,    Jacobs     JR   ,    Stone     ND   ,    Reddy     SC   ,    Jernigan   
  JA   ,    Honein     MA   ,    Clark     TA   ,    Duchin     JS    ;    Public Health–
Seattle and King County, EvergreenHealth, and CDC 
COVID-19 Investigation Team   :   Epidemiology of 
Covid-19 in a long-term care facility in King County, 
Washington.     N Engl J Med     2020  ;   382  :  2005  –  11   

     17.        Connors     JM   ,    Levy     JH    :   COVID-19 and its implica-
tions for thrombosis and anticoagulation.     Blood     2020  ; 
  135  :  2033  –  40   

     18.        Thachil     J   ,    Ju� ermans     NP   ,    Ranucci     M   ,    Connors     JM   , 
   Warkentin     TE   ,    Ortel     TL   ,    Levi     M   ,    Iba     T   ,    Levy     JH    : 
  ISTH DIC subcommittee communication on anti-
coagulation in COVID-19.     J Thromb Haemost     2020  ; 
  18  :  2138  –  44   

     19.        Nadkarni     GN   ,    Lala     A   ,    Bagiella     E   ,    Chang     HL   ,    Moreno   
  PR   ,    Pujadas     E   ,    Arvind     V   ,    Bose     S   ,    Charney     AW   ,    Chen   
  MD   ,    Cordon-Cardo     C   ,    Dunn     AS   ,    Farkouh     ME   , 
   Glicksberg     BS   ,    Kia     A   ,    Kohli-Seth     R   ,    Levin     MA   ,    Timsina   
  P   ,    Zhao     S   ,    Fayad     ZA   ,    Fuster     V    :   Anticoagulation, bleed-
ing, mortality, and pathology in hospitalized patients 
with COVID-19.     J Am Coll Cardiol     2020  ;   76  :  1815  –  26   

     20.        Billett     HH   ,    Reyes-Gil     M   ,    Szymanski     J   ,    Ikemura     K   , 
   Stahl     LR   ,    Lo     Y   ,    Rahman     S   ,    Gonzalez-Lugo     JD   ,    Kushnir   
  M   ,    Barouqa     M   ,    Golestaneh     L   ,    Bellin     E    :   Anticoagulation 
in COVID-19: E� ect of enoxaparin, heparin, and apix-
aban on mortality.     Thromb Haemost     2020  ;   120  :  1691  –  9   

     21.        Wenzler     E   ,    Engineer     MH   ,    Yaqoob     M   ,    Benken     ST    : 
  Safety and e�  cacy of apixaban for therapeutic 

anticoagulation in critically ill ICU patients with 
severe COVID-19 respiratory disease.     TH Open     2020  ; 
  4  :  e376  –  82   

     22.        Al-Horani     RA    :   Potential therapeutic roles for direct 
factor Xa inhibitors in coronavirus infections.     Am J 
Cardiovasc Drugs     2020  ;   20  :  525  –  33   

     23.        Du     L   ,    Kao     RY   ,    Zhou     Y   ,    He     Y   ,    Zhao     G   ,    Wong     C   ,    Jiang   
  S   ,    Yuen     KY   ,    Jin     DY   ,    Zheng     BJ    :   Cleavage of spike pro-
tein of SARS coronavirus by protease factor Xa is 
associated with viral infectivity.     Biochem Biophys Res 
Commun     2007  ;   359  :  174  –  9   

     24.        Testa     S   ,    Prandoni     P   ,    Paoletti     O   ,    Morandini     R   ,    Tala     M   , 
   Dellanoce     C   ,    Giorgi-Pierfranceschi     M   ,    Betti     M   ,    Danzi   
  GB   ,    Pan     A   ,    Palareti     G    :   Direct oral anticoagulant plasma 
levels’ striking increase in severe COVID-19 respira-
tory syndrome patients treated with antiviral agents: 
The Cremona experience.     J Thromb Haemost     2020  ; 
  18  :  1320  –  3   

     25.        Chow     JH   ,    Khanna     AK   ,    Kethireddy     S   ,    Yamane     D   , 
   Levine     A   ,    Jackson     AM   ,    McCurdy     MT   ,    Tabatabai     A   , 
   Kumar     G   ,    Park     P   ,    Benjenk     I   ,    Menaker     J   ,    Ahmed     N   , 
   Glidewell     E   ,    Presutto     E   ,    Cain     S   ,    Haridasa     N   ,    Field   
  W   ,    Fowler     JG   ,    Trinh     D   ,    Johnson     KN   ,    Kaur     A   ,    Lee     A   , 
   Sebastian     K   ,    Ulrich     A   ,    Peña     S   ,    Carpenter     R   ,    Sudhakar   
  S   ,    Uppal     P   ,    Fedeles     BT   ,    Sachs     A   ,    Dahbour     L   ,    Teeter   
  W   ,    Tanaka     K   ,    Galvagno     SM   ,    Herr     DL   ,    Scalea     TM   , 
   Mazze�       MA    :   Aspirin use is associated with decreased 
mechanical ventilation, intensive care unit admission, 
and in-hospital mortality in hospitalized patients 
with coronavirus disease 2019.     Anesth Analg     2021  ; 
  132  :  930  –  41   

     26.        Haji Aghajani     M   ,    Moradi     O   ,    Amini     H   ,    Azhdari Tehrani   
  H   ,    Pourheidar     E   ,    Rabiei     MM   ,    Sistanizad     M    :   Decreased 
in-hospital mortality associated with aspirin administra-
tion in hospitalized patients due to severe COVID-19.   
  J Med Virol     2021  ;   93  :  5390  –  5   

     27.        Osborne     TF   ,    Veigulis     ZP   ,    Arreola     DM   ,    Mahajan     SM   , 
   Röösli     E   ,    Curtin     CM    :   Association of mortality and 
aspirin prescription for COVID-19 patients at the 
Veterans Health Administration.     PLoS One     2021  ; 
  16  :  e0246825   

     28.        Meizlish     ML   ,    Goshua     G   ,    Liu     Y   ,    Fine     R   ,    Amin     K   , 
   Chang     E   ,    DeFilippo     N   ,    Keating     C   ,    Liu     Y   ,    Mankbadi   
  M   ,    McManus     D   ,    Wang     SY   ,    Price     C   ,    Bona     RD   ,    Ochoa 
Chaar     CI   ,    Chun     HJ   ,    Pine     AB   ,    Rinder     HM   ,    Siner     JM   , 
   Neuberg     DS   ,    Owusu     KA   ,    Lee     AI    :   Intermediate-dose 
anticoagulation, aspirin, and in-hospital mortality in 
COVID-19: A propensity score–matched analysis.     Am 
J Hematol     2021  ;   96  :  471  –  9   

     29.        Martha     JW   ,    Pranata     R   ,    Lim     MA   ,    Wibowo     A   ,    Akbar   
  MR    :   Active prescription of low-dose aspirin during or 
prior to hospitalization and mortality in COVID-19: A 
systematic review and meta-analysis of adjusted e� ect 
estimates.     Int J Infect Dis     2021  ;   108  :  6  –  12    

ALN_V135N6_Text.indb   1089ALN_V135N6_Text.indb   1089 01-Nov-21   20:55:0901-Nov-21   20:55:09

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



1090 Anesthesiology 2021; 135:1076–90  Zhao  et al.

CRITICAL CARE MEDICINE

 For Future Journalist Edward Gilbert Abbott, Ether Day 
Was No “Puff Piece”                  

 The signi� cance of Ether Day could not be overstated for surgical patient and future journalist Edward Gilbert 
Abbott ( above , artwork by Michael Edens). Orphaned at age seven with limited � nancial resources, Abbott 
su� ered from a congenital mass below his jaw. He was admitted to the Massachusetts General Hospital in 
October 1846 for evaluation. Without the looming demonstration of surgical etherization, this young patient, 
who was not gravely ill, would have been an unlikely operative candidate for surgeon John Collins Warren, 
M.D. From the moment Abbott drew his � rst breath through Morton’s ether inhaler, his life was changed. 
Though neither fame nor fortune followed his lengthy recovery, the 21-year-old renewed his zeal for life. 
Abbott was apprenticed to a printer and pursued a successful career as a journalist for  The Boston Herald  and 
The Boston Daily Bee . In 1850, he married and started a family with fellow New Englander, Mary Dunbar 
Fuller. Sadly, these auspicious years would not last, and in 1855, he expired from tuberculosis. Nevertheless, 
Abbott’s ether inhalation was historic, and Ether Day—October 16, 1846—would transform not only his own 
life, but also surgical practice forever. (Copyright © the American Society of Anesthesiologists’ Wood Library-
Museum of Anesthesiology.) 

Melissa L. Coleman, M.D., Penn State College of Medicine, Hershey, Pennsylvania, and Jane S. Moon, M.D., 
University of California, Los Angeles, California.

REFLECTION    

ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM

ALN_V135N6_Text.indb   1090ALN_V135N6_Text.indb   1090 01-Nov-21   20:55:0901-Nov-21   20:55:09

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



ANESTHESIOLOGY, V 135   •   NO 6 DECEMBER 2021 1091

PAIN MEDICINE

 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Chronic pain after breast surgery is common, both causing suffer-
ing and limiting function.  

•   Previous studies suggest that paravertebral blocks may prevent 
chronic pain after breast surgery, but the data are limited.    

  What This Article Tells Us That Is New  

•   More than 350 study participants undergoing mastectomy were 
randomized to either paravertebral blocks with ropivacaine or saline 
injections. Both groups received multimodal analgesia.  

•   Although paravertebral block using ropivacaine had a small analge-
sic effect in the immediate postoperative period, no differences in 
pain 3, 6, and 12 months after surgery were detected.           

 Chronic pain after breast cancer surgery is frequent and 
an important healthcare priority because of its e� ect on 

quality of life. Although the association between the severity 
of acute pain after surgery and the likelihood of chronic pain 
is known, their causal relationship has not been clari� ed. 
We previously showed that wound in� ltration with ropiva-
caine did not reduce the incidence or severity of pain after 
breast surgery.  1   Thus, other authors have used paravertebral 
block rather than in� ltration to improve pain control after 
breast surgery. One recent, single-center, double-blind study 

including 172 patients with similar outcomes to our study 
showed that ultrasound-guided multilevel paravertebral 
block lowered the incidence of chronic pain 3 months (35% 
vs.  51% of patients) and 6 months (22%  vs.  37%) after partial 
mastectomy with or without axillary lymph node dissection. 
Another recent study including 2,132 patients from 13 hos-
pitals evaluated the recurrence of breast cancer after regional 
or general anesthesia, with the incidence of chronic pain as 
a secondary outcome.  2   Incisional pain was identical in the 
two groups at 6 months (52% in each group) and 1 yr (27% 
vs.  28%). A Cochrane review on chronic pain also found that 
paravertebral block reduced chronic pain after breast surgery 

  ABSTRACT 
  Background:     The effectiveness of paravertebral block in preventing chronic 
pain after breast surgery remains controversial. The primary hypothesis of this 
study was that paravertebral block reduces the incidence of chronic pain 3 
months after breast cancer surgery.  

  Methods:     In this prospective, multicenter, randomized, double-blind, parallel-
group, placebo-controlled study, 380 women undergoing partial or complete 
mastectomy with or without lymph node dissection were randomized to receive 
preoperative paravertebral block with either 0.35 ml/kg 0.75% ropivacaine 
(paravertebral group) or saline (control group). Systemic multimodal analgesia 
was administered in both groups. The primary endpoint was the incidence of 
chronic pain with a visual analogue scale (VAS) score greater than or equal 
to 3 out of 10, 3 months after surgery. The secondary outcomes were acute 
pain, analgesic consumption, nausea and vomiting, chronic pain at 6 and 12 
months, neuropathic pain, pain interference, anxiety, and depression.  

 Results:     Overall, 178 patients received ropivacaine, and 174 received saline. 
At 3 months, chronic pain was reported in 93 of 178 (52.2%) and 83 of 174 
(47.7%) patients in the paravertebral and control groups, respectively (odds 
ratio, 1.20 [95% CI, 0.79 to 1.82],  P  = 0.394). At 6 and 12 months, chronic 
pain occurred in 104 of 178 (58.4%)  versus  79 of 174 (45.4%) and 105 of 
178 (59.0%)  versus  93 of 174 (53.4%) patients in the paravertebral and 
control groups, respectively. Greater acute postoperative pain was observed 
in the control group 0 to 2 h (area under the receiver operating characteristics 
curve at rest, 4.3 ± 2.8  vs.  2.9 ± 2.8 VAS score units × hours,  P  < 0.001) 
and when maximal in this interval (3.8 ± 2.1  vs.  2.5 ± 2.5,  P  < 0.001) but 
not during any other interval. Postoperative morphine use was 73% less in the 
paravertebral group (odds ratio, 0.272 [95% CI, 0.171 to 0.429];  P  < 0.001).  

  Conclusions:     Paravertebral block did not reduce the incidence of chronic 
pain after breast surgery. Paravertebral block did result in less immediate 
postoperative pain, but there were no other signifi cant differences in postop-
erative outcomes.   

(ANESTHESIOLOGY  2021 ;  135 : 1091 – 103 )   

 Preoperative Paravertebral 
Block and Chronic Pain 
after Breast Cancer 
Surgery: A Double-blind 
Randomized Trial  
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but graded the evidence as low.  3   Another recent review and 
meta-analysis  4   concluded that the data on chronic pain for 
paravertebral block are too scarce to be conclusive. The qual-
ity of evidence was considered to be low, mainly due to a 
lack of adequate blinding. Nonetheless, although the existing 
evidence is weak and con� icting, there is increasing interest 
in the role of paravertebral block in preventing chronic pain 
after breast cancer surgery.  3 , 4  

 Therefore, this prospective, multicenter, randomized, 
double-blind, parallel-group, placebo-controlled study in a 
large homogenous population evaluated the e� ect of para-
vertebral block with ropivacaine on acute and chronic pain 
as well as on comorbidities, such as anxiety and depression, 
after complete or partial mastectomy with or without axil-
lary or sentinel lymph node dissection for cancer. 

 The primary hypothesis of this study was that preop-
erative ultrasound-guided paravertebral block reduces the 
incidence of chronic pain. The primary endpoint was the 
incidence of chronic pain greater than or equal to 3 out of 
10 on a 0 to 10 visual analogue scale (VAS) 3 months after 
breast surgery. The secondary outcomes were acute post-
operative pain at rest or during mobilization, the extent of 
sensory blockade, complications of paravertebral block, the 
consumption of analgesics, and nausea and vomiting every 
30 min for 2 h in the postanesthesia care unit (PACU) and 
every 6 h for 48 h after surgery. Chronic pain was also eval-
uated 6 months and 1 yr after surgery. 

  Materials and Methods 

  Study Design and Number of Participants 

 This large, prospective, randomized (1:1), multicenter (four 
cancer centers), double-blind, parallel-group, placebo-
controlled trial was approved by the institutional review 
board (Institut Curie, Saint-Cloud, France) of the study 
ethics review committee (Hospital Ambroise Paré, 
Boulogne, France) and was registered in ClinicalTrials.gov 
(NCT02408393), Aline Albi-Feldzer, April 2015. The trial 
was conducted in accordance with the original protocol 
with minor changes. Following the recommendations of the 
French Society of Anesthesiologists (Paris, France), preop-
erative blood tests were performed if necessary, depending 
on clinical status rather than systematically in each patient. 

 The number of patients in the study was determined 
using the Casagrande and Pike formula.  5   Based on previous 
results,  1   the expected e� ect size was calculated to detect a 
50% incidence reduction in chronic pain (30% to 15% of 
patients) 3 months after surgery. With a bilateral  α  risk of 
5% and 90% power, 179 patients were needed per group, for 
a total of 358. To account for loss to follow-up or consent 
withdrawals, the number of patients was increased to 391.  

  Inclusion and Randomization 

 Three hundred ninety-one women aged 18 to 85 yr with 
an American Society of Anesthesiologists (Schaumburg, 

Illinois) Physical Status of I, II, or III who were admitted for 
mastectomy with or without axillary lymph node or sen-
tinel lymph node dissection or partial mastectomy (sparing 
the skin, areola, and nipple) with axillary lymph node dis-
section were included in the study. The study was explained 
by an anesthesiologist during the preoperative consultation. 

 The exclusion criteria included male sex; a life expec-
tancy less than 2 yr; active malignant disease; pregnant or 
breastfeeding women; bilateral surgery; ipsilateral breast sur-
gery in the past 3 yr; preoperative chronic pain; allergy to 
local anesthetics, steroids, or morphine; a reported history 
of substance abuse; local skin in� ammation at the puncture 
area; and an inability to comply with the protocol for any 
reason. 

 All patients gave written informed consent, and enroll-
ment ceased when the target sample size was reached. 

 The research assistant checked for eligibility and 
informed consent and then enrolled the participants. The 
statistician generated the allocation sequence on a com-
puter. The patients were randomly allocated (1:1) into 
two groups using a Web site random number generator 
with Tenalea software  (Netherlands Cancer Institute, The 
Netherlands). Randomization was strati� ed by center and 
the type of surgery: partial mastectomy with axillary lymph 
node dissection, and mastectomy with or without axillary 
lymph node dissection or sentinel lymph node dissection. 

 The results of the randomization were given to the 
pharmacist, who prepared a syringe with ropivacaine or 
normal saline solution (0.35 ml/kg) within 24 h before sur-
gery. The syringe was sealed in a sterile envelope and sent 
to the PACU. The nurse opened the sequentially numbered 
envelope containing the syringe with the solution. 

 The paravertebral group received 0.35 ml/kg ropiva-
caine 0.75% in the paravertebral space without exceeding 
a total volume of 30 ml. The control group also received 
an equal volume of saline (0.35 ml/kg) in the paravertebral 
space. All attending anesthesiologists, patients, nurses, and 
data collectors were blinded to the group assignment.  

  Procedure 

 No premedication was given before surgery. 
 In the preoperative holding area located in the PACU, 

standard monitoring included electrocardiography, pulse 
oximetry, capnography, and noninvasive blood pressure 
monitoring. Oxygen (2 l ∙ min –1 ) was delivered through 
nasal prongs. 

 The patients were placed in the lateral position on the 
opposite side from surgery, and remifentanil administration 
was started with an IV targeted e� ect-site concentration 
objective to reach a concentration of 2 ng ∙ ml –1 . 

 The second thoracic paravertebral space (T2) was 
scanned by ultrasonography (Model Alpinion E-cube 
i7  [Alpinion Medical Systems, Korea]) with a 2- to 
5-MHz ultrasound probe (linear array L3-8H). The probe 
was positioned on the transverse plane against the spinal 
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process. Under aseptic conditions, a 22-gauge 80-mm nee-
dle (SonoTAP [Pajunk, Germany]) was advanced in an 
“in-plane” direction toward the paravertebral space, imme-
diately above the pleura and below the costotransverse lig-
ament. The position of the needle was con� rmed by the 
descent of the pleura when injecting 2 to 3 ml of saline 
solution for hydrolocalization. 

 Then, 0.35 ml ∙ kg –1  ropivacaine 0.75% was injected with 
intermittent negative aspiration tests every 5 ml, without 
exceeding a total of 30 ml or an equivalent volume of saline. 

 Immediately after the paravertebral block injection pro-
cedure was completed in the preoperative holding area, the 
intensity of pain from the procedure was evaluated with a 
VAS, the remifentanil injection was discontinued, and the 
patients were transferred to the operating room 30 min 
later. Then, 20 min after the procedure, the dermatome 
block level to temperature was measured by another anes-
thesiologist to map the spread of blocked dermatomes. An 
ice cube was placed in the � nger of a disposable plastic 
glove and used to perform the cold sensation test. Patients 
were given a reference cold sensation at the third cervical 
dermatome before each measurement. The blocked area 
was tested between the midaxillary and midclavicular lines 
from the fourth thoracic dermatome in the cranial and 
caudal directions, and the sensation in each dermatome on 
the blocked side was compared to the reference sensation. 
Persistence of any cold sensation was considered to be an 
absence of sensory block. The peak sensory cephalad block 
and caudal block levels were assessed, and then the number 
of blocked dermatomes was recorded. 

 The patient was positioned on the operating table and 
� tted with monitors, including a Bispectral Index. Then, 
general anesthesia was induced with an IV bolus of propo-
fol (2.5 mg ∙ kg –1 ) that was administered when the IV 
remifentanil targeted e� ect-site concentration reached 4 ng 
∙ ml –1 . If necessary, cisatracurium besilate (0.1 mg/kg) or 
atracurium (0.05 mg/kg) was injected to facilitate insertion 
of the tracheal tube, or a second-generation laryngeal mask 
(Ambu, Denmark) was secured in the pharynx. Volume-
controlled mechanical ventilation was initiated using 6 ml 
∙ kg –1  of predicted body weight tidal volume, 5 cm H 

2 
O of 

positive end expiratory pressure, and a 40% inspired oxygen 
concentration. 

 Anesthesia was maintained with inhaled sevorane 
(1 to 2% end-expiratory concentration) or des� urane (3 to 
4% end-expiratory concentration) combined with nitrous 
oxide (50%) and IV remifentanil using a targeted e� ect-site 
concentration ranging from 2 to 4 ng ∙ ml –1 . The inhaled 
sevorane or des� urane concentrations and remifent-
anil e� ect-site targets were continuously adapted to the 
monitor (40  < Bispectral Index < 60, and hemodynam-
ics, respectively) outputs. The patient was extubated at the 
end of surgery after reversal of the neuromuscular block, 
if necessary. 

 Antiemetic prophylaxis and postoperative pain preven-
tion were systematically provided with an IV injection 
of 8 mg dexamethasone on induction, and paracetamol 
(1,000 mg), ketoprofen (100 mg), and omeprazole (40 mg) 
60 min before surgery was expected to be completed. The 
laryngeal mask or tracheal tube was removed in the oper-
ating room, and the patients were transferred to the PACU. 

 The postoperative intensity of pain at rest and during 
ipsilateral anterior arm and shoulder elevation was mea-
sured upon arrival in the PACU, every 30 min for the � rst 
2 postoperative hours, then every 6 h of the hospital stay, 
using a VAS ranging from 0 (no pain at all) to 10 (worst 
imaginable pain). In the presence of a VAS score greater 
than 3/10 at rest in the PACU, rescue IV morphine was 
titrated using 2-mg boluses administered every 5 min (no 
upper limit of dosage). The patients remained in the PACU 
until the VAS score was less than or equal to 3. 

 The surgical patients systematically received oral keto-
profen (100 mg) every 12 h. If more analgesia was needed, 
the � rst-line treatment was oral paracetamol (1,000 mg) 
every 6 h when the VAS score was greater than 3, and the 
second-line treatment was oral tramadol (100 mg) twice 
a day. In the case of postoperative nausea and vomiting, 
ondansetron (4 mg) and droperidol (1.25 mg) were given 
every 8 h IV on demand.  

  Outcomes 

 The primary objective of this study was to evaluate the 
e� ect of ultrasound-guided single-injection paravertebral 
block with ropivacaine on the incidence of chronic pain at 
the surgical site 3 months after major breast surgery. Chronic 
pain was de� ned as pain at the surgical site greater than or 
equal to 3 out of 10 on item 5 of the Brief Pain Inventory 
(item 5: “Please rate your pain by circling the one number 
that best describes your pain on the average in the past 24 h, 
no pain = 0, worst pain = 10”). The Brief Pain Inventory  6  

is a multidimensional pain assessment tool that measures 
pain severity and interference (0 to 10). Pain severity was 
measured by four items: worst pain, least pain, average pain 
in the last 24 h, and pain now. The seven interference items 
(sleep disturbances, general activity, mood, work, relations 
with others, walking, and enjoyment of life) were assessed 
on a 0 to 10 scale, with 0 being “did not interfere” and 10 
being “interfered completely.” 

 The following early secondary endpoints were evalu-
ated: distribution of a diminished cold sensation (ice cube 
test) 15 min and 24 h after the paravertebral injection, acute 
pain assessed with a VAS (no pain = 0, worst pain = 10) at 
rest and mobilization every 30 min for 2 h in the PACU and 
every 6 h for 48 h, satisfaction with the quality of acute pain 
management, any episodes of paravertebral block–related 
complications, postoperative nausea and vomiting, total 
morphine and analgesic consumption for 48 h, and imme-
diate complications or side e� ects. 
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 Late secondary endpoints were also evaluated: chronic 
pain according to item 5 of the Brief Pain Inventory and 
other parameters of the Brief Pain Inventory at 6 months 
and 12 months; pain characterized with the Douleur 
Neuropathique 4 score at 3, 6, and 12 months and the 
Hospital Anxiety Depression Scale questionnaire; and any 
episodes of late complications, side e� ects, or paravertebral 
block–related complications. 

 Three subscale scores that can be generated with the 
Brief Pain Inventory were added to the analysis  7 , 8  : the aver-
age score of all seven items of the Brief Pain Inventory (Brief 
Pain Inventory—Pain Interference Total Score), physical 
interference (the average score of work, general activity, and 
walking from the Brief Pain Inventory), and a� ective inter-
ference (the average score of relations with others, enjoy-
ment of life, and mood from the Brief Pain Inventory). The 
sleep item was excluded from the physical interference scale 
because the multidimensional scaling analysis revealed that 
the pain interference items clustered into two groups and 
that the sleep item was separated from those two clusters. 
Thus, according to the Brief Pain Inventory manual, the 
average score of work, general activity, and walking from 
the Brief Pain Inventory subscale is recommended. 

 Questionnaires at 3, 6, and 12 months were sent by mail, 
and patients were contacted by telephone 3, 6, and 12 months 
after surgery if they did not return the questionnaires.  

  Statistical Analysis 

 The intent-to-treat population was de� ned as all random-
ized patients, but 28 patients withdrew their consent before 
surgery. Therefore, these patients were excluded from the 
intent-to-treat population. Some patients did not receive 
the entire assigned treatment ( � g. 1   ) but remained in the 
intent-to-treat population and were excluded from the 
per-protocol population, which only included patients 
who received a paravertebral injection. The demographic 
and clinical characteristics of the patients are described. 
Nominal (type of surgery, treatments, complications) and 
ordinal (American Society of Anesthesiologists Physical 
Status) data are presented as numbers and percentages, 
excluding missing data. Ratio-scaled quantitative data (age 
and postoperative treatment doses) are presented as mean 
± SD. The interval scaled data (VAS score during injec-
tion) and the ratio scaled data of remifentanil doses are 
presented as median with interquartile range. Comparisons 
between the two groups were only performed for the dose 
of remifentanil and pain during injection in the paraver-
tebral space. In these two cases, due to nonhomogeneous 
variances, data were presented as median with interquartile 
range instead of mean ± SD. The Mann–Whitney U test 
was used because we compared only two groups, the con-
trol and the paravertebral group.  

 The incidence of pain 3 months after surgery greater 
than or equal to 3 on the VAS for item 5 of the Brief Pain 
Inventory (primary endpoint) was expressed as a percentage 

with the 95% CI according to the treatment group in 
the intent-to-treat population. A Pearson chi-square test 
was performed to compare the results of the Brief Pain 
Inventory at 3 months, and the odds ratio was estimated 
using logistic regression and presented with the 95% CI. 
Missing values for the primary endpoint in the intent-to-
treat population were considered to be failures,  i.e. , the pres-
ence of chronic pain at 3 months. Sensitivity analyses were 
performed on the per-protocol population. Missing values 
were successively considered, as in the intent-to-treat popu-
lation, as failures, completed by multiple imputations of the 
analysis or excluded. Data imputation was computed from 
the  table 1    variables using multiple imputation by chained 
equations. Five imputations resulted in � ve complete data-
sets. Then the results obtained for each dataset were pooled 
in a global imputation result. All analyses for the primary 
endpoint were performed without strati� cation for the ran-
domization strata (site and type of surgery).   

Post hoc  exploratory subgroup analyses of the primary 
endpoint were performed. The subgroup results according 
to the treatment arm were assessed by logistic regression 
models and presented in the form of a forest plot with odds 
ratios and interaction  P  values. The secondary outcomes 
were analyzed in the per-protocol population. Postoperative 
pain over time (VAS score) was plotted for each patient, 
and the area under the receiver operating characteristics 
curve (AUC) was then estimated for each patient. The 
mean AUCs were compared according to the randomiza-
tion arm using two independent samples  t  tests. The dif-
ference in perioperative opioid requirements was assessed 
with a logistic regression model with 0 for patients who did 
not receive morphine and 1 for those who received mor-
phine. Blocked dermatomes and answers to the Brief Pain 
Inventory, Hospital Anxiety Depression Scale, and Douleur 
Neuropathique 4 questionnaires are represented using bar 
plots and histograms. Comparisons between the two groups 
for blocked dermatomes at 15 min and 24 h were performed 
with Pearson chi-square tests. 

 All tests were two-tailed, and  P  < 0.05 was considered to 
be signi� cant. All analyses were performed using R software 
(version 4.0.2; R Core Team, Austria).   

  Results 
 We screened 391 patients for participation in this study 
from March 27, 2015, to June 3, 2018. Eleven of these 
patients did not meet the inclusion criteria, resulting in 380 
randomized patients. Twenty-eight of these patients with-
drew their consent after randomization and before surgery. 
Randomization was performed the day before surgery. 
Eighteen patients changed their minds after randomization 
and before surgery mainly due to fear of the paravertebral 
block and ine� ectiveness of the saline injection. The type 
of surgery changed in 10 patients, and they withdrew their 
consent. Therefore, the � nal population in the intent-to-
treat population analysis included 352 patients. Fifteen of 
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these patients were excluded from the paravertebral group 
and 23 from the placebo group due to a breach in proto-
col. Thus, the 314 remaining patients received treatment, 
completed the study, and constituted the per-protocol pop-
ulation ( � g. 1 ). The population characteristics, treatments, 
and complications in each arm are described in  table 1 . The 
characteristics were similar between the two arms, particu-
larly in average age (58 yr). 

 The primary endpoint of this trial was the incidence of 
chronic pain greater than or equal to 3 on a 0 to 10 scale 
for item 5 of the Brief Pain Inventory 3 months after breast 
surgery. Patients were considered to have pain if the pain 
score was greater than or equal to 3 and to be pain-free if 
the score was less than 3 for the � fth item of the Brief Pain 
Inventory. In the intent-to-treat population, there were 93 
of 178 (52.2%) and 83 of 174 (47.7%) patients in the para-
vertebral block and control groups with pain greater than 
or equal to 3 on the Brief Pain Inventory 3 months after 
surgery, respectively. The associated odds ratio, with the con-
trol group as a reference, was 1.20 (95% CI, 0.79 to 1.82; 
P  = 0.394). In this analysis, any missing data for the � fth item 
of the Brief Pain Inventory at 3 months (43 of 174 patients in 
the control group and 46 of 178 in the paravertebral group) 
was considered to be a failure, and thus was considered to 
be pain ( table 2 ). Sensitivity analyses were then performed 
in the per-protocol population; the missing values of Brief 
Pain Inventory (32 of 159 patients in the control and 33 of 
155 in the paravertebral group) were successively considered 
as failures, completed by multiple imputations of the anal-
ysis, or excluded, as described above. The same results were 
obtained as in the intent-to-treat analysis ( table 2 ). 

 In all situations, the results obtained were similar and led 
to the same conclusion: there was no di� erence between 
the control group and paravertebral group in pain at 3 

months according to the Brief Pain Inventory. There was 
also no di� erence for secondary outcomes at 6 and 12 
months. Chronic pain was reported in 104 of 178 (58.4%) 
patients in the paravertebral group and 79 of 174 (45.4%) 
in the control group at 6 months and in 105 of 178 (59.0%) 
and 93 of 174 (53.4%) at 12 months ( � g. 2   ). Subgroup anal-
yses were performed to detect any subgroups with a ben-
e� cial e� ect. The results are shown in a forest plot ( � g. 3   ). 
Paravertebral block with ropivacaine tended to have a bene-
� cial e� ect on pain at 3 months in patients who underwent 
partial mastectomy but was associated with more pain in 
patients who underwent mastectomy, although the di� er-
ence is not statistically signi� cant.   

 Evaluations of the blocked dermatomes were performed 
with the ice test at 15 min and 24 h. At 15 min, there were 
signi� cantly more patients with at least one blocked der-
matome in the paravertebral group than in the control 
group (84.8% [95% CI, 77.7 to 90.3]  vs.  43.7% [95% CI, 
35.4 to 52.2];  P  < 0.001). Although still observed between 
the two arms at 24 h, the di� erence was less marked (78.2% 
[95% CI, 69.9 to 85.1]  vs.  64.9% [95% CI, 56.1 to 73.0]; 
P  = 0.019) ( � g. 4   ). Ninety-two percent of the patients in 
the paravertebral group experienced loss of cold sensation 
either 15 min or 24 h after the injection, which persisted 
in 78% of patients after 24 h, with a reduction in the lower 
dermatome blockade from the sixth thoracic intercostal 
nerve to the � fth ( � g. 4 ).  

 Acute postoperative pain was measured every 30 min in 
the PACU for the � rst 2 h and then every 6 h for 48 h. The 
VAS scores were plotted for each patient at each time point, 
and the pro� le of pain scores was determined for each 
patient. From surgery to 48 h after surgery, the pro� le of 
pain scores was very similar between the two groups at rest 
and during mobilization. AUCs were determined for each 

 Fig. 1.      Flowchart. Control group: thoracic paravertebral block with saline.    
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 Table 1.      Demographic and Clinical Characteristics of the Intent-to-treat Population   

      Control Group (n = 174)  Paravertebral Group (n = 178) 

 Quantitative data  n (missing values) mean ± SD or 
median (interquartile range) 

 n (missing values) mean ± SD or 
median (interquartile range) 

 Nominal and ordinal data  n (%)  n (%) 
 Demographics 
  Age, yr, mean ± SD  174 (0)    58 ± 13    178 (0)    58 ± 14   
  Body mass index, kg/m 2 

   < 25  94 (54.3)  85 (47.8) 
   ≥ 25  79 (45.7)  93 (52.3) 
   Missing values  1  0 
  ASA Physical Status 
   1  27 (15.6)  32 (18.0) 
   2    137 (79.2)  140 (78.7) 
   3  9 (5.2)  6 (3.4) 
   Missing values  1  0 
 Surgical information 
  Type of surgery 
   Mastectomy  6 (3.5)  11 (6.2) 
   Mastectomy + axillary lymph node dissection  73 (42.2)  70 (39.3) 
   Mastectomy + sentinel lymph node dissection  68 (39.3)  74 (41.6) 
   Partial mastectomy + axillary lymph node dissection  25 (14.5)  23 (12.9) 
   Partial mastectomy + sentinel lymph node dissection  1 (0.6)  0 (0) 
   Missing values  1  0 
 Intraoperative variables 
  Remifentanil during surgery (maintenance dose) 
   No  4 (2.4)  3 (1.8) 
   Yes  161 (97.6)  163 (98.2) 
   Missing values  9  12 
  Total dose of remifentanil, µg, *  median (interquartile range)  150 (24)  344 (245–434)  135 (43)  276 (210–384) 
  Pain during injection, VAS score, †  median (interquartile range)  150 (24)  6 (3–7)  145 (33)  2 (0–4) 
 Postoperative treatments 
  Intravenous morphine titration 
   No  49 (30.1)  101 (61.2) 
   Yes  114 (69.9)  64 (38.8) 
   Missing values  11  13 
  Dose of morphine, mg, mean ± SD  111 (3)  6 ± 3  63 (1)  6 ± 3 
  Tramadol during the 48 h after surgery 
   No  139 (79.9)  142 (79.8) 
   Yes  35 (20.1)  36 (20.2) 
  Total dose of tramadol during the 48 h after surgery, mg, mean ± SD  35 (0)  150 ± 100  36 (0)  150 ± 100 
  Paracetamol during the 48 h after surgery 
   No  64 (36.8)  79 (44.4) 
   Yes  110 (63.2)  99 (55.6) 
  Total dose of paracetamol during the 48 h after surgery, g, mean ± SD  110 (0)  3 ± 2  99  3 ± 2 
  Ketoprofen during the 48 h after surgery 
   No  32 (18.4)  39 (21.9) 
   Yes  142 (81.6)  139 (78.1) 
  Total dose of ketoprofen during the 48 h after surgery, mg, mean ± SD  142 (32)  300 ± 150  139 (39)  300 ± 100 
 Postoperative complications 
  Immediate complications 
   No  155 (93.4)  160 (94.1) 
   Claude Bernard Horner syndrome  1 (0.6)  9 (5.3) 
   Pain during injection with feeling of pressure in the thorax and chest  10 (6.0)  0 (0) 
   Motor blockade in the arm of the operated side  0 (0)  1 (0.6) 
   Missing values  8  8 
  Complications during the fi rst 48 h 
   No  161 (95.8)  162 (96.4) 
   Hematoma of the surgical site  4 (2.4)  2 (1.2) 
   Hematoma of the surgical site with necessity of surgery  2 (1.2)  1 (0.6) 
   Pain at the paravertebral block puncture site  0 (0)  1 (0.6) 
   Pain at the surgical drain  1 (0.6)  2 (1.2) 
   Missing values  6  10 
  Nausea and/or vomiting immediately after the injection 
   No  157 (90.2)  166 (93.3) 
   Yes  17 (9.8)  12 (6.7) 
  Nausea and/or vomiting in the fi rst 48 h 
   No  161 (92.5)  167 (93.8) 
   Yes  13 (7.5)  11 (6.2) 

   Nominal (type of surgery, treatments, complications) and ordinal (ASA Physical Status) data are presented as numbers and percentages, excluding missing data. Ratio-scaled quanti-
tative data (age and postoperative treatment doses) are presented as mean ± SD. The interval scaled data (VAS score during injection) and the ratio-scaled data of remifentanil doses 
are presented as median with interquartile range. Comparisons between the two groups were only performed for the dose of remifentanil and pain during injection in the paravertebral 
space. In these two cases, due to nonhomogeneous variances, data were presented as median with interquartile range instead of mean ± SD. The Mann–Whitney U test was performed 
because we compared only two groups, the control group and the paravertebral group.  
  *Mann–Whitney U test:  P  < 0.01.     †Mann–Whitney U test:  P  < 0.001.  
  ASA, American Society of Anesthesiologists; VAS, visual analogue scale.   
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patient and compared. The mean AUCs at rest were 34.9 ± 
32.2 and 31.7 ± 34.1 VAS score units × hours in the control 
and paravertebral groups, respectively. There was no signi� -
cant di� erence in the mean AUCs between the two groups 
( P  = 0.388). The mean AUC during mobilization was 50.4 
± 47.6 VAS score units × hours in the control group and 
44.9 ± 44.8 VAS score units × hours in the paravertebral 
group ( P  = 0.288). However, a comparison of the 2-h post-
operative period showed greater acute postoperative pain in 
the control group at rest (AUC, 4.3 ± 2.8  vs.  2.9 ± 2.8 VAS 
score units × hours,  P  < 0.001; maximum pain score, 3.8 
± 2.1  vs.  2.5 ± 2.5 VAS score units,  P  < 0.001) and during 
mobilization (AUC, 3.7 ± 3.2  vs.  2.5 ± 2.5 VAS score units 
× hours,  P  < 0.001; maximum pain score, 4.0 ± 2.2  vs.  2.4 
± 2.5 VAS score units,  P  < 0.001;  � g.  5   ). Fewer patients 
required morphine in the paravertebral group, 64/165 
(38.8%)  versus  114/163 (69.9%) in the control group (odds 
ratio, 0.272 [95% CI, 0.171 to 0.429];  P  < 0.001).  

 When patients required morphine, the doses were simi-
lar in the two groups: 6 ± 3 mg and 6 ± 3 mg in the control 
and paravertebral groups, respectively ( table 1 ). 

 There was no di� erence in the incidence of nausea and 
vomiting, analgesic consumption over 48 h, or patient satis-
faction between the two groups ( table 1 ). 

 At 3, 6, and 12 months, the Hospital Anxiety Depression 
Scale and Douleur Neuropathique 4 scores were similar in 
the two groups ( � g. 2  and appendix). 

 Nine patients presented with Claude Bernard Horner 
syndrome in the paravertebral group, while 10 and 6 
patients in the control and paravertebral groups reported 
that the injection was painful with a feeling of pressure in 
the thorax and chest, respectively ( table 1 ).   

  Discussion 
 This multicenter, prospective, randomized, double-blind, 
placebo-controlled study shows that paravertebral block 
with ropivacaine and systemic multimodal analgesia did 
not reduce the incidence of chronic pain 3 months after 
breast surgery (primary endpoint of the study) compared 
to paravertebral block with saline and systemic multimodal 
analgesia. These results are similar to some other studies  2 , 9 , 10  

that did not demonstrate a long-term bene� t with paraver-
tebral block analgesia despite a short-term bene� t  3 , 4   but do 
not agree with the results of other studies.  11 , 12   Two recent 
meta-analyses showed no statistically signi� cant reduction 
in the risk of persistent postoperative pain 3 to 12 months 
after breast cancer surgery.  3 , 13   These 2 studies included 
seven and six trials, respectively, with an overlap of 3 stud-
ies; thus, 2 out of 10 studies found paravertebral block to 
be bene� cial.  11 , 14   In one of the recent abovementioned 
meta-analyses,  3   the number of treated patients needed for 
an additional bene� cial outcome was 7 (95% CI, 6 to 13), 
and the evidence was considered low-quality. There were 
also con� icting results in two other recent studies.  2 , 12   One 

 Table 2.      Results of the Primary Outcome Analysis and Sensitivity Analyses   

 Population    Class      
 Control 

Group, n (%)   
 Paravertebral 
Group, n (%)   

 Odds Ratio 
(95% CI)      P  Value      

 Intent-to-treat  174  178 

  Missing data considered as failures for item 5 of Brief 
 Pain Inventory: VAS score < or ≥ 3 

 Score < 3  91/174 (52.3%)  85/178 (47.8%)  1.20 (0.79–1.82) P  = 0.394 

    Score ≥ 3  83/174 (47.7%)  93/178 (52.2%)       

Per-protocol  159  155 

  Missing data considered as failures for item 5 of Brief 
 Pain Inventory: VAS score < or ≥ 3 

 Score < 3  89/159 (56.0%)  80/155 (51.6%)  1.19 (0.76–1.86) P  = 0.438 

    Score ≥ 3  70/159 (44.0%)  75/155 (48.4%)       

Per-protocol  159  155 
  Missing data were treated by multiple imputations, item 

 5 of Brief Pain Inventory: VAS score < or ≥ 3 
 Score < 3  110/159 (69.2%)  101/155 (65.2%)  1.18 (0.98–1.42) P  = 0.142 

    Score ≥ 3  49/159 (30.8%)  54/155 (34.8%)       

Per-protocol  127  122 
  Missing data for Brief Pain Inventory were excluded, 

 item 5 of Brief Pain Inventory: VAS score < or ≥ 3 
 Score < 3  89/127 (70.1%)  80/122 (65.6%)  1.23 (0.72–2.10) P  = 0.447 

    Score ≥ 3  38/127 (29.9%)  42/122 (34.4%)       

   The main analysis, as specifi ed in the protocol, is supposed to for the intent-to-treat population and consider all patients even if there are missing data. For the primary outcome 
analysis, missing values for the fi fth item of the Brief Pain Inventory (43 of 174 patients in the control group and 46 of 178 in the paravertebral group) were considered as failures,  i.e. , 
pain equal to or higher than 3 for the fi fth item of the Brief Pain Inventory. Sensitivity analyses were performed on the per-protocol population with missing values (32 of 159 patients 
in the control group and 33 of 155 in the paravertebral group). In the fi rst case, missing values were considered, as in the intent-to-treat population, as failures. In the second case, 
missing values were completed by multiple imputations of the analysis. In the third case, the missing values were excluded. In all situations, the results obtained were similar and led 
to the same conclusion: there was no difference between the control group and paravertebral group in pain at 3 months according to the Brief Pain Inventory.  
  VAS, visual analogue scale.   
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study that reported a lower incidence of chronic pain at 3 
and 6 months in the paravertebral group was limited by 
the absence of pain evaluation during mobilization, and of 
sensory blockade tests. Moreover, mastectomies were only 
partial.  12   The second study found that the incidence and 
severity of persistent postoperative incisional breast pain 
at 6 and 12 months were una� ected by the analgesia tech-
nique. However, pain was not the primary outcome, and 
the study had several limitations: no reduction in postop-
erative morphine consumption in the paravertebral group, 
no sensory blockade tests, and no placebo group for the 
paravertebral block; thus, the study was not double-blind.  2  

The overall incidence of chronic pain at 3 months in our 
study (53% and 48% in the paravertebral block and con-
trol groups, respectively) was similar to that in other pub-
lished studies (30 to 65%). The wide range of prevalence 
of chronic pain reported in the literature is probably due 
to several factors such as the de� nition and the pain score. 

Di� erent pain scores might provide di� erent results. A 
moderate or greater pain score (greater than or equal to 3) 
is clinically relevant after breast surgery. Less than 3 would 
be considered mild. 

 Our study also showed the absence of a statistically signif-
icant reduction in the incidence of chronic and neuropathic 
pain at 3, 6, and 12 months, despite better control of acute 
pain, which could have been due to the short-term bene� t of 
postoperative pain relief in the paravertebral group. Although 
we also used numerous tools to identify pain-related func-
tional interference, including the Brief Pain Inventory; 
Hospital Anxiety Depression Scale; Pain Interference Total 
Score from the Brief Pain Inventory; the average score of 
work, general activity, and walking from Brief Pain Inventory; 
and average score of relations with others, enjoyment of life, 
and mood from Brief Pain Inventory, no di� erences in these 
items were found between the two groups. These scores on 
patient outcome provide more precise information than pain 

 Fig. 2.      Brief Pain Inventory before surgery and 3, 6, and 12 months after surgery and Hospital Anxiety and Depression Scale and Douleur 
Neuropathique 4 questionnaire scores 3 months after surgery. Pain interference at 3 months after surgery was assessed with the Brief Pain 
Inventory (sleep disturbances, general activity, mood, work, relations with others, walking, and enjoyment of life). The Brief Pain Inventory 
measures pain severity and interference. Pain severity is measured by four items: worst pain, least pain, average pain in the last 24 h, and pain 
now. The seven interference items (sleep disturbance, general activity, mood, work, relations with others, walking, and enjoyment of life) are 
assessed on a 0 to 10 scale, with 0 being “did not interfere” and 10 being “interfered completely.” Three subscale scores can be generated: Pain 
Interference Total Score (the average score of all seven items), physical interference (the average score of work, general activity, and walking), 
and affective interference (the average score of relations with others, enjoyment of life, and mood). The complete fi gure with all items is in the 
appendix. ( A–D ) Brief Pain Inventory, item 5: before surgery and 3, 6, and 12 months after surgery. ( E ) Hospital Anxiety and Depression Scale: anx-
iety score 3 months after surgery. ( F ) Hospital Anxiety and Depression Scale: depression score 3 months after surgery. ( G ) Douleur Neuropathique 
4 questionnaire score equal to or higher than 4 evaluated 3 months after surgery. ( H ) Brief Pain Inventory—Pain Interference Total Score: seven 
interference items (sleep disturbances, general activity, mood, work, relations with others, walking, and enjoyment of life) 3 months after surgery.    
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scores alone and con� rmed the absence of a di� erence in 
pain and its impact on quality of life. 

 Acute postoperative pain scores, remifentanil doses during 
surgery, and morphine consumption in the � rst 2 postop-
erative hours were lower in the paravertebral block group 
than in the control group in our study. One previous study 
found that a signi� cantly lower pain score in the � rst 2 h after 
breast surgery with paravertebral block was associated with 
a signi� cantly lower consumption of opioids compared to 
control.  15   In a meta-analysis, there was conclusive evidence 
that paravertebral block led to a clinically relevant reduction 
in acute pain (VAS score greater than 1), 24-h morphine 
consumption, and incidence of nausea and vomiting (greater 
than or equal to 25% relative reduction). However, the qual-
ity of evidence was downgraded to moderate or low due to 
the lack of adequate blinding and the high degree of het-
erogeneity across trials, mainly due to di� erences in baseline 
analgesia.  4   In our study, this reduction in acute pain and opi-
oid consumption did not persist after the PACU period, and 
lower opioid consumption did not reduce the incidences of 
nausea, vomiting, or chronic pain. Therefore, although para-
vertebral block provided a short-term bene� t after breast 

cancer surgery, unlike in other studies, no long-term bene� t 
was identi� ed with this technique in our study.  2 , 15  

 The risk factors for persistent postoperative pain can be 
related to the patient and the quality of analgesia, surgery, and 
cancer treatments.   16 , 17   Patients at risk of severe postoperative 
pain (preoperative chronic pain, a reported history of sub-
stance abuse or opioid treatment) were not included in our 
study. Subgroup analyses were performed to detect any sub-
groups in which a bene� cial e� ect could be observed, but 
we did not � nd any signi� cant di� erence between these sub-
groups ( � g. 3 ). Although the di� erence in VAS score for acute 
pain was signi� cant between the two groups during the � rst 
2 postoperative hours but not associated with a di� erence in 
the incidence of chronic pain, the mean VAS scores at rest and 
during mobilization after the � rst 2 postoperative hours were 
less than 2 in both groups. This is considered to be su�  cient 
pain relief after surgery. Notably, low pain scores reduce the 
likelihood of detecting a signi� cant di� erence in chronic pain 
between groups. Our study showed that paravertebral block 
did not reduce the incidence of chronic pain in patients who 
underwent partial or complete mastectomy ( � g. 3 ). Although 
two earlier studies showed that paravertebral block reduces 

 Fig. 3.      Forest plot assessing the effects of baseline factors in subgroups groups stratifi ed by treatment (control group or paravertebral group) 
on chronic postoperative pain 3 months after breast surgery. These results were obtained from the per-protocol population; as for the primary 
endpoint, the patients with missing Brief Pain Inventory data at 3 months were considered to experience pain. Hazard ratios and interaction  P 
values were assessed by logistic regression models. The data in this forest plot appear to show that the type of surgery could be associated 
with an effect on pain at 3 months depending on the treatment received (interaction  P  value = 0.056). Pain at 3 months tended to be less 
common in the control group in the case of complete mastectomy, whereas pain tended to be less common in the paravertebral group in the 
case of partial mastectomy, but the difference is not statistically different. VAS, visual analogue scale.    
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the incidence of chronic pain after partial mastectomy,  11 , 12   the 
results regarding complete mastectomy are more con� icting. 
The breast and chest wall are innervated by a combination of 
thoracic intercostal (1 to 7), brachial plexus, and super� cial 
cervical plexus nerves. The cephalad part of the breast also 
receives some innervation from the supraclavicular nerves 
(super� cial cervical plexus). The pectoralis major and minor 
muscles, as well as their fascia, are supplied by the medial and 
lateral pectoral nerves. The axilla exhibits complex innerva-
tion with a large contribution from the intercostobrachial 
nerve. While paravertebral block generally results in an ipsilat-
eral blockade of the intercostal and sympathetic nerves, it does 
not block the supraclavicular nerves, pectoral nerves, or other 
brachial plexus branches. Therefore, paravertebral block may 
be insu�  cient for major breast surgery, especially for deep 
anatomical structures (pectoralis major and its fascia).  18 , 19  

 The clinical e� ect of paravertebral block was con� rmed 
by sensory blockade tests. Loss of cold sensation was eval-
uated 15 min after the block, which corresponded to the 
onset of ropivacaine. The extent of the loss of cold sensation 
was similar to that published in a previous study and cov-
ered the operative site (thoracic intercostal nerves 1 to 6) 
after a single injection.  20   Eighty-� ve percent of the patients 
in the paravertebral group experienced loss of cold sensa-
tion 15 min after the injection in the paravertebral space, 
and 92% experienced loss of cold sensation either 15 min 
or 24 h after the injection ( � g. 4 ). 

 After 24 h, the loss of cold sensation persisted in 78% of 
the patients in the paravertebral group, with a reduction in 

the lower dermatome blockade from the sixth thoracic inter-
costal nerve to the � fth ( � g.  4 ). There are very few stud-
ies that have reported unsuccessful sensory blockade, with 
an incidence of approximately 10%, which is similar to our 
results.  21 , 22   It is interesting to note that in the control group, 
44% of patients reported that they had loss of cold sensation 
at 24 h. This result is di�  cult to evaluate because some nerves 
may have been injured during surgery. Forty-two percent of 
the patients in the control group also experienced loss of cold 
sensation after a paravertebral saline injection. This may be 
explained by a placebo e� ect or a false-positive response due 
to the patients’ di�  culty in evaluating this loss, even when 
comparing sensations to a reference cold sensation at the 
third cervical dermatome. This may also be the e� ect of the 
saline solution injection, which was found to be more pain-
ful in this group ( table 1 ). The injection of liquid into closed 
spaces is painful (5 to 10% of patients), and patients can feel 
pressure in the chest. The incidence of pain is higher when 
the concentration of the injected ropivacaine is lower, which 
may explain the di� erence in pain intensity during the injec-
tion between the paravertebral block (ropivacaine 0.75%) and 
control groups.  23   The injection of saline solution into a closed 
space and resulting pain may have a transitory e� ect on nerve 
sensitivity, explaining the loss of cold sensation. After loco-
regional analgesia, evaluations of sensory block-extension 
can be di�  cult and are probably a limitation in these studies.  20  

 Compared to previous studies, the current study includes 
a large number of patients, making it possible to detect small 
di� erences  between groups, and di� erent sites allowing 

 Fig. 4.      Blocked dermatomes 15 min and 24 h after an injection of ropivacaine or saline in the paravertebral space in the paravertebral group 
and control group, respectively. Evaluations of blocked dermatomes were performed through cold ice tests; at 15 min, signifi cantly more 
patients had at least one dermatome blocked in the paravertebral group than in the control group (84.8% [95% CI, 77.7 to 90.3]  vs.  43.7% 
[95% CI, 35.4 to 52.2];  P  < 0.001). At 24 h, the difference between the two groups concerning blocked dermatomes was still observed, 
although it was less marked (78.2% [95% CI, 69.9 to 85.1]  vs.  64.9% [95% CI, 56.1 to 73.0];  P  = 0.019).    
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for generalization of the results. We also provided long-term 
monitoring of pain with numerous validated tools. Moreover, 
our study, unlike others, compared the treatment group to a 
control group that received a saline injection in the paraver-
tebral space, evaluated the results according to type of surgery 
(complete or partial mastectomy, sentinel or axillary lymph 
node dissection) and paravertebral block technique (one-
level single thoracic puncture under ultrasound guidance), 
and speci� cally determined the blocked dermatomes. 

  Conclusions 

 Paravertebral block did not reduce the incidence of chronic 
pain after breast surgery. Paravertebral block did result in 
less immediate postoperative pain, but there were no other 
signi� cant di� erences in postoperative outcomes.  
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 Fig. 5.      VAS scores at rest and during mobilization during the fi rst 2 postoperative hours and 48 postoperative hours. In the fi rst 2 postoper-
ative hours, both groups had a maximum pain score approximately 30 min after surgery both at rest and during mobilization. This maximum 
pain score was higher in the control group than in the paravertebral group. At rest, the mean VAS score at 30 min was 3.8 ± 2.1 in the control 
group and 2.5 ± 2.5 in the paravertebral group ( P  < 0.001). During mobilization, the mean VAS score at 30 min was 4.0 ± 2.2 in the control 
group and 2.4 ± 2.5 in the paravertebral group ( P  < 0.001). The AUCs refl ects the intensity and duration of mean pain over the fi rst 2 h. 
A comparison of AUCs between the two groups showed that the pain at rest was greater in the control group (4.3 ± 2.8 VAS score units × 
hours) than in the paravertebral group (2.9 ± 2.8 VAS score units × hours;  P  < 0.001). For pain during mobilization, the AUCs were 3.7 ± 3.2 
in the control group  versus  2.5 ± 2.5 VAS score units × hours in the paravertebral group ( P  < 0.001). After the fi rst 2 postoperative hours 
and over the next 46 h, there was no difference in pain between the two groups at rest or during mobilization. AUC, area under the receiver 
operating characteristics curve; VAS, visual analogue scale.    
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  Appendix  

 Fig. A1.      Secondary endpoints: ( A–C ) Hospital Anxiety Depression Scale-anxiety scores, before surgery and at 6 and 12 months. ( D–F ) 
Hospital Anxiety Depression Scale-depression scores, before surgery and at 6 and 12 months. ( G–I ) Douleur Neuropathique 4 scores, before 
surgery and at 6 and 12 months. ( J ) Brief Pain Inventory subscale: Walking, general Activity, and Work scores 3 months after surgery. ( K ) Brief 
Pain Inventory subscale: Relations with others, Enjoyment of life, and Mood scores 3 months after surgery. Percentages are the percentage 
of patients for each score.    
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  ABSTRACT 
  Background:     As the population ages, the number of elderly people under-
going surgery increases. Literature on the incidence and intensity of post-
operative pain in the elderly is confl icting. This study examines associations 
between age and pain-related patient reported outcomes and perioperative 
pain management in a dataset of surgical patients undergoing four common 
surgeries: spinal surgery, hip or knee replacement, or laparoscopic cholecys-
tectomy. Based on the authors’ clinical experience, they hypothesize that pain 
scores are lower in older patients.  

  Methods:     In this retrospective cohort, study data were collected between 
2010 and 2018 as part of the international PAIN OUT program. Patients fi lled 
out the International Pain Outcomes Questionnaire on postoperative day 1.  

 Results:     A total of 11,510 patients from 26 countries, 59% female, with a 
mean age of 62 yr, underwent one of the aforementioned types of surgery. 
Large variation was detected within each age group for worst pain, yet for 
each surgical procedure, mean scores decreased signifi cantly with age (mean 
Numeric Rating Scale range, 6.3 to 7.3;  β  = –0.2 per decade;  P  ≤ 0.001), 
representing a decrease of 1.3 Numeric Rating Scale points across a lifes-
pan. The interference of pain with activities in bed, sleep, breathing deeply or 
coughing, nausea, drowsiness, anxiety, helplessness, opioid administration on 
the ward, and wish for more pain treatment also decreases with age for two 
or more of the procedures. Across the procedures, patients reported being in 
severe pain on postoperative day one 26 to 38% of the time, and pain inter-
fered moderately to severely with movement.  

  Conclusions:     The authors’ fi ndings indicate that postoperative pain 
decreases with increasing age. The change is, however, small and of ques-
tionable clinical signifi cance. Additionally, there are still too many patients, at 
any age, undergoing common surgeries who suffer from moderate to severe 
pain, which interferes with function, supporting the need for tailoring care to 
the individual patient.   

(ANESTHESIOLOGY  2021 ;  135 : 1104 – 19 )   
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Worldwide populations are aging, leading to larger numbers of 
elderly patients receiving surgery  

•   Reports of associations between age and postoperative pain have 
been conflicting    

  What This Article Tells Us That Is New  

•   Data from the PAIN OUT registry involving more than 11,000 
patients undergoing spinal surgery, joint replacement, and lapa-
roscopic cholecystectomy were used in a retrospective cohort 
analysis  

•   Pain reported postoperative day 1 declined slightly with age  
•   Severe postoperative pain was prevalent regardless of age or sur-

gical type           

 In the overall surgical population, 30 to 55% of all patients 
report moderate or severe pain on the � rst postoperative 

day.  1–3   Poorly managed acute pain can lead to complica-
tions and prolonged hospital stay, and increases the risk of 
developing chronic pain.  4 , 5   Therefore, adequate postopera-
tive pain treatment is important. Within our aging patient 
population, adequate postoperative pain management is 
increasingly challenging. The challenge lies in the fact that 
elderly patients more often have contraindications for anal-
gesic drugs such as nonsteroidal anti-in� ammatory drugs 
and a greater susceptibility to adverse e� ects of analgesics. 

 In the literature, the incidence and intensity of post-
operative pain in the elderly are con� icting. Some studies 
suggest that elderly patients report pain to be of a lower 
intensity than younger patients,  6 , 7   while other studies do 
not � nd di� erences.  8 , 9   Studies demonstrate that pain in 
older patients is underrecognized and undertreated due 
to lack of pain assessment and concern of increased risks 
of adverse e� ects.  10   To be able to improve postoperative 
pain management in this group, it is important to have 
more information on the experience of postoperative 
pain in elderly patients. Since the experience of pain is 
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multidimensional and described on several levels—sen-
sory (intensity and character of pain), a� ective (emotional 
component), and impact (ability to function)  11  —all these 
items should be assessed to obtain a comprehensive eval-
uation of this experience. Additionally, the cultural in� u-
ence on pain expression should be considered. Using 
the International Pain Outcome Questionnaire,  12   which 
assesses these di� erent dimensions of pain, the experience 
of pain was measured in the unique international PAIN 
OUT registry.  13   In current study, the objective is to analyze 
associations between age and a diverse range of pain-re-
lated patient reported outcomes and treatments, studying 
a large sample of patients undergoing spinal surgery, hip 
replacement, knee replacement, or laparoscopic cholecys-
tectomy. We hypothesize, based on clinical practice, that 
older patients have lower postoperative pain scores than 
younger patients. 

  Materials and Methods 
  PAIN OUT Registry and Network 

 The analysis presented here relies on data collected pro-
spectively by the PAIN OUT registry. PAIN OUT ( www.
pain-out.eu ), an international registry and research project, 
aims at improving postoperative pain management in the 
clinical routine. PAIN OUT was established with fund-
ing from the European Community’s Seventh Framework 
Program. PAIN OUT is registered in ClinicalTrials.gov 
(NCT02083835). Approval for participation is obtained by 
each site from its local ethics committee. Informed consent 
from patients for participation in the survey can be oral 
or written, depending on requirements of the local ethics 
committee. 

 The current analysis is based on data contributed by 
patients cared for in 268 hospital wards from 26 countries 
worldwide. Inclusion criteria require that the patient was 
of consenting age (18 yr or older, in most countries); was 
on the � rst postoperative day, back on the ward from the 
recovery room for at least 6 hours; and agreed to participate 
in the survey. Patients were approached for participation 
in the survey by research assistants who could be students, 
nurses, or medical residents, and they underwent training 
for approaching patients, collecting data, and entering it 
into a Web-based password secure portal. As far as possible, 
research assistants did not have clinical duties on wards from 
which they collected data. 

 A standardized postoperative questionnaire, the 
International Pain Outcomes Questionnaire, which has 
been validated in English and has been translated using 
standardized methods into 29 di� erent languages,  12   is used 
in PAIN OUT. This patient outcome questionnaire is based 
on the revised American Pain Society Patient Outcome 
Questionnaire. The construct validity of the International 
Pain Outcomes Questionnaire is con� rmed by the Bartlett 
test ( P  < 0.001). The factor analysis resulted in a three-factor 

structure explaining 53.6% of the variance. Chronbach’s 
alpha of the total scale was high (0.86).  12   Patients are asked 
to evaluate di� erent facets of pain. This includes pain 
intensity and its duration, pain interference with doing 
activities in bed, or taking a deep breath or coughing, or 
sleep, side e� ects (such as nausea and drowsiness), emo-
tions (anxiety and helplessness), satisfaction with pain treat-
ment, and preoperative presence of chronic pain and its 
intensity (appendix  1  ). Patients � ll out the International 
Pain Outcomes Questionnaire in their respective lan-
guage on the � rst day after surgery. The International Pain 
Outcomes Questionnaire uses 11-point Numeric Rating 
Scale (where 0 = none and 10 = worst imaginable) or 
binary items (appendix  1 ). To reduce interviewer bias, 
patients complete the questionnaire independently with 
no assistance from family or sta� . If a patient requests help, 
the research assistant can assist. Patient characteristics, sex, 
age, comorbidities related to pain, use of opioids before 
admission and clinical data, perioperative analgesics admin-
istration, and type of surgery (International Classi� cation 
of Diseases, Ninth Revision surgical procedure codes) are 
collected from the medical record by the research assistant. 
For spinal surgery, International Classi� cation of Diseases, 
Ninth Revision codes 81.00, 81.04 to 81.08, and 81.62 are 
used; for hip replacement, 81.51, and partial hip replace-
ment, 81.52; for knee replacement, 81.54; and for lapa-
roscopic cholecystectomy, 51.23 and laparoscopic partial 
cholecystectomy, 51.24.  

  Study Design and Variables Used in the Current Study 

 After approval from the PAIN OUT publication board, 
an anonymized dataset of patients who underwent spinal 
surgery, hip replacement, knee replacement, and laparo-
scopic cholecystectomy between 2010 and 2018 was made 
available for analysis. The dataset contained records from 
patients from Europe, Middle East, Asia, and South America. 
Culture is a complex construct to measure. In this study, we 
used language as a surrogate measure.  

  Outcome 

 The primary outcome was the worst pain on the � rst 
postoperative day experienced for each type of surgery. 
Secondary outcomes were the worst pain in male and 
female patients, pain interference with physical function 
and sleep, anxiety, helplessness, side e� ects (nausea and 
drowsiness), and opioid consumption before and after sur-
gery in the recovery room and on the ward. Additionally, 
“wish for more pain treatment” (yes/no) was analyzed in 
patients speaking di� erent languages subdivided to patients 
below and above 65 yr old.  

  Statistical Analysis 

 A statistical analysis plan was formalized before accessing 
the data for the primary outcome. Predictors used in the 
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regression model were  a priori  selected based on litera-
ture. No data-driven variable selection models were used. 
A  post hoc  analysis was performed in the review process, 
and two possible confounders, “year of data collection” 
and “anesthesia type,” were added to the model. We also 
performed  post hoc  analyses after initial examination of the 
data on opioid administration, wish for more treatment, 
and language. 

 No statistical power calculation was conducted before 
the study. The sample size was based on the available data. 
Datasets were included without setting a minimum number 
per ward. Datasets were excluded from the analysis when 
age was missing, or worst pain was lower than least pain. A 
maximum of 12% of data for a variable was missing (year of 
data collection, 0%; sex, 0.2%; worst pain score, 3%; presence 
of chronic pain before surgery, 3%; use of opioids before 
admission, 6%; presence of comorbidities related to pain, 
12%; and anesthesia type, 12% [in imputation sequence]). 
Using a fully conditional speci� cation multiple imputation 
technique, 12 imputed datasets were created to be used for 
the multiple regression models. The pooled results and stan-
dard errors are presented in the results section. 

 Continuous data were expressed as mean ± SD, and cat-
egorical data as absolute numbers with percentages for the 
available data. 

 Associations between age and worst pain, interference 
of pain with doing activities in bed, breathing deeply and 
coughing, sleep, nausea, drowsiness, anxiety, and help-
lessness for each type of surgery was � rst assessed using 
linear regression (on the imputed dataset). We corrected 
for sex, presence of comorbidities related to pain, pres-
ence of chronic pain before surgery, use of opioids before 
admission, year of data collection, and anesthesia type as 
they may be confounders.  14   Using a Bonferroni correc-
tion, a  P  value of 0.001 or below was regarded as statisti-
cally signi� cant. A logistic regression was performed for 
the relation between age and wish for more treatment 
for each type of surgery using the same set of predictors. 
To avoid e� ect modi� cation, linear regression analysis 
was not performed to assess the relationship between age 
and the interference of pain with activities out of bed 
because younger patients (less than 65 yr) were out of 
bed signi� cantly more often than older patients (65 yr 
or more). 

 Locally estimated scatterplot smoothing lines were used 
to � t a smooth curve through the scatterplot with age on 
the  x -axis and a Numeric Rating Scale on the  y -axis. It is 
a nonparametric strategy to � nd a curve of best � t with-
out assuming the data must � t some distribution shape and 
enables the reader to visualize the relation between age and 
Numeric Rating Scale. This approach was also carried out 
separately for male and female patients, in light of the lit-
erature that indicates that there may be di� erences in pain 
reports between the sexes.  14  

 To further explore the nonlinear patterns of age and 
worst pain score, we estimated regression models for the 
four types of surgery separately, adding restricted cubic 
splines to the model. Using Akaike’s Information Criterion, 
we determined whether cubic splines were a better � t of 
the data and how many knots would provide the best � t 
(limited to two, three, or four knots). The knots were placed 
automatically on the corresponding percentiles of the data. 
The R package  splines  was used to estimate the models, and 
e� ects  and  ggplot  were used for the visualizations. 

 Opioids administration and wish for more pain treat-
ment, both dichotomous variables, were expressed as fre-
quencies and calculated for young and older patients (less 
than 65 yr and 65 yr or more) per surgery category. Wish 
for more pain treatment of young and older patients was 
subdivided by language. Di� erences in means between 
young and older patients were expressed as e� ect sizes. This 
is a quantitative measure of the strength of a phenomenon 
and is classi� ed as small (d = 0.2 to 0.4), medium (0.5 to 
0.7), or large (greater than 0.8).  15   To measure the e� ect size, 
we used the Cohen d coe�  cient with 95% CI. In this study, 
values were considered clinically relevant when Cohen d 
was 0.5 or greater. The e� ect size of the di� erence in per-
centages between young and older patients was expressed 
as risk ratio and is classi� ed as small, 2 to 3; medium, 3 to 4; 
and large, 4 or more. The cuto�  for clinical relevance is 3 or 
more.  16   E� ect sizes are measured with the Practical E� ect 
Size Calculator.  17  

 For all analyses, unless indicated otherwise,  P  values of 
less than 0.05 were considered statistically signi� cant, and 
two-sided statistical tests were performed. Statistical analy-
ses were performed using either SPSS Statistical Software, 
version 20.0 (SPSS Inc, USA), or R version 4.0 (R Studio, 
USA).   

  Results 
 Research assistants approached 15,051 patients for inclu-
sion in the PAIN OUT database. We excluded 3,080 cases 
who did not undergo one of the four types of surgery. 
Additionally, 220 cases were excluded due to lack of reg-
istered informed consent, 65 because age was missing, and 
176 cases because least pain scores were higher than worst 
pain scores ( � g. 1   ). Of the 11,510 included patients, 3,941 
patients received hip replacement, 3,691 knee replace-
ment, 2,894 laparoscopic cholecystectomy, and 984 a spi-
nal fusion.  

  Patient Characteristics 

 The mean age of the total cohort was 62 yr, and 59% were 
female. In  table 1   , patient characteristics are presented for 
each type of surgery.  

 Of patients undergoing hip or knee replacement or 
spinal fusion, 83 to 90% reported preoperative chronic 
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pain with average score of 6.6, 6.7, and 7.5, respectively. 
Opioid use before admission was present in 11 to 29% of 
cases. Preoperative pain was reported by 46% of patients 
undergoing laparoscopic cholecystectomy, it was rated with 
an average of 7.0, and 1% of patients used opioids before 
admission ( table 1 ). 

 Age was signi� cantly correlated with presence of 
comorbidities related to pain, presence of chronic pain 
before surgery, and use of opioids before admission, with 
older patients more frequently having comorbidities related 

to pain, and having chronic pain before surgery and more 
frequently using opioids before admission.  

  Postsurgical Pain and Related Symptoms 

 Patients undergoing spine surgery reported the highest 
scores for worst pain, interference of pain with moving 
in bed, sleep, and doing activities out of the bed. Patients 
after laparoscopic cholecystectomy experienced the highest 
pain scores with deep breathing or coughing. Most patients 

 Fig. 1.      Study fl owchart. Numbers represent patients in the dataset.    

 Table 1.      Patient Characteristics   

     
 Hip Replacement, 

N = 3,941   
 Knee Replacement, 

N = 3,691   
 Spinal Fusion, 

N = 984   
 Laparoscopic 

Cholecystectomy, N = 2,894   

 Age, yr, mean ± SD  65 ± 13  67 ± 10  59 ± 13  52 ± 15 
 ≥ 65 yr, No. (%)  2,082 (53)  2,258 (61)  379 (39)  717 (25) 
 Sex, female, No. (%)  2,140 (54)  2,341 (63)  520 (53)  1,887 (65) 
 Body mass index, mean ± SD  27.7 ± 5.5  30.8 ± 6.5  28.3 ± 5.6  27.8 ± 5.2 
 Presence of ≥ 1 comorbidities related to pain, No. (%) *   2,469 (72)  2,621 (80)  672 (73)  1,308 (53) 
 Presence of preoperative chronic pain, No. (%) *   3,151 (83)  3,215 (90)  785 (83)  1,278 (46) 
 Intensity of preoperative chronic pain Numeric Rating 

Scale score, mean ± SD 
 6.6 ± 2.2  6.7 ± 2.1  7.5 ± 1.8  7.0 ± 2.5 

 Opioid use before admission, No. (%) *   482 (13)  389 (11)  274 (29)  37 (1) 

   *Percentages calculated on available data.   
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scored below a Numeric Rating Scale of 3 on side e� ects. 
Patients after spine fusion scored highest on anxiety and 
helplessness ( table 2   ).   

  Age-related Effects on Postsurgical Pain 

 For all four types of surgery, maximum pain scores decreased 
signi� cantly with increasing age ( table 3   ). Maximum pain 
scores were higher when there was use of opioids before 
admission (  β   range: 0.9 to 1.0;  P  < 0.001) and in female 
patients (  β   range: –0.4 to –0.7;  P  ≤ 0.008). When there was 
presence of chronic pain before surgery, maximum pain 
scores were higher for knee replacement, spinal fusion, 
and laparoscopic cholecystectomy (  β   range: 0.4 to 0.9; 
P  ≤ 0.001). Locally estimated scatterplot smoothing lines 
show an age-related decrease of worst pain score for all four 
surgery types with a stabilization of the worst pain score 
around the age of 70 yr in patients after laparoscopic chole-
cystectomy and knee and hip replacement ( � g. 2   ).   

 Exploring the nonlinear patterns of age and worst pain 
score for hip replacement, spinal fusion, and laparoscopic 
cholecystectomy, cubic splines with three knots demon-
strated the best � t and also showed an age-related decrease 
of worst pain. For knee replacement surgery, cubic splines 
did not improve model � t, and a linear decrease in worst 
pain scores with advancing age remained to be the best 
model (appendix  2  ).      

  Age-related Effects on Pain Interference with Moving in 
Bed, Breathing, Coughing, Sleep, and Side Effects 

 The interference of pain with doing activities in bed 
decreases signi� cantly with age, as does interference of 

pain with sleep, with breathing deeply or coughing, nausea, 
drowsiness, anxiety, and helplessness ( table 3 ). As scores were 
lower for total hip and knee replacement compared to spinal 
surgery, the association with age was less robust. When plot-
ting worst pain scores and pain interference with moving in 
bed, a similar age-related decrease is observed for all types of 
surgery except for knee replacement ( � g. 3   ). Also, worst pain 
scores and pain while breathing have a similar age-related 
decrease for laparoscopic cholecystectomy ( � g. 3 ).   

  Opioid Treatment in Patients Aged Less than 65 yr or 65 
yr and Older  

 Older patients were less often administered opioids in the 
recovery room and ward than younger patients for all pro-
cedures. Older patients less often had a wish for more pain 
treatment compared with younger patients for three proce-
dures, not for laparoscopic cholecystectomy. Young patients 
undergoing hip and knee replacement surgery received 
opioids more often before surgery compared with older 
patients ( table 4   ).   

  Pain and Wish for More Treatment in Patients Speaking 
Different Languages 

 Lower maximum pain scores after hip and knee surgery in 
patients above the age of 65 yr were observed in Spanish-, 
Dutch-, and German-speaking patients. ( table 5   ). Serbian-, 
Spanish-, German-, and French-speaking patients above the 
age of 65 yr less often had a wish for more treatment after 
hip or knee surgery. In English-speaking patients above the 
age of 65 yr, the wish for more treatment was higher. In the 
remaining language groups, no age-related di� erence was 

 Table 2.      Numeric Rating Scale Scores for Worst and Least Pain, Time in Severe Pain, the Interference of Pain, Side Effects, Anxiety, and 
Helplessness per Type of Surgery   

     
 Hip Replacement, 

N = 3,941   
 Knee Replacement, 

N = 3,691   
 Spinal Fusion, 

N = 984   
 Laparoscopic 

Cholecystectomy, N = 2,894   

 Worst pain score  5.7 ± 2.7  6.1 ± 2.8  6.6 ± 2.7  5.0 ± 2.6 
  Male  5.4 ± 2.6  5.8 ± 2.7  6.3 ± 2.7  4.5 ± 2.5 
  Female  5.9 ± 2.8 ‡   6.3 ± 2.8 ‡   6.9 ± 2.5 †   5.3 ± 2.6 ‡  
 Least pain score  1.9 ± 1.9  2.2 ± 2.1  2.7 ± 2.1  1.8 ± 1.8 
 Time in severe pain  29% (25)  33% (27)  38% (28)  26% (23) 
 Deep breathing/coughing  1.0 ± 1.9  0.8 ± 1.8  3.0 ± 3.1  3.7 ± 3.0 
 Moving in bed  4.9 ± 3.2  4.6 ± 3.2  6.2 ± 3.0  4.3 ± 2.8 
 Sleep  3.1 ± 3.1  3.5 ± 3.2  3.9 ± 3.4  2.4 ± 2.7 
 Out of bed, yes, No. (%) *   1,815 (53)  1,923 (59)  510 (57)  2,186 (89) 
 Pain out of bed  4.6 ± 3.1  4.7 ± 3.1  4.8 ± 3.0  3.4 ± 2.6 
 Nausea  2.0 ± 2.9  2.0 ± 3.0  2.3 ± 3.2  2.1 ± 3.0 
 Drowsiness  2.7 ± 2.9  2.8 ± 3.0  3.1 ± 3.2  3.0 ± 3.0 
 Itch  0.6 ± 1.7  0.8 ± 1.8  0.8 ± 2.0  0.4 ± 1.3 
 Dizziness  1.5 ± 2.4  1.6 ± 2.5  2.0 ± 2.7  2.0 ± 2.6 
 Anxiety  2.3 ± 2.8  2.6 ± 3.0  3.0 ± 3.2  2.1 ± 2.6 
 Helplessness  2.4 ± 3.1  2.6 ± 3.2  3.3 ± 3.5  1.8 ± 2.6 

   Results are presented as mean ± SD Numeric Rating Scale score or as otherwise specifi ed. Time in severe pain refers to the percentage of time in severe pain since surgery.  
  *Percentages calculated on available data.     † P  ≤ 0.01.     ‡ P  ≤ 0.001.   
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observed. The e� ect sizes were small and did not meet the 
level of clinical signi� cance.    

  Discussion 
 The current study assessed the association between 
age and postoperative pain after hip replacement, knee 
replacement, laparoscopic cholecystectomy, or spinal 
fusion using the international PAIN OUT database. The 
reported maximum pain levels decreased signi� cantly 
with increasing age. However, this decrease in Numeric 
Rating Scale (less than 2 Numeric Rating Scale points) 
over a lifespan is de� ned as not clinically relevant.  18 , 19  

A decrease in Numeric Rating Scale with increasing age is 

also observed for interference of pain with doing activities 
in bed, breathing deeply, coughing, sleep, side e� ects (nau-
sea and drowsiness), and emotions (anxiety and helpless-
ness). Older patients were less often administered opioids 
and less often had a wish for more treatment. Our obser-
vations correspond with literature showing that younger 
age is a risk factor for the occurrence of early postopera-
tive severe pain in surgical patients.  14 , 20 , 21  

 Also important to note is that all patients, independent of 
surgery type, spent about a third of the � rst postoperative day 
in severe pain; a sizeable proportion did not get out of bed; pain 
during movement indicated moderate to severe levels of pain. 
Thus, discussing these � ndings together, we may conclude that 
although mean worst postoperative pain scores decrease with 

 Table 3.      Linear Regression of Relation of Age to Pain, Side Effects, Anxiety, and Helplessness for All Procedures   

      Constant *    
 Age   β   per Decade 
(Standard Error)   

P 
Value 

 Numeric Rating Scale Score 
Difference over a Time Span of 60 yr   

 Worst pain score             
  Spinal fusion   7.2  –0.2 (0.06)  < 0.001  1.3 
  Hip replacement   6.8  –0.2 (0.04)  < 0.001  1.3 
  Knee replacement   7.3  –0.2 (0.05)  < 0.001  1.3 
  Laparoscopic cholecystectomy   6.3  –0.2 (0.04)  < 0.001  1.3 
 Pain interference with moving in bed             
  Spinal fusion   7.5  –0.3 (0.07)  < 0.001  1.9 
  Hip replacement   4.6  –0.04 (0.04)   0.315    
  Knee replacement   3.3  0.1 (0.05)   0.021    
  Laparoscopic cholecystectomy   6.2  –0.3 (0.04)  < 0.001  1.9 
 Pain interference with breathing/coughing             
  Spinal fusion   6.8  –0.5 (0.08)  < 0.001  3.2 
  Hip replacement   1.2  –0.04 (0.03)   0.161    
  Knee replacement   0.9  –0.01 (0.03)   0.699    
  Laparoscopic cholecystectomy   5.9  –0.4 (0.04)  < 0.001  2.2 
 Pain interference with sleep             
  Spinal fusion   5.9  –0.4 (0.08)  < 0.001  2.6 
  Hip replacement   3.8  –0.2 (0.04)  < 0.001  1.3 
  Knee replacement   4.4  –0.2 (0.06)  < 0.001  1.4 
  Laparoscopic cholecystectomy   4.0  –0.2 (0.04)  < 0.001  1.3 
 Drowsiness             
  Spinal fusion   5.0  –0.4 (0.08)  < 0.001  2.3 
  Hip replacement   4.1  –0.3 (0.04)  < 0.001  1.6 
  Knee replacement   5.2  –0.3 (0.05)  < 0.001  2.0 
  Laparoscopic cholecystectomy   4.5  –0.2 (0.04)  < 0.001  1.4 
 Nausea             
  Spinal fusion   3.8  –0.2 (0.08)   0.019    
  Hip replacement   3.7  –0.2 (0.04)  < 0.001  1.1 
  Knee replacement   2.5  –0.07 (0.05)   0.181    
  Laparoscopic cholecystectomy   3.4  –0.2 (0.04)  < 0.001  1.0 
 Anxiety             
  Spinal fusion   5.4  –0.4 (0.08)  < 0.001  2.4 
  Hip replacement   2.8  –0.2 (0.04)  < 0.001  1.2 
  Knee replacement   3.3  –0.2 (0.05)  < 0.001  1.3 
  Laparoscopic cholecystectomy   3.2  –0.2 (0.04)  < 0.001  1.4 
 Helplessness             
  Spinal fusion   6.5  –0.4 (0.08)  < 0.001  2.2 
  Hip replacement   3.6  –0.2 (0.04)  < 0.001  1.4 
  Knee replacement   4.4  –0.3 (0.05)  < 0.001  2.0 
  Laparoscopic cholecystectomy   3.1  –0.2 (0.03)  < 0.001  1.4 

   Using a Bonferroni correction, we regarded a  P  value ≤ 0.001 as statistically signifi cant.  
  *The constant is interpreted at the reference level of the covariates; female sex, no presence of comorbidities related to pain, no presence of chronic pain before surgery, no use of 
opioids before admission, year of data collection starting at 2010 and general anesthesia type.   
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age, Numeric Rating Scale scores are still in the moderate to 
severe range for all ages, and do not relieve us clinicians from 
our obligation to improve postoperative pain management. 

 There are more observations in this study that are 
worth mentioning in an e� ort to improve postoperative 
pain management. A high percentage of patients receiving 
regional anesthesia (79%) for a total knee replacement have 
high pain scores on the ward and receive opioids on the 
ward in over 80% of cases. This should alert the health-
care providers that it is not enough to provide anesthesia 
according to guidelines, but management needs to be con-
tinued on the ward. Also, female sex, presence of chronic 
pain before surgery, and use of opioids before admission 
are related to increased postoperative pain. We argue that 
current standardized analgesic dosing in adult postsurgical 
patients is often not su�  cient for patients at risk for severe 
postoperative pain,  e.g. , a young female patient with pre-
operative chronic pain on opioids. We therefore encourage 

clinicians to base their postoperative pain management on 
the individual patient, taking these risk factors into account, 
and not solely rely on the current standardized dosing in 
adult postsurgical patients. 

 Emphasizing that there is still room for improvement 
in the postoperative pain management for elderly patients, 
we also want to discuss the interesting � nding that there 
seems to be an age-related e� ect on postoperative pain. We 
hypothesize that there is a multifactorial explanation for the 
e� ect of age on postoperative pain. Postoperative pain may 
be in� uenced by age-related changes in the structure and 
function of peripheral sensory pathways, hormonal changes, 
and/or pharmacokinetic changes, but the assessment of 
pain and its integration by the elderly patients in� uenced 
by psychologic factors (catastrophizing, anxiety, earlier life 
experiences), cultural, and generational in� uences may also 
contribute to this � nding. Below we will discuss these fac-
tors in more detail. 

 Fig. 2.      Association between worst postoperative pain score and age. Numeric Rating Scale for worst pain score ( y-axis ) and age in years 
( x-axis ) with locally estimated scatterplot smoothing for female ( red ) and male ( blue ) patients for ( A ) spine surgery, ( B ) hip replacement, ( C ) 
knee replacement, and ( D ) laparoscopic cholecystectomy. To improve data visualization, a jittering technique was applied.    
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 Fig. 3.      Association between pain interference and age. ( A  and  B ) Numeric Rating Scale for worst pain score ( red ) and pain while moving 
in bed ( blue ;  y-axis ) and age in years ( x-axis ) with locally estimated scatterplot smoothing for ( A ) knee replacement and ( B ) laparoscopic 
cholecystectomy. ( C ) Numeric Rating Scale for worst pain score ( red ) and pain while breathing ( blue ;  y-axis ) and age in years ( x-axis ) with 
locally estimated scatterplot smoothing for laparoscopic cholecystectomy. To improve data visualization, a jittering technique was applied.    
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 Innervation of soft tissue ( e.g. , skin) and bone tissue 
changes with advancing age both in animals  22 , 23   and in 
humans.  24 , 25   Age-related changes in nerve conduction, stud-
ied in caudal and digital nerves, are represented by a parabolic 
curve with highest conduction speed during adolescence, 
decreasing again with advanced age.  22 , 23 , 26   Increased thermal 
and mechanical thresholds measured on the skin using quan-
titative sensory testing have been observed in the elderly.  27 , 28  

A contradicting � nding is that there is also increased tem-
poral summation of pain and reduced pain inhibitory func-
tion in older adults, increasing the risk for chronic pain.  29  

We hypothesize, taking these preclinical and clinical studies 
into account, that the net e� ect of age-related changes in the 
function and structure of the peripheral sensory pathways 
may contribute to a decreased pain sensation after surgery. 

 Hormonal changes and their e� ect on postoperative 
pain is a challenging relation to study as menopause coin-
cides with the age that pain is reported most often and with 
highest pain scores. In studies on chronic pain syndromes 
and menopause, there is no consensus that menopause itself 
is related to higher pain scores.  30 , 31   In current study, we did 
not observe a peak in reported pain intensity in women 
aged between 40 and 60 yr after surgery. Men and women 
showed a comparable age-related decrease in maximum 
pain score, with slightly higher scores in women compared 
to men. Female sex is a known risk factor for moderate to 
severe postoperative pain.  14  

 Opioid consumption was lower in older patients in cur-
rent study. The elderly also less often had a wish for more pain 

treatment compared to younger patients. This observation 
corresponds with previous studies.  21 , 32   There are several expla-
nations for this � nding. First, older patients may receive less 
opioids because of increased risk of adverse events and con-
traindications for opioid drug treatment due to comorbidi-
ties. Second, opioid clearance may be reduced with advancing 
age.  33   In current study, however, older patients experienced 
less nausea and drowsiness compared with younger patients. 

 Catastrophizing, anxiety, and depression are well-known 
risk factors for development of chronic pain.  34   Also, for 
acute pain, anxiety has been related to postoperative pain 
intensity.  21   In current study, older patients had lower anxi-
ety and helplessness scores compared with younger patients, 
which could very well contribute to the lower postopera-
tive pain scores reported by elderly patients. Many elderly 
patients believe that pain is a normal part of aging and that 
pain is something they must live with or endure in silence.  35  

Older adults are more often stoic, believing that they should 
tolerate unnecessary pain, and should not ask for or self-ad-
minister analgesia until pain is more severe.  36 , 37   Resilience, 
a psychologic construct that allows adults to improve the 
ability to adapt positively when faced with adversity, is 
demonstrated to be higher in women than in men, and in 
older women more so than in younger women. Higher 
resilience might also be a potential contributor to lower 
pain scores in older patients.  38 , 39   Finally, older patients may 
report less pain because previous painful experiences may 
cause them to interpret any noxious stimulus in an age-de-
pendent context that decreases perception of severity.  40  

 Table 4.      Opioid Use and Wish for More Pain Treatment of Young and Elderly Patients per Surgery Type   

      < 65 yr, N = 6,074    ≥ 65 yr, N = 5436    Effect Size Relative Risk *  (CI)   

 Sex, female, No. (%)  3,566 (59)  3,290 (61) †   0.96 (0.93–1.01) 
 Spinal fusion, No. (%)  605 (62)  379 (38) 
  Opioids before admission  164 (28)  110 (30)  0.93 (0.64–1.36) 
  Opioids recovery room  452 (76)  257 (69) †   1.10 (0.10–1.21) 
  Opioids ward  505 (85)  296 (79) †   1.08 (1.00–1.15) 
  Wish for more treatment  157 (27)  71 (20) ‡   1.35 (0.79–2.30) 
 Hip replacement, No. (%)   1,859 (47)   2,082 (53) 
  Regional anesthesia  701 (43)  787 (44)  0.98 (0.87–1.10) 
  Opioids before admission  252 (15)  230 (12) †   1.25 (0.79–1.97) 
  Opioids recovery room  1,310 (72)  1,267 (62) §   1.16 (1.10–1.23) 
  Opioids ward  1,462 (79)  1,508 (74) §   1.07 (1.03–1.11) 
  Wish for more treatment  362 (20)  278 (14) §   1.43 (1.00–2.04) 
 Knee replacement, No. (%)  1,433 (39)   2,258 (61) 
  Regional anesthesia  1,053 (79)  1,569 (79)  1.00 (0.96–1.04) 
  Opioids before admission  200 (15)  189 (9) §   1.67 (0.95–2.92) 
  Opioids recovery room  1,080 (77)  1,518 (69) §   1.12 (1.06–1.17) 
  Opioids ward  1,254 (88)  1,770 (79) §   1.11 (1.08–1.15) 
  Wish for more treatment  344 (25)  466 (22) †   1.14 (0.88–1.46) 
 Laparoscopic cholecystectomy, No. (%)  2,177 (75)   717 (25) 
  Opioids before admission  22 (1)  15 (2) †   0.5 (0.001–117.8) 
  Opioids recovery room  763 (37)  216 (31) ‡   1.19 (0.96–1.49) 
  Opioids ward  899 (42)  280 (40)  1.05 (0.89–1.24) 
  Wish for more treatment  337 (16)  89 (13)  1.23 (0.68–2.22) 

   *Risk ratio.     † P  ≤ 0.05.     ‡ P  ≤ 0.01.     § P  ≤ 0.001.   
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 In the current study, we observed di� erences in worst 
pain scores and in the wish for more pain treatment in the 
di� erent language groups. Cultural di� erences have been 
described for pain beliefs/appraisals, coping, and catastro-
phizing.  41   A recent study on pain in American elderly 
shows that today’s midlife Americans have had more pain 
throughout adulthood than today’s elderly.  42   They � nd that 
for those with less education, each successive birth cohort 
has a higher prevalence of pain at each age. They state that 
this phenomenon is not observed in other rich countries. 
Finally, cultural di� erences may also be present in the way 
healthcare providers manage pain.  43 , 44  

 The current study is unique due to its large study pop-
ulation, the multinational data collection in a highly stan-
dardized manner, and combining patient reports on pain 
and related symptoms with perioperative data. We focused 
on four frequently performed surgical procedures, both soft 
tissue (laparoscopic cholecystectomy) and bone surgery 
(hip and knee replacements and spinal surgery). Since the 
mean age di� ered between the procedures with the young-
est patients in the laparoscopic cholecystectomy group and 
the oldest in the total knee replacement group, and there 
was variation in the presence of comorbidities, presurgical 
chronic pain, and opioid use, this selection of procedures, 
all showing a similar age-related decrease in maximum pain 
reports, strengthens our conclusion. 

 There are, however, also limitations. Although the 
dataset included data from di� erent countries, data from 
northern America, Africa, and Australia/New Zeeland are 
missing. Potentially larger cultural di� erences may hinder 
the generalizability of the study. Second, within the time-
frame of this study (2010 to 2018), changes in pain man-
agement have been implemented ( e.g. , enhanced recovery 

protocols). We have corrected for “year of data collection,” 
and as changes were implemented for all ages at the same 
time, we are of the opinion that the primary outcome is 
not in� uenced by changes in pain management over the 
years. Third, we have chosen to relate the worst pain score 
after surgery to aging, but one may argue that this is not 
always the best representative of pain su� ering. However, 
our hypothesis still holds for patients after spinal fusion, 
hip replacement, and laparoscopic cholecystectomy when 
time in severe pain is used as composite endpoint ( post hoc 
analysis, appendix  3  ). Finally, we only show an association 
between age and pain on the � rst operative day and cannot 
extrapolate these � ndings to pain developing in the trajec-
tory after surgery. 

  Conclusions 

 This study assesses the association between age and post-
operative pain after hip replacement, knee replacement, 
laparoscopic cholecystectomy, or spinal surgery. When 
looking on a population level, postoperative pain decreases 
with increasing age. Older patients experience less interfer-
ence of pain with doing activities in bed, breathing deeply, 
coughing, sleep, side e� ects (nausea and drowsiness), and 
emotions (anxiety and helplessness), and were less often 
administered opioids and less often had a wish for more 
treatment. However, we want to stress that on an individual 
patient level, at any age, there are still too many patients 
undergoing common surgeries who su� er from moderate 
to severe pain, which interferes with function. We there-
fore encourage clinicians to base their postoperative pain 
management on the individual patient, taking risk factors 
such as age, being female, presence of chronic pain before 
surgery, and use of opioids before admission into account 

 Table 5.      Wish for More Pain Treatment and Worst Pain Score in Patients after Hip or Knee Replacement Speaking Different Languages, 
Subdivided for Patients below and above 65 yr   

 Language      

 N = 7,632 
 Wish for More 

Pain Treatment, % 

 Effect Size (CI) 
Relative Risk *       

 Maximum Pain 
Score Mean 

 Effect Size 
(CI) Cohen’s d           

 No. (%) of 
Patients ≥ 65 yr   

 All Patients, 
No. (%)   

 < 65 yr, 
No. (%)   

 ≥ 65 yr, 
No. (%)    < 65 yr    ≥ 65 yr   

 Spanish—Mexican  373  194 (52)  78 (40)  69 (39)  80 (41)  1.05 (0.71 to 1.56)  4.9  5.6  –0.21 (–0.41 to –0.01) 
 Hebrew  153  104 (68)  52 (34)  22 (42)  30 (30)  1.40 (0.67 to 2.92)  7.8  7.5  0.11 (–0.21 to 0.44) 
 Serbian  566  326 (58)  163 (29)  84 (35)  79 (24) ‡   1.46 (0.89 to 2.38)  5.5  5.6  –0.04 (–0.20 to 0.13) 
 Chinese  147  62 (42)  40 (27)  22 (26)  18 (29)  0.90 (0.33 to 2.46)  4.4  4.3  0.04 (–0.28 to 0.36) 
 English  1,055  306 (29)  236 (22)  152 (20)  84 (28) ‡   0.71 (0.45 to 1.14)  6.5  6.6  –0.08 (–0.21 to 0.05) 
 Spanish  983  727 (74)  204 (21)  80 (31)  124 (17) §   1.82 (1.10 to 3.03)  6.1  5.3 §   0.26 (0.12 to 0.40) 
 Swedish  274  139 (51)  49 (18)  22 (16)  27 (19)  0.84 (0.25 to 2.84)  5.9  5.3  0.20 (–0.03 to 0.44) 
 Dutch  497  356 (72)  82 (17)  29 (21)  53 (15)  1.40 (0.54 to 3.63)  6.5  5.7 ‡   0.32 (0.12 to 0.51) 
 German  1440  825 (57)  203 (14)  100 (16)  103 (13) †   1.23 (0.63 to 2.41)  6.2  5.6 §   0.23 (0.13 to 0.34) 
 Italian  188  133 (71)  30 (16)  10 (17)  20 (16)  1.06 (0.19 to 5.80)  4.8  5.1  –0.10 (–0.41 to 0.20) 
 French  1,348  820 (61)  162 (12)  75 (14)  87 (11) †   1.27 (0.56 to 2.89)  6.0  5.7  0.12 (0.01 to 0.23) 
 Other language or missing  608                         

   *Risk ratio.     † P  ≤ 0.05.     ‡ P  ≤ 0.01.     § P  ≤ 0.001.   
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and not solely rely on the current standardized dosing in 
adult postsurgical patients.  
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 Appendix 1: Questions in the International Pain Outcomes Questionnaire and Answer Options 

 Questions    Numeric Rating Scale    Percentage    Binary   

 The worst pain since surgery   X       
 The least pain since surgery   X       
 How often in severe pain since surgery      x    
 Pain interference with doing activities in bed   X       
 Pain interference with breathing deeply or coughing      x    
 Pain interference with sleeping      x    
 Out of bed since surgery         x 
 Pain interference with doing activities out of bed   X       
 Nausea since surgery   X       
 Drowsiness since surgery   X       
 Itching since surgery   X       
 Dizziness since surgery   X       
 Feelings of anxiety because of the pain   X       
 Feelings of helplessness because of the pain   X       
 Wish for more pain treatment         x 
 Persistent painful condition for 3 months before surgery         x 
 Pain score of chronic pain   X       
 Comorbidities (pain-related)         x  

 Appendix 2: Nonlinear Relation between Age and Worst 
Pain Score 

 Models    β  Standard Error   P  Value   

 Spinal fusion          
  (Intercept)  6.95  0.53  < 0.001 
  Knots:          
   Age 1  0.16  0.39  0.673 
   Age 2  –1.72  1.27  0.174 
   Age 3  –2.04  0.67  0.002 
 Total hip replacement          
  (Intercept)  6.11  0.42  < 0.001 
  Knots:          
   Age 1  –1.06  0.24  < 0.001 
   Age 2  –0.40  0.95  0.673 
   Age 3  –0.27  0.39  0.496 
 Total knee replacement          
  (Intercept)  7.56  0.31  < 0.001 
  Age  –0.02  0.005  < 0.001 
 Laparoscopic cholecystectomy          
  (Intercept)  6.27  0.33  < 0.001 
  Knots:          
   Age 1  –1.87  0.24  < 0.001 
   Age 2  –2.22  0.84  0.008 
   Age 3  –0.69  0.59  0.241  
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 Fig. A2.1.    Spinal fusion. Modeled with cubic splines, three knots.  Shaded area  indicates 95% confi dence 
intervals.    

 Fig. A2.2.    Hip replacement. Modeled with cubic splines, three knots.  Shaded area  indicates 95% confi dence 
intervals.    
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 Fig. A2.3.    Knee replacement. Modeled with linear trend.  Shaded area  indicates 95% confi dence intervals.    

 Fig. A2.4.    Laparoscopic cholecystectomy. Modeled with cubic splines, three knots.  Shaded area
indicates 95% confi dence intervals.    
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 Appendix 3: Post hoc  Analysis with Composite Endpoint: 
Time in Severe Pain 

 Regression Models     Constant   
 Age   β   per 

Decade (CI)   P  Value   

 Primary endpoint: worst pain 
score 

         

  Spinal fusion   7.2  –0.22 (–0.36 to –0.11)  < 0.001 
  Hip replacement   6.8  –0.22 (–0.30 to –0.15)  < 0.001 
  Knee replacement   7.3  –0.21 (–0.26 to –0.07)  < 0.001 
  Laparoscopic cholecystectomy   6.3  –0.22 (–0.28 to –0.13)  < 0.001 
   Composite endpoint: worst pain 

score * time in most severe 
pain 

         

  Spinal fusion  4.2  –0.19 (–0.36 to –0.08)  0.002 
  Hip replacement  2.2  –0.13 (–0.21 to –0.07)  < 0.001 
  Knee replacement  1.6  0.02 (–0.08 to 0.13)  0.662 
  Laparoscopic cholecystectomy  2.2  –0.13 (–0.22 to –0.10)  < 0.001  

   We performed an additional  post hoc  analysis to verify our hypothesis that postopera-
tive pain scores decrease with age. In our primary analysis, our endpoint is worst pain 
score. In the  post hoc  analysis, we created a composite endpoint by adding the factor 
“time in most severe pain” to the primary outcome, resulting in “worst pain score   
  *time in most severe pain.” The association between age and worst pain score   
  *time in most severe pain shows a less robust but still signifi cant decrease of pain 
with advancing age for spinal fusion, hip replacement, and laparoscopic cholecys-
tectomy.   
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 Systemic Air Embolism during Percutaneous 
Transthoracic Lung Biopsy  
      Vivek     Arora    ,   M.D.    ,       Geoff     Burks    ,   M.D   .                                

 Systemic air embolism is a rare but potentially cata-
strophic complication of percutaneous transthoracic 

needle lung biopsy.  1   Systemic air embolism can occur as 
a result of placement of the biopsy needle tip into a pul-
monary vein, thus entraining atmospheric air, or by the 
formation of bronchial-venous or alveolar-venous � stulous 
tracks. When pressure in the air containing spaces exceeds 
venous pressure ( e.g. , during coughing or positive pressure 
ventilation), embolization and entry of air into the left heart 
chambers can occur.  2   Coronary and cerebral embolization 
can lead to cardiac and neurologic ischemia. A computed 
tomography scan in a 58-yr-old male who underwent a 
transthoracic needle lung biopsy in the prone position 
revealed air in the left atrium ( arrow , panel  A ). Imaging in 
the right lateral decubitus position demonstrated air in the 
left ventricle and ascending aorta ( arrow , panels  B  and  C , 
respectively). Acute neurologic deterioration, bradycardia, 
and di� use ST changes ensued. 

 Risk factors for systemic air embolism include biopsy of 
a central lung or cavitary lesions and coughing or positive 
pressure ventilation and use of hollow needles. Treatment 
of systemic air embolism includes supplying 100% oxygen 
and maintaining the patient in a right lateral decubitus and 
Trendelenburg position. In the right lateral decubitus posi-
tion buoyant forces are hypothesized to keep air bubbles in 
a nondependent position away from the left ventricle out-
� ow tract.  3   Although controversy exists about the ability of 

buoyancy to counteract forward � ow, appropriate position-
ing should be maintained until de� nitive treatment in the 
form of hyperbaric oxygen can be instituted. Despite aggres-
sive resuscitative e� orts, the abovementioned patient died.    
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 Tracheal Varicose Veins Associated with Klippel–Trenaunay 
Syndrome  
    Keika     Mukaihara   ,     M.D., Ph.D.,           Kohei     Godai    ,   M.D., Ph.D.,         Takahiro     Moriyama    ,   M.D., Ph.D.                      

 Klippel-Trenaunay syndrome is a rare congenital syn-
drome involving blood vessels and bony or soft tis-

sue hypertrophy. Vascular malformations may present in 
any organ or tissue. General anesthesia is generally preferred 
for surgery, owing to the risks of vascular malformation 
and coexisting coagulopathy.  1   A 26-yr-old parturient with 
Klippel-Trenaunay syndrome was scheduled for Cesarean 
delivery. She had no history of hemoptysis. We performed 
awake preoperative bronchoscopic evaluation of the airway, 
because massive bleeding in the trachea was reported in a 
patient with Klippel-Trenaunay syndrome.  2   Varicose veins 
on anterior wall of the upper trachea, dilated blood vessels, 
and abrasion of the mucosa were observed (panels  A  and  B ). 
Cesarean delivery was performed under spinal anesthesia; 
however, general anesthesia was performed owing to post-
operative hemorrhage. Flexible � beroptic intubation was 
performed, and the cu�  was carefully placed distal to the var-
icose vein because of limited space between the glottis and 
the varices. To minimize coughing and bleeding, the endo-
tracheal tube was removed over a bronchoscope with seda-
tion and muscle paralysis then bridged with a supraglottic 
airway device, which was removed after con� rming sponta-
neous ventilation. Opioids, dexmedetomidine, or lidocaine 
may be administered for preventing cough. Endotracheal 
intubation may cause massive hemoptysis in patients with 
tracheal varices.  1   If intubation is necessary, � exible � berop-
tic intubation should be used. In case of massive hemoptysis, 

a rigid bronchoscope, a balloon-tipped vascular catheter, 
and a double-lumen endotracheal tube should be prepared.  3 

A thoracic surgeon, pulmonologist, or interventional 
radiologist should be on stand-by or immediately available 
if there is high risk of airway bleeding. 

  Competing Interests 
 The authors declare no competing interests.  

  Correspondence  
  Address correspondence to Dr. Godai:  kxg179@icloud.com       

 References 

     1.        Barbara     DW   ,    Wilson     JL    :   Anesthesia for surgery related 
to Klippel-Trenaunay syndrome: A review of 136 anes-
thetics.     Anesth Analg     2011  ;   113  :  98  –  102   

     2.        Mitani     S   ,    Taguchi     A   ,    Motoyoshi     K   ,    Gyo     K    :   A case of 
Klippel-Trenaunay syndrome with a massive hemangi-
oma in the hypopharynx  .   Koutou (The Larynx Japan)   
  2010  ;   22  :  39  –  43   

     3.        Maguire     MF   ,    Berry     CB   ,    Gellett     L   ,    Berrisford     RG    : 
  Catastrophic haemoptysis during rigid bronchoscopy: 
A discussion of treatment options to salvage patients 
during catastrophic haemoptysis at rigid bronchoscopy.   
  Interact Cardiovasc Thorac Surg     2004  ;   3  :  222  –  5    

 IMAGES IN  ANESTHESIOLOGY  

ALN_V135N6_Text.indb   1121ALN_V135N6_Text.indb   1121 01-Nov-21   20:55:2101-Nov-21   20:55:21

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



CLINICAL FOCUS REVIEW

1122 DECEMBER 2021 ANESTHESIOLOGY, V 135   •   NO 6

Jerrold H. Levy, M.D., F.A.H.A., F.C.C.M., Editor 

 This article is featured in “This Month in Anesthesiology,” page A1. 

  Submitted for publication June 28, 2021. Accepted for publication September 8, 2021. From the  Department of Anesthesiology and Critical Care Medicine, George Washington 
University School of Medicine and Health Sciences ,  Washington, D.C.  (M.M.); the  Department of Anesthesiology, Program in Trauma, University of Maryland School of Medicine , 
 Baltimore, Maryland  (S.G.); and the  Department of Medicine, Division of Infectious Diseases, Department of Hospital Epidemiology and Infection Control, Armstrong Institute for 
Patient Safety and Quality, Johns Hopkins University School of Medicine ,  Baltimore, Maryland  (C.R.). 

 Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2021 ;  135 : 1122 – 31     . DOI:   10.1097/ALN.0000000000004017 

 Prevention of Healthcare-associated Infections in 
Intensive Care Unit Patients       
    Michael     Mazzeffi    ,   M.D., M.P.H., M.Sc., F.A.S.A.    ,       Samuel     Galvagno    ,   D.O., Ph.D., F.C.C.M.     ,       Clare     Rock     ,   M.D., M.S.                       

 Healthcare-associated infections are common in hospital-
ized patients, impacting 7 to 10% of patients globally.  1 

In lower- and middle-income countries, the risk is 15%, with 
surgical site infection being most common.  2   In higher-in-
come countries, healthcare-associated infections a� ect up to 
30% of intensive care unit (ICU) patients who are vulner-
able because of underlying comorbidities and immunosup-
pression and the presence of invasive catheters and devices.  1 

In this review, we summarize current evidence-based strat-
egies for healthcare-associated infection prevention in ICU 
patients. Healthcare-associated infection risk factors, treat-
ment, and severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) prevention are not discussed in this review. 

  Epidemiology 
 The 2019 Centers for Disease Control and Prevention 
Healthcare-associated infection progress report, which 
includes data from many but not all acute care hospitals in 
the United States, reported 29,669 central line–associated 
bloodstream infections, 26,376 catheter-associated urinary 
tract infections, and 4,423 ventilator-associated events in 
patients from more than 3,600 hospitals.  3   These statistics 
underestimate the total healthcare-associated infection bur-
den in the United States because not all healthcare-associ-
ated infections are required to be reported.  

  Mortality, Costs, and Reporting 
 Healthcare-associated infections impact morbidity, mor-
tality, and healthcare cost. According to the World Health 
Organization (Geneva, Switzerland), healthcare-associated 
infections cause 37,000 deaths per year in Europe and 99,000 
deaths per year in the United States.  1   Healthcare-associated 
infections with multidrug-resistant organisms increase 
in-hospital mortality 2-fold.  4   Enterobacterales species ( e.g. , 
Klebsiella pneumoniae ,  Escherichia coli ) are the most com-
mon causative organisms in multidrug-resistant infections.  5 

Surgical site infection, central line–associated bloodstream 
infection, and ventilator-associated events are strongly associ-
ated with mortality, whereas catheter-associated urinary tract 
infection is not consistently associated with mortality.  5–7 

 Healthcare-associated infections increase healthcare costs 
in Europe by €7 billion per year and in the United States by 
$6.5 billion per year.  1   Surgical site infections, particularly deep 
surgical site infections, are associated with up to a $20,000 
increase in cost per patient admission.  8   Increased healthcare 
costs from healthcare-associated infections are borne by the 
government, insurance companies, patients, and hospitals. In 
the United States, central line–associated bloodstream infec-
tion, catheter-associated urinary tract infection,  Clostridioides 
di�  cile  infection, and some surgical site infections are reported 
by acute care hospitals to the Centers for Disease Control 
and Prevention (Atlanta, Georgia)  via  the National Healthcare 
Safety Network. Hospitals with high healthcare-associated 
infection rates have reduced global reimbursement or addi-
tional � nancial penalties under the Centers for Medicare 
and Medicaid Services (Baltimore, Maryland) pay for perfor-
mance value-based purchasing program. Conversely, hospitals 
with low healthcare-associated infection rates may receive 
� nancial rewards. Individual hospital healthcare-associated 
infection rates are publicly reported in a format that allows for 
comparison between hospitals.  

  Appropriate Perioperative Antibiotic Prophylaxis 
 Appropriate perioperative antibiotic prophylaxis is an 
important component of surgical site infection preven-
tion. The Surgical Care Improvement Program, run by the 
Centers for Medicare and Medicaid Services and Centers 
for Disease Control and Prevention between 2005 and 
2015, included three measures related to perioperative anti-
biotic  prophylaxis, timing, drug appropriateness, and drug 
discontinuation after surgery. In an observational study of 
almost 80,000 patients, continuation of prophylactic anti-
biotics for more than 24 h after surgery was independently 
associated with increased risk of acute kidney injury and 
C. di�  cile  infection.  9   A meta-analysis, which included 52 
randomized controlled trials, found no bene� t of continu-
ing antibiotics for more than 24 h postoperatively.  10   In ICU 
patients with open abdominal or sternal wounds, there is 
no evidence to support extended antibiotic prophylaxis, 
despite the fact that bacterial colonization increases in the 
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wound over time.  11–13   Taken together, these data suggest 
that routine antibiotic prophylaxis should not be continued 
for more than 24 h, unless a speci� c infection is suspected.  

  Hand Hygiene and Transmission-based 
Precautions 
 The Centers for Disease Control and Prevention core 
infection prevention and control practices for safe health-
care delivery in all settings recommendations provide 
guidance for healthcare workers on practices to prevent 
healthcare-associated infections ( www.cdc.gov/hipac/pdf/
core-practices.pdf  [accessed August 1, 2021] ;  table  1   ).  14 

These practices include hand hygiene, environmental dis-
infection, injection and medication safety, use of personal 
protective equipment, minimization of potential exposures, 
appropriate reprocessing of reusable medical equipment, 
transmission-based precautions, removal of temporary med-
ical devices when feasible, and occupational measures that 
include vaccination and sick leave for healthcare workers.  

 The Centers for Disease Control and Prevention cate-
gorizes microbial transmission into three categories: contact 
transmission (direct and indirect), droplet transmission, and 
airborne transmission.  15   Contact transmission is the most 
common route by which healthcare-associated infections 
are spread in the ICU. Practices that limit contact trans-
mission of infectious agents include hand hygiene, use of 
single-patient rooms, correct use of personal protective 
equipment (proper donning/do�  ng of gowns and gloves), 
use of disposable medical equipment, and proper disinfec-
tion of rooms between patient use. 

 Hands are the most common fomite for spreading 
healthcare-associated infections in ICU patients, and mul-
tiple medical devices can serve as fomites, including soap/
sanitizer dispensers, humidi� ers, nebulizers, pressure trans-
ducers, stethoscopes, suction catheters, thermometers, and 
ultrasound probes.  16   For hand hygiene, the Centers for 
Disease Control and Prevention recommends alcohol-based 
hand sanitizer, unless one’s hands are visibly soiled or the 
patient is infected with  C. di�  cile . In these cases, the Centers 
for Disease Control and Prevention recommends hand 
washing with soap and water. Alcohol-based hand sanitiz-
ers increase hand hygiene compliance because of conve-
nience and time e�  ciency compared with traditional hand 
washing.  17   Hand hygiene should be performed (1) before 
touching a patient, (2) before performing an aseptic task, (3) 
before moving from a soiled body part to a clean body part, 
(4) after touching the patient or their immediate environ-
ment, and (5) immediately after glove removal.  14 

 When soap and water are used, it is recommended that 
the provider’s hands are wet, soap is applied, hands are 
rubbed together for at least 15 s, hands are rinsed with clean 
water, and the faucet is turned o�  with a disposable towel. 
The Centers for Disease Control and Prevention does not 
recommend use of anti-bacterial soap. For alcohol-based 
hand sanitizers, the appropriate dose depends on the 

manufacturer’s instructions. The World Health Organization 
recommends applying a “coin sized” amount of hand sani-
tizer during each application. Appropriate hand hygiene is 
associated with a reduction in healthcare-associated infec-
tion incidence of up to 50%, including a 50% reduction in 
methicillin-resistant  Staphylococcus aureus  infection.  18 

 For respiratory pathogens, droplet transmission occurs 
when infectious agents are carried in small water droplets 
(typically larger than 5  µm) that are exhaled from the respi-
ratory tract. The maximum distance that infectious drop-
lets can travel is not known and depends on particle size, 
velocity, and environmental temperature and humidity. The 
Centers for Disease Control and Prevention acknowledges 
that some infectious respiratory droplets travel up to 6 feet 
from their source.  15   Examples of pathogens that are spread 
by droplet transmission include in� uenza, adenoviruses, and 
Mycoplasma pneumoniae . Airborne transmission occurs by 
spread of droplet nuclei (desiccated droplets) which are less 
than 5  µm or other small infectious particles.  Mycobacterium 
tuberculosis  and  Varicella zoster  are classic pathogens spread by 
airborne transmission. The dichotomy between droplet and 
airborne transmission based on particle size is a somewhat 
arti� cial construct, with the amount of pathogen spread 
a� ected by multiple factors ( e.g. , humidity, air temperature, 
total number of infectious particles, and ventilation condi-
tions), and hence droplet or airborne transmission should 
be considered as general guidance on how a pathogen is 
spread. The recent coronavirus disease 2019 pandemic has 
highlighted the need for further research into the numerous 
factors that a� ect respiratory pathogen spread.  

  Staffi ng 
 Hospital infection prevention departments with dedicated 
personnel to perform healthcare-associated infection sur-
veillance and implement control measures are an import-
ant aspect of healthcare-associated infection reduction. In 
the 1980s, these measures were found to be cost-e� ective 
and substantially reduced healthcare-associated infections.  19 

Ensuring adequate nurse sta�  ng is similarly critical, because 
nurse shortages with increased patient to nurse ratios are 
associated with increased healthcare-associated infection 
incidence.  20 , 21 

  Catheter-associated Urinary Tract Infection 
 Catheter-associated urinary tract infection is the most 
common healthcare-associated infection in hospitalized 
patients. More than 30 million urinary catheters are placed 
in the United States annually, and the risk for bacteriuria 
increases by 3 to 7% for every day with an indwelling cath-
eter.  22   Although the unadjusted mortality for catheter-asso-
ciated urinary tract infection is high in retrospective cohort 
studies, catheter-associated urinary tract infection is not 
consistently associated with mortality after risk adjustment, 
and bacteremia is rare.  6 , 23   Nevertheless, catheter-associated 
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 Table 1.      Centers for Disease Control and Prevention Recommended Strategies for Preventing Device-related and Surgical Site 
Infections   

 Healthcare- associated 
Infection    Recommended Prevention Strategies   

 Central line–associated 
bloodstream 
infection 

 Site selection 
 1. Avoid using the femoral vein when possible (Category IA) 
 2. Use the subclavian vein rather than the femoral vein or internal jugular vein when possible (Category IB) 
 3. Use a catheter with the minimum number of necessary ports (Category IB) 
 Placement 
 1. Wear sterile gloves during catheter placement (Category IA) 
 2. Perform hand hygiene with soap and water or alcohol-based sanitizer before catheter placement (Category IB) 
 3. Use maximal sterile precautions (Category IB) 
 4.  Clean the patient’s skin with >  0.5% chlorhexidine with alcohol, iodine, or 70% alcohol in patients with a chlorhexidine allergy 

before catheter placement (Category IB) 
 5. Allow antiseptics to dry according to the manufacturer’s instructions (Category IB) 
 Dressing and securing 
 1. Use a sterile, semipermeable, transparent dressing to cover the catheter insertion site (Category IA) 
 2. Replace the dressing if damp, loose, or soiled (Category IB) 
 3. Replace transparent dressings every 7 days (Category IB) 
 4. Use a sutureless securing device (Category II) 
 Replacement 
 1. Do not routinely replace catheters (Category IB) 
 2. Do not perform guidewire exchanges to prevent infection (Category IB) 
 3. Remove a catheter within 48 h if it was placed without aseptic technique (Category IB) 
 4. Do not remove catheters based on fever alone (Category II) 
 Removal 
 1. Promptly remove a catheter that is no longer needed (Category IA) 

 Catheter-associated 
urinary tract infection 

 Appropriate use 
 1.  Minimize catheter days, particularly in high-risk patients such as the elderly, women, and those who are immunosuppressed 

(Category IB) 
 2. Remove catheters as soon as possible after surgery, ideally within 24 h (Category IB) 
 3. Use external urinary collection devices in cooperative patients who do not have urinary retention or obstruction (Category II) 
 4. Use intermittent catheterization rather than an indwelling catheter in patients with bladder emptying dysfunction (Category II) 
 Insertion technique 
 1. Perform appropriate hand hygiene before insertion or manipulation of a catheter (Category IB) 
 2. Insert catheters using aseptic technique and sterile equipment (Category IB) 
 3. Use sterile gloves, drape, and aseptic solution to clean the periurethral space before catheter insertion (Category IB) 
 4. Secure indwelling catheters to prevent movement and urethral traction (Category IB) 
 5. Perform intermittent catheterization at regular intervals in patients with urinary retention (Category IB) 
 6. Use ultrasound to assess bladder volume and help guide the timing of intermittent catheterization (Category II) 
 7. Use the smallest catheter possible to prevent urethral and bladder trauma (Category II) 
 Maintenance 
 1. Maintain a closed drainage and collection system (Category IB) 
 2. Replace the catheter and collection system if there are any breaks that compromise sterility (Category IB) 
 3. Maintain unobstructed urine fl ow by avoiding kinks and maintaining the drainage bag below the bladder (Category IB) 
 4. Do not give prophylactic antibiotics to prevent catheter-associated urinary tract infection (Category IB) 
 5. Do not routinely clean the periurethral area with antiseptics (Category IB) 
 6. If urine is needed for culture, sample it from a needleless port with a sterile syringe after cleaning the area (Category IB) 
 7. Do not irrigate the bladder, catheter, and collection system with antibiotics (Category II) 
 8. Do not change urinary catheters or collection bags at regular, fi xed intervals (Category II) 
 Quality improvement 
 1. Implement quality improvement programs to reduce inappropriate catheter use and ensure proper hand hygiene (Category IB) 
 Infrastructure 
 1. Provide guidelines on catheter insertion, maintenance, and removal (Category IB) 
 2. Provide periodic in-service training to medical personnel (Category IB) 
 3. Dedicate personnel and resources to surveillance of catheter-associated urinary tract infections (Category IB) 
 4.  Perform documentation of the indication for catheterization, date of insertion, person who inserted the catheter, and date of 

removal (Category II) 
 Surveillance 
 1.  Use standardized methods for surveillance such as the number of infections per 1,000 catheter days or catheter utilization ratio 

(Category IB) 
 2. Do not perform routine surveillance for asymptomatic bacteriuria (Category II) 

(Continued )
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urinary tract infection is a well established risk factor for 
increased ICU and hospital length of stay. In 2008, the 
Centers for Medicare and Medicaid Services designated 
catheter-associated urinary tract infection as a hospital-ac-
quired complication, which would not be reimbursed.  24 

 In the United States, catheter-associated urinary tract infec-
tion is diagnosed if a patient ful� lls symptomatic urinary tract 
infection criteria and has an appropriate duration of catheter-
ization.  25   Catheter-associated urinary tract infection is de� ned 
by three criteria: (1) the presence of a urinary catheter for 
more than 2 consecutive days in an inpatient location on the 
day of the event (includes catheters present for any portion 
of the calendar day on the day of the event or if removed the 
day before the event); (2) at least one of the following: supra-
pubic tenderness, costovertebral angle pain, urinary urgency, 
urinary frequency, or dysuria; and (3) a urine culture with no 
more than two species of pathogenic organisms, at least one of 
which is quanti� ed as at least ≥10 5  colony-forming units/ml.  25 

Catheter-associated urinary tract infection does not occur sec-
ondary to other sites of infection, and  Candida , parasites, mold, 
and dimorphic fungi are excluded.  25 

 In ICU patients, urinary catheters are not universally 
required, and policies that promote early removal reduce cath-
eter-associated urinary tract infection.  26–28   Catheters may be 
indicated in ICU patients when strict input/output record-
ing is required during the � rst 48 h of shock, during active 

titration of vasopressors or inotropes, during diuresis for acute 
cardiac or pulmonary failure (when hourly monitoring is 
required to assess therapy), for active monitoring of acute or 
impending renal failure, or for frequent assessment of intra-
vascular volume in patients with neurologic conditions that 
disrupt normal � uid balance ( e.g. , diabetes insipidus).  22 , 27 , 28 

 The U.S. Agency for Healthcare Research and Quality 
(Rockville, Maryland) lists numerous tools for implement-
ing policies, procedures, and practices for reducing cathe-
ter-associated urinary tract infection with a comprehensive 
unit-based safety program ( https://www.ahrq.gov/hai/
tools/cauti-hospitals/toolkit-impl.html   [accessed August 1, 
2021]). The e� ect of the comprehensive unit-based safety 
program on a national level was assessed by Saint  et al. ,  29 

showing a reduction in catheter-associated urinary tract 
infection in non-ICUs, but no change in ICUs. Although 
the quality of evidence for most individual interventions 
is low, sustained reductions in catheter-associated urinary 
tract infection have been achieved when multiple evi-
dence-based interventions are “bundled.”  30 

  Ventilator-associated Events and Ventilator-
associated Pneumonia 
 Ventilator-associated pneumonia is the most common 
healthcare-associated infection in the ICU, occurring 

 Table 1.      (Continued)   

 Healthcare- associated 
Infection    Recommended Prevention Strategies   

 Surgical site infection  Antibiotics 
 1.  Do not administer additional antibiotics in clean and clean-contaminated cases after the surgical incision is closed in the operat-

ing room (Category IA) 
 2. Administer intravenous antibiotics so that a therapeutic drug concentration is obtained at the time of skin incision (Category IB) *  
 3. Do not apply topical antibiotics such as ointments, powders, or solutions to the surgical incision to prevent infection (Category IB) 
 Glycemic control 
 1. Target a blood glucose concentration less than 200 mg/dl during the perioperative period (Category 1A) 
 Temperature management 
 1. Maintain normothermia (36 to 38°C) during the perioperative period (Category IA) 
 Oxygenation 
 1.  In patients receiving general anesthesia with endotracheal intubation, administer a high F IO2  during surgery and in the immedi-

ate postoperative period (Category IA) †  
 Antiseptic practices 
 1. Bathe patients with soap or antiseptic the night before surgery (Category IB) 
 2. Prepare patients with an alcohol-based antiseptic before skin incision in the operating room (Category IA) 
 Blood transfusion 
 1. Do not withhold blood transfusion to prevent surgical site infection if indicated (Category IB) 

   Further information on healthcare-associated infection prevention can be found at  https://www.cdc.gov/infectioncontrol/guidelines/index.html . The most recent Centers for Disease 
Control and Prevention (Atlanta, Georgia) guidelines are from 2011 for central line–associated bloodstream infection, 2009 for catheter-associated urinary tract infection, and 2017 
for surgical site infection. The categories of recommendations used by the Centers for Disease Control and Prevention are as follows: Category IA, strong recommendation supported 
by high- to moderate-quality evidence; Category IB, strong recommendation supported by low-quality evidence; and Category II, weak recommendation supported by any quality of 
evidence.  
  *No specifi c timing of administration is currently recommended by the Centers for Disease Control and Prevention, but published studies suggest that intravenous antibiotics should 
be administered within 120 min and ideally within 60 min of skin incision so that therapeutic levels can be reached in tissues.     †More recent studies (after 2017) have suggested that a 
high inspired oxygen concentration may not be effective in reducing surgical site infection, and the World Health Organization (Geneva, Switzerland) guideline development committee 
for surgical site infection prevention changed their recommendation from strong to conditional for using a high inspired oxygen concentration during the perioperative period to prevent 
surgical site infection.  
  F IO2 , fractional inspired oxygen tension; ICU, intensive care unit.   
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in approximately 10% of patients on mechanical ventila-
tion.  31   Two systematic reviews by Melsen  et al. 32 , 33   reported 
a pooled relative mortality risk of 1.27 (95% CI, 1.15 to 
1.39) and a 13% attributable mortality with ventilator-as-
sociated pneumonia. Some studies have questioned venti-
lator-associated pneumonia’s attributable mortality because 
of confounding, heterogeneity, and inappropriate account-
ing of the time-dependent nature of events leading to ven-
tilator-associated pneumonia.  34 

 In 2013, the Centers for Disease Control and Prevention 
proposed an algorithmic approach for ventilator-associated 
event  surveillance .  35   The three de� nition tiers are (1) ventila-
tor-associated condition; (2) infection-related ventilator-as-
sociated complication; and (3) possible ventilator-associated 
pneumonia. To be eligible for a ventilator-associated event, 
a patient must be mechanically ventilated for at least 4 days 
with the day of intubation counted as day 1. A ventilator-as-
sociated condition is de� ned by worsening oxygenation for 
at least 2 calendar days (increased positive end expiratory 
pressure or F io

2
 ), whereas infection-related ventilator-asso-

ciated complication is de� ned by worsening oxygenation 
with other features suggestive of infection ( e.g. , fever or 
hypothermia, leukocytosis, or initiation of antibiotics for 
at least 4 days). Possible ventilator-associated pneumonia 
occurs when one or more of the following criteria are met 
after a patient develops indicators of worsening oxygenation 
3 calendar days after beginning mechanical ventilation: (1) 
a positive culture from an endotracheal aspirate (more than 
10 5  colony-forming units/ml), bronchoalveolar lavage (at 
least 10 4  colony-forming units/ml), lung tissue (at least 10 4

colony-forming units/ml), or protected specimen brush (at 
least 10 3  colony-forming units/ml); (2) purulent secretions, 
de� ned as lung, bronchial, or tracheal that contain at least 
25 neutrophils and at most 10 squamous epithelial cells per 
low power � eld  plus  an organism identi� ed by a respiratory 
specimen obtained as described in criterion 1; and/or (3) a 
positive diagnostic test identifying an organism in pleural 
� uid, lung histopathology,  Legionella  species, or a respiratory 
virus. 

 Ventilator-associated pneumonia can be clinically diag-
nosed in any patient who is mechanically ventilated for 
48 h or more and develops a new or progressive in� ltrate 
on chest radiography with associated signs and symptoms 
of infection ( e.g. , purulent sputum, new fever or hypother-
mia, leukocytosis, worsening oxygenation, altered respira-
tory mechanics) and a positive respiratory specimen.  34 , 36 

Di� erent strategies have been proposed for obtaining diag-
nostic samples for ventilator-associated pneumonia. In a 
large multicenter randomized trial, endotracheal aspirates 
with nonquantitative cultures were not associated with dif-
ferent clinical outcomes or antibiotic use when compared 
to patients who had quantitative cultures performed by 
bronchoalveolar lavage.  37   In a subsequent systematic review 
that included 5,064 patients, including 1,367 patients from 
� ve randomized controlled trials, similar clinical outcomes 

were observed when invasive  versus  noninvasive diagnos-
tic strategies were compared.  38   Additional research in this 
area is required, as there is no “gold standard” for the diag-
nosis of ventilator-associated pneumonia. Recent work 
with multiplex polymerase chain reaction–based assays has 
demonstrated shorter time to identi� cation of pathogens 
and resistance patterns, as well as an association with faster 
discontinuation of antibiotics and earlier identi� cation of 
patients with secondary infections.  39–41 

 The strongest evidence for ventilator-associated pneu-
monia prevention relates to minimizing sedation and 
mechanical ventilation, improving physical conditioning, 
minimizing pooled secretions above the endotracheal tube 
cu� , and elevating the head of the bed 30 to 45 degrees. 
Recent evidence has brought into question other previ-
ously recommended interventions. For example, closed 
endotracheal suctioning does not consistently reduce venti-
lator-associated pneumonia.  42   Oral care with chlorhexidine 
is most e� ective in cardiac surgical patients but is of ques-
tionable e�  cacy in other ICU patients.  43   Selective diges-
tive decontamination is not e� ective in ICUs with high 
rates of antibiotic resistance and is not recommended by the 
Infectious Disease Society of America or the Centers for 
Disease Control and Prevention.  42 , 44   The risks of selective 
digestive decontamination are also not fully understood. 
Subglottic suction drainage may prevent ventilator-associ-
ated pneumonia but does not shorten mechanical ventila-
tion time or ICU length of stay.  34   Stress ulcer prophylaxis 
may increase ventilator-associated pneumonia but often 
cannot be avoided because of strong indications.  42 

 Interventions that are  not  currently recommended for 
ventilator-associated pneumonia prevention include reg-
ular monitoring of gastric residual volumes, closed endo-
tracheal suctioning, early parenteral nutrition, routine 
prone positioning, and kinetic beds.  34 , 42   Early  versus  late 
tracheostomy is controversial. Previous systematic reviews 
concluded that early tracheostomy did not reduce venti-
lator-associated pneumonia  45  ; however, a more contem-
porary systematic review and meta-analysis that included 
3,145 patients found that early tracheostomy (at less than 
7 days after initiation of mechanical ventilation) was 
associated with reduced ventilator-associated pneumo-
nia (odds ratio, 0.59 [95% CI, 0.35 to 0.99]) and more 
ventilator-free days.  46   In their most recent guidelines, 
the Infectious Disease Society of America (Arlington, 
Virginia) does not endorse early tracheostomy to reduce 
ventilator-associated pneumonia.  36 

  Central Line–associated Bloodstream Infection 
 Central line–associated bloodstream infection is associated 
with signi� cant morbidity and mortality. ICU patients with 
multiple central lines are particularly vulnerable. The � ndings 
from the 2003 Michigan Keystone ICU study were pivotal, 
resulting in widespread practice change. Implementation of 
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a simple evidence-based bundle (hand hygiene, full-bar-
rier precautions during insertion, chlorhexidine to clean 
the insertion site, avoiding the femoral veins when possi-
ble, and removing unnecessary central lines) at over 100 
ICUs resulted in a signi� cant, sustained infection reduc-
tion; 7.7 central line–associated bloodstream infections per 
1,000 catheter days at baseline to 1.4 at 16 to 18 months 
post intervention.  47   This study highlighted that large-scale 
healthcare-associated infection reduction requires practice 
and behavior change and synergy of technical ( e.g. , central 
line insertion checklists, ensuring chlorhexidine availability) 
and adaptive ( e.g. , forming a safety culture, engaging front 
line leaders, gaining hospital executive support) prevention 
strategies. 

 Chlorhexidine is used as an adjunct for central line–
associated bloodstream infection prevention beyond central 
line insertion. Chlorhexidine-impregnated dressings have 
been shown to reduce central line–associated bloodstream 
infection rates (from 1.3 to 0.4 per 1,000 catheter days) 
when studied in a seven-ICU randomized controlled trial.  48 

A systematic review and meta-analysis that included 17 tri-
als found that daily chlorhexidine bathing was associated 
with a 56% relative risk reduction for central line–associ-
ated bloodstream infection. Chlorhexidine bathing was 
also associated with decreased methicillin-resistant  S. aureus
colonization.  49 

C. diffi cile  Infection 
C. di�  cile  infection occurs in the setting of a disrupted nor-
mal gut microbiome when  C. di�  cile  proliferates beyond 
host immune control and produces toxins A and B, which 
disrupt the normal cytoskeletal structure of colonic epithe-
lial cells causing diarrhea, paralytic ileus, and in rare cases 
colonic perforation. Broad-spectrum antibiotics are a com-
mon instigator for  C. di�  cile  infection because they alter 
the normal gut microbiome allowing  C. di�  cile,  if present 
in the colon, to proliferate. 

 The main prevention strategies for  C. di�  cile  infec-
tion are eliminating transmission of the organism from 
patient to patient or from an infected patient to the ICU 
environment.  C. di�  cile  can exist in a hardy spore form, 
which has the ability to persist on surfaces, spreading to 
patients’ and healthcare workers’ hands.  C. di�  cile  typi-
cally requires a bleach-based product for disinfection, but 
select non-bleach–based products are also su�  cient. A 
list of appropriate disinfectants can be found on the U.S. 
Environmental Protection Agency (Washington, D.C.) 
website ( https://www.epa.gov/sites/default/� les/2021-
02/documents/02-22-2021_list-k.pdf   [accessed August 
1, 2021]). “No-touch” technologies such as ultravio-
let light may be a useful adjunct in limiting  C. di�  cile
 infection. One randomized controlled trial in nine hos-
pitals demonstrated a signi� cant reduction in  C. di�  cile
infection when disinfecting ultraviolet light was added 

to standard terminal room cleaning procedures.  50   Further 
studies are needed to con� rm the e�  cacy of disinfecting 
ultraviolet light. 

 Patients with  C. di�  cile  colonization or infection should 
be placed in a private room, and healthcare workers should 
don gowns and gloves upon room entry. Hand hygiene 
with soap and water, as opposed to alcohol-based hand san-
itizer, is important after glove removal, to ensure adequate 
spore removal. Gastric acid suppression facilitates  C. di�  cile
reaching the colon, because normal stomach pH is altered. 
Hence, judicious use of proton pump inhibitors and other 
gastric acid suppressants is an important aspect of  C. di�  cile
infection prevention.  51 

 Finally,  C. di�  cile  proliferation and toxin production can 
be prevented by maintaining a normal gut microbiome. 
Antibiotics and chemotherapy are the most common dis-
rupters of the normal colonic microbiome. Antimicrobial 
stewardship is key in  C. di�  cile  infection prevention. 
Approximately 30% of antibiotics prescribed in U.S. acute 
care hospitals are unnecessary or suboptimal.  52   Ensuring 
that antibiotics are given only when necessary, are as nar-
row-spectrum as possible, and are given for the shortest 
e� ective duration is the cornerstone of  C. di�  cile  infection 
prevention. Fecal transplant, to restore the normal gastro-
intestinal microbiome, is a successful strategy to prevent 
recurrent  C. di�  cile  infection.  53 

  Appropriate Diagnostic Testing 
 Inappropriate diagnostic testing for healthcare-associated 
infections increases healthcare cost, and testing should be 
performed only when clinically indicated.  Figure 1    shows 
one potential algorithm for appropriate diagnostic testing 
in ICU patients with suspected infection. Targeted cultures 
should be obtained in (1) patients who have fever or are 
hypothermic  and  who have a signi� cant change in their 
clinical condition or (2) patients who have fever or are 
hypothermic, have no signi� cant change in their clinical 
condition, and have not had surgery within 24 h but have a 
high suspicion for a speci� c infection based on other clini-
cal or laboratory � ndings.  

  Conclusions 

 Healthcare-associated infections continue to burden ICU 
patients with excess morbidity, mortality, and cost. Given 
these issues and the fact that healthcare-associated infec-
tions lead to � nancial penalties for hospitals, it is critical for 
ICU providers to understand evidence-based prevention 
strategies. Healthcare-associated infection prevention also 
o� ers an opportunity for anesthesiologists to lead import-
ant research, quality improvement, and policy development 
e� orts within acute care hospitals. More widespread adop-
tion of best practices will lead to improvements in patient 
outcomes and cost reductions in U.S. healthcare.  
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infection. Focused diagnostic testing is based on clinical presentation. HIV, human immunodefi ciency  virus.    

ALN_V135N6_Text.indb   1128ALN_V135N6_Text.indb   1128 01-Nov-21   20:55:2301-Nov-21   20:55:23

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



 Anesthesiology 2021; 135:1122–31 1129

 Infection Prevention in the Intensive Care Unit

 Mazzeffi  et al.

Psychiatry and Neurology (Deer� eld, Illinois). He reports 
receiving speaking fees for Northwest Anesthesia Seminars 
(Pasco, Washington) and compensation for medical-legal 
expert reviews. Dr. Rock has active research grant fund-
ing from the Centers for Disease Control and Prevention 
(Atlanta, Georgia; Epicenter grant). She is also the founder 
and owner of Infection Prevention Strategy Consulting LLC 
(Baltimore, Maryland).   

  Correspondence 

  Address correspondence to Dr. Mazze�  :  George Washington 
University School of Medicine and Health Sciences,   2300 I 
Street NW ,  Washington, D.C.  20037.    mmazze�  @gwu.edu . 
A nesthesiology ’s articles are made freely accessible to all 
readers on  www.anesthesiology.org , for personal use only, 6 
months from the cover date of the issue.      

 References 

     1.      World Health Organization  :   Health care-associated 
infections FACT SHEET.     2011  . Available at:  https://
www.who.int/gpsc/country_work/gpsc_ccisc_fact_
sheet_en.pdf   . Accessed  August 1, 2021  .   

     2.        Allegranzi     B   ,    Bagheri Nejad     S   ,    Combescure     C   , 
   Graafmans     W   ,    Attar     H   ,    Donaldson     L   ,    Pittet     D    :   Burden 
of endemic health-care-associated infection in devel-
oping countries: Systematic review and meta-analysis.   
  Lancet     2011  ;   377  :  228  –  41   

     3.      Centers for Disease Control and Prevention  :   2019 
National and State Healthcare-associated Infections 
Progress Report.     2019  . Available at:  https://arpsp.cdc.
gov/pro� le/national-progress/united-states . Accessed 
 August 1, 2021  .   

     4.        Barrasa-Villar     JI   ,    Aibar-Remón     C   ,    Prieto-Andrés     P   , 
   Mareca-Doñate     R   ,    Moliner-Lahoz     J    :   Impact on mor-
bidity, mortality, and length of stay of hospital-acquired 
infections by resistant microorganisms.     Clin Infect Dis   
  2017  ;   65  :  644  –  52   

     5.        Morgan     DJ   ,    Lomotan     LL   ,    Agnes     K   ,    McGrail     L   , 
   Roghmann     MC    :   Characteristics of healthcare-asso-
ciated infections contributing to unexpected in-hos-
pital deaths.     Infect Control Hosp Epidemiol     2010  ; 
  31  :  864  –  6   

     6.        Chant     C   ,    Smith     OM   ,    Marshall     JC   ,    Friedrich     JO    : 
  Relationship of catheter-associated urinary tract 
infection to mortality and length of stay in critically 
ill patients: A systematic review and meta-analysis of 
observational studies.     Crit Care Med     2011  ;   39  :  1167  –  73   

     7.        Kizilbash     QF   ,    Petersen     NJ   ,    Chen     GJ   ,    Naik     AD   ,    Trautner   
  BW    :   Bacteremia and mortality with urinary cath-
eter-associated bacteriuria.     Infect Control Hosp 
Epidemiol     2013  ;   34  :  1153  –  9   

     8.        Schweizer     ML   ,    Cullen     JJ   ,    Perencevich     EN   ,    Vaughan 
Sarrazin     MS    :   Costs associated with surgical site 

infections in Veterans A� airs hospitals.     JAMA Surg   
  2014  ;   149  :  575  –  81   

     9.        Branch-Elliman     W   ,    O’Brien     W   ,    Strymish     J   ,    Itani     K   , 
   Wyatt     C   ,    Gupta     K    :   Association of duration and type 
of surgical prophylaxis with antimicrobial-associated 
adverse events.     JAMA Surg     2019  ;   154  :  590  –  8   

     10.        de Jonge     SW   ,    Boldingh     QJJ   ,    Solomkin     JS   ,    Dellinger   
  EP   ,    Egger     M   ,    Salanti     G   ,    Allegranzi     B   ,    Boermeester     MA    : 
  E� ect of postoperative continuation of antibiotic pro-
phylaxis on the incidence of surgical site infection: A 
systematic review and meta-analysis.     Lancet Infect Dis   
  2020  ;   20  :  1182  –  92   

     11.        Eckardt     JL   ,    Wanek     MR   ,    Udeh     CI   ,    Neuner     EA   ,    Fraser   
  TG   ,    Attia     T   ,    Roselli     EE    :   Evaluation of prophylactic 
antibiotic use for delayed sternal closure after cardio-
thoracic operation.     Ann Thorac Surg     2018  ;   105  :  1365  –  9   

     12.        Chabot     E   ,    Nirula     R    :   Open abdomen critical care man-
agement principles: Resuscitation, � uid balance, nutri-
tion, and ventilator management.     Trauma Surg Acute 
Care Open     2017  ;   2  :  e000063   

     13.        Rasilainen     SK   ,    Juhani     MP   ,    Kalevi     LA    :   Microbial col-
onization of open abdomen in critically ill surgical 
patients.     World J Emerg Surg     2015  ;   10  :  25   

     14.      Centers for Disease Control and Prevention  :   Core 
Infection Prevention and Control Practices for Safe 
Healthcare Delivery in All Settings-Recommendations 
of the Healthcare Infection Control Practices Advisory 
Committee.     2017  . Available at:  https://www.cdc.gov/
hicpac/pdf/core-practices.pdf   . Accessed  August 1, 2021  .   

     15.        Siegel     JD RE   ,    Jackson     M   ,    Chiarello     L    ;    Healthcare 
Infection Control Practices Advisory Committee   : 
  2007 Guideline for Isolation Precautions: Preventing 
Transmission of Infectious Agents in Healthcare 
Settings.     2007  . Available at  :    https://www.cdc.gov/
infectioncontrol/pdf/guidelines/isolation-guide-
lines-H.pdf . Accessed  August 1, 2021  .   

     16.        Kanamori     H   ,    Rutala     WA   ,    Weber     DJ    :   The role of patient 
care items as a fomite in healthcare-associated out-
breaks and infection prevention.     Clin Infect Dis     2017  ; 
  65  :  1412  –  9   

     17.        Voss     A   ,    Widmer     AF    :   No time for handwashing!?: 
Handwashing  versus  alcoholic rub: Can we a� ord 100% 
compliance?     Infect Control Hosp Epidemiol     1997  ; 
  18  :  205  –  8   

     18.        Pittet     D   ,    Hugonnet     S   ,    Harbarth     S   ,    Mourouga     P   ,    Sauvan   
  V   ,    Touveneau     S   ,    Perneger     TV    :   E� ectiveness of a hos-
pital-wide programme to improve compliance with 
hand hygiene: Infection Control Programme.     Lancet   
  2000  ;   356  :  1307  –  12   

     19.        Haley     RW   ,    Culver     DH   ,    White     JW   ,    Morgan     WM   ,    Emori   
  TG   ,    Munn     VP   ,    Hooton     TM    :   The e�  cacy of infection 
surveillance and control programs in preventing nos-
ocomial infections in US hospitals.     Am J Epidemiol   
  1985  ;   121  :  182  –  205   

ALN_V135N6_Text.indb   1129ALN_V135N6_Text.indb   1129 01-Nov-21   20:55:2301-Nov-21   20:55:23

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



1130 Anesthesiology 2021; 135:1122–31  Mazzeffi  et al.

CLINICAL FOCUS REVIEW

     20.        Robert     J   ,    Fridkin     SK   ,    Blumberg     HM   ,    Anderson     B   , 
   White     N   ,    Ray     SM   ,    Chan     J   ,    Jarvis     WR    :   The in� uence of 
the composition of the nursing sta�  on primary blood-
stream infection rates in a surgical intensive care unit.   
  Infect Control Hosp Epidemiol     2000  ;   21  :  12  –  7   

     21.        Alonso-Echanove     J   ,    Edwards     JR   ,    Richards     MJ   ,    Brennan   
  P   ,    Venezia     RA   ,    Keen     J   ,    Ashline     V   ,    Kirkland     K   ,    Chou     E   , 
   Hupert     M   ,    Veeder     AV   ,    Speas     J   ,    Kaye     J   ,    Sharma     K   ,    Martin   
  A   ,    Moroz     VD   ,    Gaynes     RP    :   E� ect of nurse sta�  ng and 
antimicrobial-impregnated central venous catheters on 
the risk for bloodstream infections in intensive care 
units.     Infect Control Hosp Epidemiol     2003  ;   24  :  916  –  25   

     22.        Lo     E   ,    Nicolle     LE   ,    Co�  n     SE   ,    Gould     C   ,    Maragakis     LL   , 
   Meddings     J   ,    Pegues     DA   ,    Pettis     AM   ,    Saint     S   ,    Yokoe     DS    : 
  Strategies to prevent catheter-associated urinary tract 
infections in acute care hospitals: 2014 update.     Infect 
Control Hosp Epidemiol     2014  ;   35  :  464  –  79   

     23.        Gomila     A   ,    Carratalà     J   ,    Eliakim-Raz     N   ,    Shaw     E   ,    Tebé     C   , 
   Wolkewitz     M   ,    Wiegand     I   ,    Grier     S   ,    Vank     C   ,    Cuperus     N   , 
   Van den Heuvel     L   ,    Vuong     C   ,    MacGowan     A   ,    Leibovici   
  L   ,    Addy     I   ,    Pujol     M    ;    RESCUING Study Group and 
Study Sites   :   Clinical outcomes of hospitalised patients 
with catheter-associated urinary tract infection in 
countries with a high rate of multidrug-resistance: 
The COMBACTE-MAGNET RESCUING study.   
  Antimicrob Resist Infect Control     2019  ;   8  :  198   

     24.        Saint     S   ,    Meddings     JA   ,    Calfee     D   ,    Kowalski     CP   ,    Krein   
  SL    :   Catheter-associated urinary tract infection and 
the Medicare rule changes.     Ann Intern Med     2009  ; 
  150  :  877  –  84   

     25.      National Healthcare Safety Network  :   Urinary Tract 
Infection (Catheter-associated Urinary Tract Infection 
[CAUTI] and Non-catheter–associated Urinary Tract 
Infection [UTI]) Events.     2021  . Available at:  https://
www.cdc.gov/nhsn/pdfs/pscmanual/7psccauticur-
rent.pdf   . Accessed  August 1, 2021  .   

     26.        Halm     MA   ,    O’Connor     N    :   Do system-based interven-
tions a� ect catheter-associated urinary tract infection?   
  Am J Crit Care     2014  ;   23  :  505  –  9   

     27.        Hooton     TM   ,    Bradley     SF   ,    Cardenas     DD   ,    Colgan     R   , 
   Geerlings     SE   ,    Rice     JC   ,    Saint     S   ,    Schae� er     AJ   ,    Tambayh   
  PA   ,    Tenke     P   ,    Nicolle     LE    ;    Infectious Diseases Society of 
America   :   Diagnosis, prevention, and treatment of cath-
eter-associated urinary tract infection in adults: 2009 
International Clinical Practice Guidelines from the 
Infectious Diseases Society of America.     Clin Infect Dis   
  2010  ;   50  :  625  –  63   

     28.        Andrade     VL   ,    Fernandes     FA    :   Prevention of cathe-
ter-associated urinary tract infection: Implementation 
strategies of international guidelines.     Rev Lat Am 
Enfermagem     2016  ;   24  :  e2678   

     29.        Saint     S   ,    Greene     MT   ,    Krein     SL   ,    Rogers     MA   ,    Ratz     D   , 
   Fowler     KE   ,    Edson     BS   ,    Watson     SR   ,    Meyer-Lucas     B   , 
   Masuga     M   ,    Faulkner     K   ,    Gould     CV   ,    Battles     J   ,    Fakih   

  MG    :   A program to prevent catheter-associated uri-
nary tract infection in acute care.     N Engl J Med     2016  ; 
  374  :  2111  –  9   

     30.        Taha     H   ,    Raji     SJ   ,    Khallaf     A   ,    Abu Hija     S   ,    Mathew     R   , 
   Rashed     H   ,    Du Plessis     C   ,    Allie     Z   ,    Ellahham     S    :   Improving 
catheter associated urinary tract infection rates in the 
medical units.     BMJ Qual Improv Rep     2017  ;   6  :  u209593.
w7966   

     31.        Modi     AR   ,    Kovacs     CS    :   Hospital-acquired and venti-
lator-associated pneumonia: Diagnosis, management, 
and prevention.     Cleve Clin J Med     2020  ;   87  :  633  –  9   

     32.        Melsen     WG   ,    Rovers     MM   ,    Bonten     MJ    :   Ventilator-
associated pneumonia and mortality: A systematic 
review of observational studies.     Crit Care Med     2009  ; 
  37  :  2709  –  18   

     33.        Melsen     WG   ,    Rovers     MM   ,    Bonten     MJ    :   Attributable 
mortality of ventilator-associated pneumonia: Authors’ 
reply.     Lancet Infect Dis     2013  ;   13  :  1015   

     34.        Papazian     L   ,    Klompas     M   ,    Luyt     CE    :   Ventilator-associated 
pneumonia in adults: A narrative review.     Intensive Care 
Med     2020  ;   46  :  888  –  906   

     35.      National Healthcare Safety Network  :   Ventilator-
associated Event (VAE).     2021  . Available at:  https://
www.cdc.gov/nhsn/pdfs/pscmanual/10-vae_� nal.pdf   . 
Accessed  August 1, 2021  .   

     36.        Kalil     AC   ,    Metersky     ML   ,    Klompas     M   ,    Muscedere     J   , 
   Sweeney     DA   ,    Palmer     LB   ,    Napolitano     LM   ,    O’Grady   
  NP   ,    Bartlett     JG   ,    Carratalà     J   ,    El Solh     AA   ,    Ewig     S   ,    Fey   
  PD   ,    File     TM     Jr   ,    Restrepo     MI   ,    Roberts     JA   ,    Waterer   
  GW   ,    Cruse     P   ,    Knight     SL   ,    Brozek     JL    :   Management of 
adults with hospital-acquired and ventilator-associ-
ated pneumonia: 2016 clinical practice guidelines by 
the Infectious Diseases Society of America and the 
American Thoracic Society.     Clin Infect Dis     2016  ; 
  63  :  e61  –  111   

     37.      Canadian Critical Care Trials Group  :   A randomized 
trial of diagnostic techniques for ventilator-associated 
pneumonia.     N Engl J Med     2006  ;   355  :  2619  –  30   

     38.        Berton     DC   ,    Kalil     AC   ,    Teixeira     PJ    :   Quantitative versus 
qualitative cultures of respiratory secretions for clinical 
outcomes in patients with ventilator-associated pneumo-
nia.     Cochrane Database Syst Rev     2014; 10  :  CD006482   

     39.        Luyt     CE   ,    Hékimian     G   ,    Bonnet     I   ,    Bréchot     N   ,    Schmidt   
  M   ,    Robert     J   ,    Combes     A   ,    Aubry     A    :   Usefulness of point-
of-care multiplex PCR to rapidly identify pathogens 
responsible for ventilator-associated pneumonia and 
their resistance to antibiotics: An observational study.   
  Crit Care     2020  ;   24  :  378   

     40.        Pei� er-Smadja     N   ,    Bouadma     L   ,    Mathy     V   ,    Allouche     K   , 
   Patrier     J   ,    Reboul     M   ,    Montravers     P   ,    Timsit     JF   ,    Armand-
Lefevre     L    :   Performance and impact of a multiplex 
PCR in ICU patients with ventilator-associated pneu-
monia or ventilated hospital-acquired pneumonia.     Crit 
Care     2020  ;   24  :  366   

ALN_V135N6_Text.indb   1130ALN_V135N6_Text.indb   1130 01-Nov-21   20:55:2301-Nov-21   20:55:23

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



 Anesthesiology 2021; 135:1122–31 1131

 Infection Prevention in the Intensive Care Unit

 Mazzeffi  et al.

     41.        Pickens     CO   ,    Gao     CA   ,    Cuttica     MJ   ,    Smith     SB   ,    Pesce   
  LL   ,    Grant     RA   ,    Kang     M   ,    Morales-Nebreda     L   ,    Bavishi   
  AA   ,    Arnold     JM   ,    Pawlowski     A   ,    Qi     C   ,    Budinger   
  GRS   ,    Singer     BD   ,    Wunderink     RG    ,    Investigators NC   : 
  Bacterial superinfection pneumonia in patients 
mechanically ventilated for COVID-19 pneumonia.   
  Am J Respir Crit Care Med      2021 August 19 [Epub 
ahead of print]     

     42.        Klompas     M   ,    Branson     R   ,    Eichenwald     EC   ,    Greene     LR   , 
   Howell     MD   ,    Lee     G   ,    Magill     SS   ,    Maragakis     LL   ,    Priebe   
  GP   ,    Speck     K   ,    Yokoe     DS   ,    Berenholtz     SM    :   Strategies to 
prevent ventilator-associated pneumonia in acute care 
hospitals: 2014 update.     Infect Control Hosp Epidemiol   
  2014  ;   35  :  S133  –  54   

     43.        Jackson     L   ,    Owens     M    :   Does oral care with chlorhexidine 
reduce ventilator-associated pneumonia in mechani-
cally ventilated adults?     Br J Nurs     2019  ;   28  :  682  –  9   

     44.        Klompas     M    :   Oropharyngeal decontamination with 
antiseptics to prevent ventilator-associated pneumo-
nia: Rethinking the bene� ts of chlorhexidine.     Semin 
Respir Crit Care Med     2017  ;   38  :  381  –  90   

     45.        Wang     F   ,    Wu     Y   ,    Bo     L   ,    Lou     J   ,    Zhu     J   ,    Chen     F   ,    Li     J   ,    Deng   
  X    :   The timing of tracheotomy in critically ill patients 
undergoing mechanical ventilation: A systematic 
review and meta-analysis of randomized controlled 
trials.     Chest     2011  ;   140  :  1456  –  65   

     46.        Chorath     K   ,    Hoang     A   ,    Rajasekaran     K   ,    Moreira     A    : 
  Association of early  vs.  late tracheostomy placement 
with pneumonia and ventilator days in critically ill 
patients: A meta-analysis.     JAMA Otolaryngol Head 
Neck Surg     2021  ;   147  :  450  –  9   

     47.        Pronovost     P   ,    Needham     D   ,    Berenholtz     S   ,    Sinopoli     D   , 
   Chu     H   ,    Cosgrove     S   ,    Sexton     B   ,    Hyzy     R   ,    Welsh     R   ,    Roth   
  G   ,    Bander     J   ,    Kepros     J   ,    Goeschel     C    :   An intervention to 
decrease catheter-related bloodstream infections in the 
ICU.     N Engl J Med     2006  ;   355  :  2725  –  32   

     48.        Timsit     JF   ,    Schwebel     C   ,    Bouadma     L   ,    Ge� roy     A   ,    Garrouste-
Orgeas     M   ,    Pease     S   ,    Herault     MC   ,    Haouache     H   ,    Calvino-
Gunther     S   ,    Gestin     B   ,    Armand-Lefevre     L   ,    Le� on     V   , 
   Chaplain     C   ,    Benali     A   ,    Francais     A   ,    Adrie     C   ,    Zahar     JR   , 

   Thuong     M   ,    Arrault     X   ,    Croize     J   ,    Lucet     JC    ;    Dressing 
Study Group   :   Chlorhexidine-impregnated sponges and 
less frequent dressing changes for prevention of cathe-
ter-related infections in critically ill adults: A random-
ized controlled trial.     JAMA     2009  ;   301  :  1231  –  41   

     49.        Frost     SA   ,    Alogso     MC   ,    Metcalfe     L   ,    Lynch     JM   ,    Hunt     L   , 
   Sanghavi     R   ,    Alexandrou     E   ,    Hillman     KM    :   Chlorhexidine 
bathing and health care-associated infections among 
adult intensive care patients: A systematic review and 
meta-analysis.     Crit Care     2016  ;   20  :  379   

     50.        Anderson     DJ   ,    Chen     LF   ,    Weber     DJ   ,    Moehring     RW   , 
   Lewis     SS   ,    Triplett     PF   ,    Blocker     M   ,    Becherer     P   ,    Schwab   
  JC   ,    Knelson     LP   ,    Lokhnygina     Y   ,    Rutala     WA   ,    Kanamori   
  H   ,    Gergen     MF   ,    Sexton     DJ    ;    Centers for Disease Control 
and Prevention Epicenters Program   :   Enhanced ter-
minal room disinfection and acquisition and infec-
tion caused by multidrug-resistant organisms and 
Clostridium di�  cile  (the Bene� ts of Enhanced Terminal 
Room Disinfection study) cluster-randomised, multi-
centre, crossover study.     Lancet     2017  ;   389  :  805  –  14   

     51.        Trifan     A   ,    Stanciu     C   ,    Girleanu     I   ,    Stoica     OC   ,    Singeap   
  AM   ,    Maxim     R   ,    Chiriac     SA   ,    Ciobica     A   ,    Boiculese     L    : 
  Proton pump inhibitors therapy and risk of  Clostridium 
di�  cile  infection: Systematic review and meta-analysis.   
  World J Gastroenterol     2017  ;   23  :  6500  –  15   

     52.        Dellit     TH   ,    Owens     RC   ,    McGowan     JE     Jr   ,    Gerding     DN   , 
   Weinstein     RA   ,    Burke     JP   ,    Huskins     WC   ,    Paterson     DL   , 
   Fishman     NO   ,    Carpenter     CF   ,    Brennan     PJ   ,    Billeter     M   , 
   Hooton     TM    ;    Infectious Diseases Society of America; 
Society for Healthcare Epidemiology of America   : 
  Infectious Diseases Society of America and the 
Society for Healthcare Epidemiology of America 
guidelines for developing an institutional program to 
enhance antimicrobial stewardship.     Clin Infect Dis   
  2007  ;   44  :  159  –  77   

     53.        Saha     S   ,    Mara     K   ,    Pardi     DS   ,    Khanna     S    :   Durability of 
response to fecal microbiota transplantation after 
exposure to risk factors for recurrence in patients with 
Clostridioides di�  cile  infection.     Clin Infect Dis     2020 Sep 
25  :  ciaa1457 [Epub ahead of print]    

ALN_V135N6_Text.indb   1131ALN_V135N6_Text.indb   1131 01-Nov-21   20:55:2301-Nov-21   20:55:23

D
ow

nloaded from
 /anesthesiology/issue/135/6 by guest on 18 April 2024



REVIEW ARTICLE

1132 DECEMBER 2021 ANESTHESIOLOGY, V 135   •   NO 6

 As older persons increasingly rely on surgical treat-
ment, preventing perioperative neurocognitive 

disorders including postoperative delirium, delayed neuro-
cognitive recovery, and postoperative neurocognitive disor-
der has become a priority for patients, for families, and for 
perioperative research.  1 , 2   De� ned by an acute, � uctuating 
disturbance in attention and awareness, postoperative delir-
ium occurs in up to 50% of older patients and is associ-
ated with excess hospital costs, higher risk of long-term 
cognitive impairment, and poor functional outcomes.  3 , 4 

Characterized by cognitive de� cits in memory and exec-
utive function, delayed neurocognitive recovery (diagnosed 
within 30 postoperative days) and postoperative neurocog-
nitive disorder (diagnosed within 3 to 12 months) were 
once considered mainly as research outcomes with ques-
tionable clinical impact. However, they are now recog-
nized as key barriers to optimal functional recovery after 
surgery.  5 , 6   For decades, strategies to prevent perioperative 
neurocognitive disorders by targeting isolated periopera-
tive interventions have produced negative or inconclusive 
results.  7–10   Given that there are numerous potential inciting 
factors for perioperative neurocognitive disorders, it is likely 
that multicomponent interventions may be more e� ective. 
For example, one of the most successful evidence-based 
multicomponent prevention strategies is the Hospitalized 
Elder Life Program (HELP), which has been shown in 
meta-analysis to consistently prevent delirium in hospi-
talized older persons.  11   There are 14 core interventions in 
HELP, highlighting the complex and myriad precipitating 

factors that can contribute to delirium and the challenges 
faced by clinicians seeking to employ a comprehensive pro-
gram. The objective of this narrative review is to highlight 
and expand upon three key intervenable targets to consider 
in any multicomponent intervention designed to optimize 
perioperative brain health: sleep, pain, and cognition ( � g. 1   ).  

  Sleep 

  Sleep, Circadian Rhythms, and Brain Health 

 Sleep is a complex, naturally occurring physiologic state 
that is critical to survival and health in animals and humans. 
A fundamental aspect of ensuring optimal physiologic 
functions, including sleep, is the adherence to ~24-h cycles 
known as circadian rhythms, which are thought to be ubiq-
uitous to life on earth. If separated from our environmental 
and lifestyle choices, sleep–wake cycles are governed by our 
circadian system  via  the sleep-promoter hormone mela-
tonin, which peaks during darkness.  12 

 Sleep appears critical to optimal brain health and cog-
nitive function, but only recently has there been increasing 
attention within the perioperative � eld.  13 , 14   What is de� ned 
as “normal” sleep varies from individual to individual and 
with age and comorbid disease. Broadly, the following � ve 
dimensions of sleep appear the most relevant to de� nitions 
and measurements of sleep health: (1) sleep duration: the 
total amount of sleep obtained per 24 h, with between 7 
and 8 h considered optimal for most; (2) sleep continuity or 
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e�  ciency: the ease of falling asleep and returning to sleep 
after awakening; (3) timing of the sleep–wake cycle within 
the 24-h day; (4) alertness/sleepiness: the ability to main-
tain attentive wakefulness; and (5) satisfaction/quality: the 
subjective assessment of “good” or “poor” sleep.  13   All sleep 
“disorders” or “disturbances” can be understood  via  one or 
commonly multiple dimensions. For example, insomnia is 
characterized by di�  culty initiating or continuing sleep, but 
this often leads to lower sleep duration, irregular timings, 
subjective sleepiness and poor satisfaction/quality. 

 Unfortunately, as many as one in three people will 
experience some form of sleep and/or circadian distur-
bances in their lifetimes; these disturbances often go unad-
dressed, are increasingly common worldwide, and worsen 
over time.  15–19   Despite clinicians’ familiarity with the diur-
nal nature of our own sleep and behavioral cycles and the 
physical and psychologic toll associated with its disruption 
( e.g. , after a busy night on-call), there remains relatively 
few considerations given to the impact of sleep and cir-
cadian disruption in our patients and how it may impact 
their brain health and overall functional recovery during 
the perioperative period.  

  Sleep Disturbance and Delirium 

 There is now increasing recognition for the potential link 
between sleep disturbances and perioperative neurocogni-
tive disorders including delirium.  20   Sleep/circadian distur-
bances are more common in older persons and are more 
pronounced after critical illness and in neurodegenerative 
diseases such as Alzheimer disease, the very groups most 
vulnerable to perioperative neurocognitive disorders.  19 , 21–23 

 Sleep disruption before surgery has been shown to pre-
dict postoperative delirium. In an observational study of 
50 adults undergoing major noncardiac surgery in which 
sleep patterns were assessed objectively the night before 
surgery with a wearable actigraphy device, patients who 
developed postoperative delirium had signi� cantly higher 
measures of preoperative sleep fragmentation including 
both the percentage of time spent wake after sleep onset 
(mean [SD], 44% [22%]  vs.  21% [20%];  P  = 0.012) and fre-
quency of nightly awakenings (mean [SD], 17 [9]  vs.  9 [6]; 
P  = 0.047) compared to those without delirium.  24   This 
� nding has been demonstrated in other studies and in a 
recent meta-analysis of data from 12 studies and 1,199 
patients in which the pooled odds ratio for postoperative 

 Fig. 1.      The impact of sleep, pain, and cognition on perioperative brain health and postoperative recovery. Here depicted is a patient present-
ing for orthopedic surgery. The scenarios depict how the patient’s sleep, pain, and cognition are well managed throughout the postoperative 
period ( left ). The patient then remains delirium-free in the hospital and returns home at their cognitive and functional baseline ( left center ). 
Conversely, if sleep, pain, and cognition are poorly managed ( right ), the same patient may experience delirium and/or the inability to return 
to their cognitive and functional baseline ( right center ).    
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delirium for patients with preoperative sleep disturbances 
was signi� cantly higher than for those without a preoper-
ative sleep disturbance (odds ratio [95% CI], 5.24 [2.28 to 
3.69];  P  < 0.001;  I2  = 0%).  20   Possible shared pathophysio-
logical pathways between sleep disturbance and delirium 
include altered melatonin metabolism, neurotransmitter 
imbalance, and reduced neuroprotection from key de� cien-
cies such as vitamin D.  25–29   Undergoing major surgery with 
preexisting sleep disruption makes it likely these symp-
toms will be exacerbated during the postoperative recovery 
period as pain, nausea, light, noise, and immobility ensue. 

 However, based on current evidence, one cannot con-
clude causation. The extent to which sleep disturbances may 
cause delirium or  vice versa  is not yet fully understood, but 
these two conditions may share a common neuropathology. 
There is some evidence that poor sleep behavior traits and 
circadian disruption predicts incident Alzheimer disease, but 
few large prospective studies exist for sleep and delirium.  19 , 30 

Sleep disruption and problems with rest–activity cycles are 
also comorbid with many conditions relevant to brain health 
and perioperative neurocognitive disorders including heart 
failure and pain, and therefore these issues could potentially 
be a manifestation of underlying disease such as preclinical 
neurodegeneration.  31 , 32   Whether disordered sleep directly 
increases the risk of delirium or whether it is indicative of an 
underlying comorbidity that increases risk may be di�  cult 
if not impossible to determine. Testing whether treatment of 
sleep disorders reduces delirium in controlled studies may be 
the best way to sort out these direct or indirect e� ects. How 
this a� ects the perioperative physician is also evolving. The 
role of sleep in the preservation of perioperative cognition is 
an active area of research, and it may be that sleep disruption 
comes to be seen as a chronic condition in need of optimi-
zation rather than reversal.  

  Sleep-disordered Breathing, Continuous Positive Airway 
Pressure, and Delirium 

 Sleep-disordered breathing is a complex, multisystemic dis-
order that warrants particular mention. In particular, the 
obstructive variant of sleep apnea (or OSA) is associated 
with obesity and increased risk for airway di�  culties, adverse 
cardiac events, postoperative respiratory complications, and 
perioperative neurocognitive disorders.  33   In the general 
population, OSA is associated with reductions in cognitive 
reserve, increased risk for cognitive impairment and worsen-
ing executive function, and amyloid deposition in key brain 
regions.  34–36   Because many of these � ndings share charac-
teristics of perioperative neurocognitive disorders, a link 
between OSA and perioperative neurocognitive disorders 
has also been proposed. Possible mechanisms underlying the 
association between OSA and delirium include abnormali-
ties in sleep architecture leading to sleep disruption, hypoxia, 
vascular injury, low-grade systemic in� ammation, oxidative 
stress, and decrease in insulin growth factor-1, as has been 
seen with neuronal injury and apoptosis.  37 

 Using objective polysomnography, preoperative 
sleep-disordered breathing de� ned by a high apnea–
hypopnea index was associated with more than six-fold 
increased odds for postoperative delirium (odds ratio [95% 
CI], 6.4 [2.6 to 15.4],  P  < 0.001), including patients with-
out an existing formal OSA diagnosis.  38   In a small cohort 
of older patients undergoing elective knee replacement, the 
incidence of delirium was signi� cantly higher in patients 
with OSA as compared to those without OSA (8 of 15 
[53%]  vs.  19 of 95 [20%];  P  = 0.0123).  39   However, a recent 
retrospective observational cohort study of 7,792 surgical 
patients did not � nd a signi� cant association between pre-
operative OSA and postoperative delirium after adjustment 
for perioperative confounders.  40   Both OSA and postopera-
tive delirium remain greatly underdetected, and on balance 
of evidence, their relationship still warrants close attention. 
For example, the Society of Anesthesia and Sleep Medicine 
currently recommends using preoperative screening tools 
such as the STOP-Bang preoperative screening for OSA, 
given the link with increased perioperative complications.  41 

 Although the use of continuous positive airway pressure 
slows the deterioration of cognition, brain function, and 
mood in nonsurgical patients with OSA, thus far data from 
the surgical population is less conclusive.  42–44   When patients 
who were at risk for sleep apnea were randomized in a con-
tinuous positive airway pressure group  versus  standard care, 
the perioperative use of continuous positive airway pressure 
did not change the incidence of postoperative delirium (12 
of 58 [21%]  vs.  9 of 56 [16%]; odds ratio [95% CI], 1.36 [0.52 
to 3.54];  P  = 0.53).  45   Whereas both preoperative and postop-
erative residual OSA severity as de� ned by apnea-hypopnea 
index were signi� cantly correlated with delirium severity 
in this sample, continuous positive airway pressure use was 
not found to be signi� cantly correlated. Further studies with 
particular attention on continuous positive airway pressure 
adherence or the use of other respiratory adjuncts such as 
high-� ow nasal oxygen are ongoing and may yield pos-
itive results in the future. It remains unclear whether the 
best strategy to prevent postoperative delirium is to treat the 
OSA directly using continuous positive airway pressure or 
to consider OSA patients at high risk and use more general 
delirium prevention strategies in this group. Currently, it is 
unknown whether OSA is a risk factor for delayed neuro-
cognitive recovery or postoperative neurocognitive disorder. 
In the coming years, prospective clinical trials investigating 
this area will provide much-needed data.  46 , 47 

  Other Postoperative Sleep-related Interventions and 
Delirium 

 In terms of pharmacologic interventions to prevent delir-
ium, dexmedetomidine and melatonin have been exten-
sively studied. For intensive care unit (ICU) patients who 
are mechanically ventilated, sedation with dexmedetomi-
dine may be less likely to be associated with delirium com-
pared to benzodiazepines or propofol.  48 , 49   Although there are 
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inconsistent � ndings between studies, recent meta-analyses 
suggest that sedation of critically ill patients with dexmede-
tomidine may reduce the frequency and duration of delir-
ium.  50 , 51   Although these � ndings may primarily re� ect the 
bene� t of avoiding deliriogenic sedatives, the exact mecha-
nism remains unclear. However, unlike all other sedatives and 
the commonly used anesthetics, dexmedetomidine appears 
most likely to preserve sleep architecture as currently inferred 
via  electroencephalogram (EEG). In healthy volunteers, dex-
medetomidine induced stage N3 non–rapid eye movement 
sleep in a dose-dependent fashion with an EEG pattern mim-
icking natural sleep without impairing next-day psychomo-
tor performance.  52   A low-dose dexmedetomidine infusion 
prolonged total sleep time and increased sleep e�  ciency and 
time spent in stage N2 non–rapid eye movement sleep in 76 
older ICU patients.  53   In a randomized, blinded, placebo-con-
trolled trial of 700 older noncardiac surgery patients, a low-
dose dexmedetomidine infusion given to both ventilated and 
extubated patients from the time of ICU admission until 8 
am  the morning of postoperative day 1 greatly reduced the 
risk of delirium as compared to placebo (32 of 350 [9%]  vs.
79 of 350 [23%]; odds ratio [95% CI], 0.35 [0.22 to 0.54]; 
P  < 0.0001).  54   Additionally, patients in the dexmedetomidine 
group reported signi� cantly better sleep quality (2 [0 to 4]  vs . 
4 [2 to 6]); 0 to 11 scale, where lower scores indicate better 
sleep; the values are shown as medians [interquartile range];  P
< 0.0001). Finally, oral dexmedetomidine is now a possibility 
after successful testing in human subjects; however, optimal 
dosing has yet to be established, and it is not yet approved by 
the Food and Drug Administration (Silver Spring, Maryland). 
Subjects taking oral dexmedetomidine displayed both pre-
served sleep architecture on EEG and next-day psychomotor 
vigilance.  55   This may open new possibilities outside of the 
ICU for investigation as to whether dexmedetomidine can 
be e� ective as a sleep-promoting agent. 

 Melatonin is commonly used in the general population 
and in the ICU for the promotion of sleep. Given its increas-
ing use, some understanding of its role in sleep and circa-
dian rhythms is warranted. As previously mentioned, the 
sleep–wake cycle is perhaps the most obvious and important 
behavior under intrinsic circadian output control. However, 
sleep–wake cycles are also a� ected by external cues. Of these 
cues, light is by far most important; others are food, sound, 
and exercise, many of which are disrupted in sickness and 
hospital settings. Melatonin is the major sleep-promoting 
hormone under circadian control. Taking its external cue 
from low light, its concentration peaks just before sleep 
initiation. Melatonin levels are measured from the saliva or 
serum, often in serial measurements, and are an accepted sur-
rogate marker for our “internal time.”  56   Critical care settings 
often involve exposure to light, noise, pain, nausea, or clinical 
care at night, which may explain the evidence for suppressed 
nocturnal melatonin peak secretion in ICU patients.  57 

 Recent data suggest that delirious patients may also have 
reduced serum levels of melatonin.  58   For this reason, mela-
tonin supplementation has been investigated as a potential 

intervention to prevent delirium. In a prospective before–
after trial of 500 cardiac surgery patients where prophylactic 
melatonin was given the night before surgery, the incidence 
of postoperative delirium was signi� cantly lower in the 
intervention group (21 of 250 [8.4%]  vs.  52 of 250 [20.8%]; 
P  = 0.001).  59   Although a randomized trial investigating the 
prophylactic use of the melatonin receptor agonist ramelt-
eon showed some promise in preventing delirium in older 
medical patients (1 of 33 [3%]  vs.  11 of 34 [32%], ramelteon 
vs.  placebo;  P  = 0.003), it was not shown to prevent post-
operative delirium in elective cardiac surgery patients in 
another trial (19 of 59 [32%]  vs.  22 of 58 [38%], ramelteon 
vs.  placebo;  P  = 0.516).  60 , 61   Other clinical trials of melatonin 
or ramelteon have not demonstrated similar success, and a 
recent meta-analysis of 16 clinical trials concluded that evi-
dence neither supports nor opposes the use of melatonin in 
the prevention of delirium of hospitalized patients.  62   Trials 
with individually targeted timing and dosing in those who 
are most at risk for suppression and misalignment of mel-
atonin secretion may yield improved results. However, this 
may require accounting for sleep and circadian rhythm reg-
ulation before the perioperative period. 

 Aside from postoperative delirium, the impact of melatonin 
levels and melatonin supplementation on other perioperative 
neurocognitive disorders has been less extensively studied. In 
97 patients aged 65 to 90 undergoing major orthopedic or 
abdominal surgery, patients with more than two-fold � uctua-
tions in 6-sulfatoxymelatonin, a main metabolite of melatonin, 
had a signi� cantly higher incidence of delayed neurocognitive 
recovery as determined by a cognitive battery 1 week postop-
eratively (22 of 39 [56%]  vs.  9 of 56 [16.7%];  P  < 0.01).  63   In 
contrast, a study of 36 abdominal surgery patients with a mean 
age of 70 found no association between abnormal 6-sulfa-
toxymelatonin levels and the incidence of delayed neurocog-
nitive recovery.  64   In a placebo-controlled trial of 139 patients 
older than 65 undergoing hip arthroplasty, patients given mel-
atonin beginning the night before surgery and then for the 
next 5 nights had signi� cantly higher Mini Mental State Exam 
scores on days 1, 3, and 5, but scores between groups were 
similar on day 7.  65   It should be noted that delayed neuro-
cognitive recovery as de� ned as a predetermined decrease 
from the baseline Mini Mental Status Exam score was not an 
outcome in this trial. Signi� cantly worse subjectively rated 
fatigue and sleep quality were found in the control group. 
In another placebo-controlled trial of 54 patients undergoing 
breast surgery, patients administered nightly melatonin for 1 
month preoperatively until 3 months after surgery did not 
have signi� cantly di� erent rates of delayed neurocognitive 
recovery at 2 weeks or postoperative neurocognitive disorder 
at 3 months, despite subjective improvements in sleep e�  -
ciency and total sleep duration.  66   Because of the small sample 
size and resulting lack of power, as well as the substantial het-
erogeneity in outcome de� nition seen in these studies, there 
is a clear need for further work on the relationship between 
melatonin and perioperative neurocognitive disorders other 
than delirium. 
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 Finally, because of the overall paucity of e� ective 
sleep-promoting medications, there have now been 
increased e� orts to trial multifaceted nonpharmacologic 
sleep interventions to prevent ICU delirium. A before–after 
quality improvement project in 300 medical ICU patients 
implemented a bundle of environmental changes including 
ear plugs, eye masks, and soothing music to decrease night-
time sleep disruption and promote daytime wakefulness. In 
the intervention group, the incidence of delirium was sig-
ni� cantly less than in the preintervention group (odds ratio 
[95% CI], 0.46 [0.23 to 0.89];  P  = 0.02).  67   Taken as a whole, 
bundled sleep interventions may reduce the risk of delir-
ium, but more work is needed to con� rm these � ndings in 
adequately controlled trials and to pinpoint which aspect(s) 
of the multicomponent sleep bundles are the most e� ective.  

  Summary 

 Sleep and circadian disturbances are important risk factors 
for the development of neurodegenerative diseases includ-
ing Alzheimer disease, which in turn are important predis-
posing factors for postoperative delirium ( � g. 2   ). To what 
extent sleep disturbances may cause delirium, which sleep 
disorders are particularly risky, or at which time point in the 
perioperative course these factors are important are unclear. 

Certain chronic sleep patterns may predispose to delirium 
and may in turn make patients more susceptible to acute 
perioperative sleep disturbances that may precipitate delir-
ium. Additionally, postoperative delirium may cause acute 
de novo  sleep disturbances, adding further complexity. More 
work is needed to untangle these relationships to derive 
e� ective interventions. Although the relationship between 
sleep and circadian health and delirium is beginning to 
emerge, further work is also needed to understand the con-
sequences of sleep disturbances and delayed neurocognitive 
recovery and postoperative neurocognitive disorder. Finally, 
there is a large degree of overlap between sleep disorders, 
pain, and cognition. Thus, future trials should aim to incor-
porate multimodal targets incorporating these components.    

  Pain 

  Pain and Perioperative Neurocognitive Disorders 

 The relationship between pain and perioperative neurocog-
nitive disorders and the modi� cation of that relationship 
by the treatment of pain are incredibly complex ( � g.  3   ). 
In� ammation and pain are closely biochemically linked, and 
many of the mediators of the body’s response to injury and 
in� ammation in both the peripheral and central nervous 

 Fig. 2.      Sleep and circadian disruption and perioperative neurocognitive disorders. Preexisting sleep disorders and baseline neuropathology 
may contribute to sleep and circadian rhythm disruption in the perioperative period, which may then be a precipitating factor for perioperative 
neurocognitive disorders. OSA, obstructive sleep apnea.    
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system including prostaglandins, bradykinins, interleuk-
ins, and tumor necrosis factor-  α   can be elevated in painful 
conditions.  68 , 69   This relationship is relevant to perioperative 
neurocognitive disorders, because one commonly proposed 
mechanistic framework for both postoperative delirium and 
delayed neurocognitive recovery is through neuroin� am-
mation.  2 , 5 , 6 , 70 , 71   In this proposed mechanism, either periph-
eral or central nervous system injury leads to in� ammatory 
cytokine release, endothelial activation, breakdown of the 
blood–brain barrier, and activation of microglia, potentially 
culminating in neuronal injury and subsequent brain dys-
function.  72–74   Another interesting link between pain and 
cognitive dysfunction comes from the knowledge that 
cholinergic neurons modulate pain signals, and cholinergic 
de� ciency and anticholinergic medication use have been 
implicated in both pain hypersensitivity and delirium.  27 , 75 

These biochemical links between in� ammation, pain, and 
neuronal injury or dysfunction are more easily identi� ed in 
preclinical models than in clinical studies given the di�  cul-
ties inherent to selecting and sampling the ideal mediators 
in perioperative patients. Despite this limitation, there are a 
number of studies supporting an association between pain 
and subsequent perioperative neurocognitive disorders that 
are worthy of review.  

 The majority of clinical studies linking pain to periop-
erative neurocognitive disorders focus on the potential 
association between postoperative pain and postoperative 

delirium. Although this focus is reasonable given their 
temporal association, the presence of preoperative pain 
may also play a signi� cant role and should not be over-
looked. For example, in a cohort of 333 major noncardiac 
surgery patients 65 and older, the presence of moderate 
preoperative pain (odds ratio [95% CI], 2.2 [1.2 to 4.0]; 
P  < 0.05) and the presence of severe preoperative pain (3.7 
[1.5 to 9.0];  P  < 0.05) at rest were independently predic-
tive of postoperative delirium.  76   An increase in pain scores 
from preoperative baseline to postoperative day 1 was also 
predictive of postoperative delirium (1.1 [1.01 to 1.2]; 
P  < 0.05). In 459 older patients undergoing elective ortho-
pedic surgery, the severity of preoperative pain was sig-
ni� cantly associated with an increased risk of subsequent 
delirium (severe pain  vs.  no/mild pain; odds ratio [95% CI], 
2.0 [1.4 to 3.0];  P  = 0.013) for trend between no/mild, 
moderate, and severe pain).  77   The relationship between pain 
and delirium may be modi� ed by the presence of underly-
ing depression, because subgroup analysis of patients with 
depression from this cohort revealed that for every 1-point 
increase on the postoperative visual analog pain scale, the 
risk of delirium signi� cantly increased. Interestingly, inves-
tigations of alterations in synaptic connectivity in the pre-
frontal cortex suggest that changes may occur in this region 
for patients with depression, in chronic pain, and in dis-
orders of executive function, suggesting a potential close 
neuropathological link between these conditions.  78 

 Fig. 3.      The relationships between pain, infl ammation, and analgesia on the risk for perioperative neurocognitive disorders.  Red lines  and 
plus signs  signify processes that may worsen other conditions.  Green arrows  and  minus signs  indicate processes that may ameliorate or 
improve other conditions.    
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 As previously mentioned, the preponderance of clin-
ical evidence associating pain and perioperative neuro-
cognitive disorders involves acute postoperative pain. In a 
cohort of 541 older patients with hip fracture, cognitively 
intact patients with any episode of severe postoperative 
pain at rest (as de� ned by a score of 4 or greater on a 
5-point scale) through postoperative day 3 had a nine-fold 
increase in the risk of subsequent delirium (risk ratio [95% 
CI], 9.0 [1.8 to 45.2];  P  = 0.01).  79   In 361 patients with 
a mean age of 66 undergoing major noncardiac surgery, 
postoperative pain at rest was signi� cantly associated with 
subsequent postoperative delirium (risk ratio, 1.20 [1.04 
to 1.37] per 1-point increase on the visual analog scale;  
P  = 0.015).  80   In a similar population, patients with high 
levels of postoperative pain and receiving high doses of 
opioids had signi� cantly higher rates of delirium, in both 
patients at low risk for delirium (17 of 34 [50%]  vs.  35 of 
174 [20%];  P  = 0.0004) and patients at high risk for delir-
ium (23 of 32 [72%]  vs.  46 of 93 [49%];  P  = 0.031) com-
pared to patients with lower levels of pain.  81   In contrast, 
in 89 older patients undergoing major abdominal surgery, 
uncontrolled pain as de� ned by a pain score of greater 
than 5 without adequate medication administration was 
not found to be signi� cantly associated with delirium 
(risk ratio [95% CI], 1.0 [0.7 to 1.4];  P  = 0.91).  82   It should 
be noted when discussing the evidence linking pain to 
perioperative neurocognitive disorders that the assessment 
of pain can be very challenging in patients with impaired 
cognition, and therefore current guidelines recommend 
using a multisource, multidimensional approach to the 
assessment of pain in older persons.  83   Additionally, many 
of the above-referenced trials do not contain information 
as to whether chronic pain or opioid use was present pre-
operatively, limiting the interpretation of these results.  

  Pain Treatment and Perioperative Neurocognitive 
Disorders 

 The adequate diagnosis and management of pain is a core 
intervention in HELP, as well as multicomponent ICU care 
guidelines such as the ABCDEF bundle, and is also rec-
ommended in consensus guidelines for reducing postop-
erative delirium from multiple interdisciplinary working 
groups.  11 , 84–86   As previously mentioned, data from multiple 
perioperative studies suggest that the presence of preoper-
ative or postoperative pain or worsening severity of pain in 
the postoperative period is associated with subsequent delir-
ium. In many of these studies, it is di�  cult to determine 
based on their results whether adequate treatment of pain 
can prevent delirium or conversely whether undertreatment 
of pain can precipitate delirium. Because low pain scores 
may indicate either absence of pain or e� ective treatment of 
pain, evaluation of the impact of pain treatment on the risk 
of perioperative neurocognitive disorders requires adjust-
ment for either factor. This relationship is confounded even 
further when considering the speci� c medication used to 

treat pain, because many drugs have been implicated as pre-
cipitating factors for delirium, especially opioids.  

  Opioids 

 Amid the enhanced awareness of perioperative neurocog-
nitive disorders and the opioid epidemic, avoidance or min-
imization of opioids has become an essential consideration 
in perioperative care. On one hand, opioids remain some 
of the most e� ective analgesics for acute pain, especially 
for severe painful conditions such as after trauma or sur-
gery. On the other hand, opioid-related side e� ects such 
as sedation or hallucination may precipitate, worsen, or 
mimic symptoms of delirium such as disorientation or 
hypoactive motor and cognitive function. Given these con-
siderations, current guidelines for best practices to avoid 
delirium advocate for avoiding opioids, at least as � rst line 
agents.  70 , 86   However, data suggest that simply administer-
ing fewer opioids may not prevent perioperative neurocog-
nitive disorders. For example, in a retrospective matched 
cohort study of 86 medical–surgical patients with a mean 
age of 80 admitted with painful conditions and with an 
opioid ordered, delirious patients received a signi� cantly 
lower fraction of the allowed dose ordered than nondeliri-
ous patients (11 of 43 [26.14%]  vs.  21 of 43 [48.21%];  P  < 
0.001).  87   In the cohort study of hip fracture patients men-
tioned previously in which pain at rest was associated with 
a nine-fold increased risk of delirium, investigators found 
that patients administered less than 10 mg of morphine 
equivalents per day were at signi� cantly increased risk of 
delirium compared to patients receiving more than 10 mg 
(risk ratio [95% CI], 5.4 [2.4 to 12.3];  P  < 0.001).  79   In 236 
patients older than 65 undergoing hip fracture repair, opi-
oid consumption during the � rst 3 postoperative days was 
not di� erent between patients with and without delirium 
(mean [SD], 0.66 [0.82]  vs.  0.49 [0.59] mg/kg morphine 
equivalents;  P  = 0.176), but patients with delirium did have 
signi� cantly higher pain scores (mean [SD], 2.6 [1.9]  vs.
1.7 [1.8];  P  = 0.007).  88   Although the higher risk of delir-
ium with lower opioid doses does not directly imply that 
those patients’ pain was less well treated, data from these 
cohorts suggest that increased opioid dose is not associated 
with an increased risk of postoperative delirium, at least 
in the context of acute pain. Given the clinical and soci-
etal importance of limiting opioid use, it is reasonable to 
employ multimodal e� orts to control pain before resorting 
to opioids.  89   Ideally, e� ective analgesia can be accomplished 
while limiting opioids, but in the event that opioid-spar-
ing techniques such as use of anti-in� ammatory agents 
and regional, neuraxial, or local analgesia are not successful, 
residual untreated pain may have more of an e� ect on delir-
ium than further limiting opioid use. 

 In terms of speci� c opioids, tramadol and meperidine have 
been linked to an increased risk of delirium, but there are 
limited data on the di� erential impact of the agents more 
typically used in the perioperative period such as fentanyl 
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or hydromorphone.  90   The mode of opioid administration 
may be more relevant. In the cohort study of 333 patients 
undergoing major noncardiac surgery mentioned previ-
ously, patients who only received oral opioid analgesics 
were found to have a signi� cantly reduced risk of postop-
erative delirium compared to patients treated with intra-
venous opioids (odds ratio [95% CI], 0.4 [0.2 to 0.7];  P
< 0.05).  81   Additionally, a prospective cohort study of 225 
patients older than 65 yr undergoing noncardiac surgery 
found that patients who were treated with oral opioids 
alone had signi� cantly reduced odds of delayed neurocog-
nitive recovery as assessed by a three-test battery as opposed 
to those treated with intravenous opioids  via  a patient-con-
trolled system (odds ratio [95% CI], 0.22 [0.06 to 0.80]; 
P  = 0.02). This � nding came after controlling for a number 
of patient- and surgery-speci� c confounders including pre- 
and postoperative pain levels.  91 

  Nonopioid Analgesics 

 The pathophysiological overlap between in� ammation, 
pain, and neuronal injury makes analgesics with anti-in-
� ammatory e� ects attractive candidates to prevent delirium 
in patients with acute postoperative pain. In a randomized 
trial of 620 older patients undergoing elective total joint 
arthroplasty, scheduled parecoxib (a selective COX2 inhibi-
tor) for 3 days led to a signi� cant reduction in the incidence 
of postoperative delirium compared to placebo (19 of 310 
[6.2%]  vs.  34 of 310 [11%];  P  = 0.031).  92   The parecoxib 
group also had signi� cantly less delayed neurocognitive 
recovery, de� ned by a decrease of more than 2 points on 
the Mini Mental Status Exam from baseline, than placebo 
controls on postoperative days 1, 3, and 5 (day 5: 28 of 310 
[8.7%]  vs.  53 of 310 [19.4%];  P  < 0.001). It should be noted 
that the Mini Mental Status Exam is limited in its utility 
as a test for detecting cognitive dysfunction and is not rec-
ommended for this purpose by the perioperative neuro-
cognitive disorder nomenclature working group.  1   Although 
acetaminophen is not considered an anti-in� ammatory, it 
shares some characteristics of nonsteroidal anti-in� amma-
tory drugs including action on the cyclooxygenase pathway 
and putative blockade of central nervous system prostaglan-
din production.  93   A randomized, placebo-controlled facto-
rial trial in 121 cardiac surgery patients older than 60 yr 
found that scheduled intravenous acetaminophen for the 
� rst 48 h postoperatively signi� cantly lowered the incidence 
of delirium as compared to placebo (6 of 60 [10%]  vs.  17 
of 60 [28%];  P  = 0.01).  94   Patients receiving acetaminophen 
also had signi� cantly reduced delirium duration (median 1 
vs.  2 days;  P  = 0.03). The rates of delayed neurocognitive 
recovery at discharge were not di� erent between groups. 

 In both the parecoxib and acetaminophen trials, there 
were either clinically insigni� cant di� erences or no di� er-
ences found between groups in opioid equivalents admin-
istered and in postoperative pain scores, suggesting that 
neither opioid sparing nor superior pain control were the 

main drivers of the results. It is possible that this � nding 
was instead related to the prevention of neuroin� amma-
tion; however, this hypothesis will have to be con� rmed in 
subsequent studies because neither trial included biomarker 
analyses. Additionally, the possibility that the e� ect of these 
interventions occurred through reducing neuroin� amma-
tion should be taken in context with the negative � ndings 
of multiple clinical trials investigating the intraoperative use 
of di� erent drugs with both anti-in� ammatory and analge-
sic properties including intravenous lidocaine, magnesium, 
and steroids to prevent perioperative neurocognitive disor-
ders after cardiac surgery.  95–99 

 Gabapentin is another nonopioid analgesic that has been 
investigated as an intervention to minimize perioperative 
opioid use. In a large double-blind placebo-controlled trial 
involving 697 patients with a mean age of 72 yr under-
going noncardiac surgery, the administration of 900 mg of 
gabapentin preoperatively and for the � rst 3 postoperative 
days did result in a small but signi� cant reduction in the 
amount of morphine equivalents on the � rst postoperative 
day (median [interquartile range], 6.7 [1.3 to 20.0]  vs.  6.7 
[2.7 to 24.8] mg;  P  = 0.04).  100   However, there were no 
di� erences between the gabapentin and placebo groups 
in the primary outcome of postoperative delirium (84 of 
350 [24%]  vs.  72 of 347 [20.8%];  P  = 0.30). Commonly, 
especially in enhanced recovery pathways, multimodal and 
opioid-sparing analgesia protocols will combine multiple 
agents. Data for this approach are limited, but one prospec-
tive study of a fast track protocol for 220 older patients 
undergoing major joint replacement found no cases of post-
operative delirium employing a multicomponent strategy 
including standardized anesthetic and postoperative analge-
sic protocols utilizing various combinations of paracetamol, 
gabapentin, tramadol, celecoxib, and ibuprofen across four 
di� erent centers.  101 

 Ketamine is another commonly used opioid-sparing 
analgesic. Like opioids, ketamine has potential psychotro-
pic e� ects such as hallucinations, nightmares, or psycho-
sis that are undesirable in patients at risk for perioperative 
neurocognitive disorders.  102   These e� ects may be dose-de-
pendent; therefore trials evaluating ketamine’s e� ectiveness 
in reducing opioid consumption and perioperative neuro-
cognitive disorders focus on low-dose interventions. In a 
three arm randomized active and placebo-controlled trial 
of 56 adult patients undergoing major open abdominal sur-
gery, the administration of low-dose (0.25 mg/kg bolus and 
0.125 mg ∙ kg –1  ∙ h –1  infusion) and minimal-dose (no bolus, 
0.015 mg ∙ kg –1  ∙ h –1  infusion) ketamine during the anes-
thetic and the following 48 h resulted in lower postoperative 
opioid consumption as compared to placebo (mean [SD], 
42.7 [13.4]  vs.  40.2 [13.5]  vs.  72.7 [15.3] mg piritramide; 
P  < 0.0001).  103   However, patients in the low-dose group 
had signi� cantly higher Intensive Care Delirium Screening 
Checklist scores than both the minimal-dose and placebo 
groups (median [interquartile range), 2 [1 to 3]  vs.  1 [0 to 
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1] and 0 [0 to 1], respectively;  P  = 0.007). In 58 patients 
older than 55 yr of age undergoing cardiac surgery with 
cardiopulmonary bypass, patients randomized to receive an 
intravenous bolus of 0.5 mg of ketamine had signi� cantly 
lower rates of postoperative delirium than placebo controls 
(1 of 29 [3%]  vs.  9 of 29 [31%];  P  = 0.01).  104   In a di� erent 
study in the same population by the same investigators, they 
found that the same intervention could possibly reduce the 
incidence of delayed cognitive recovery at 1 week postop-
eratively, as de� ned by a 2 SD decrease on assessments of 
memory and executive functions, as compared to placebo 
(7 of 26 [27%]  vs.  21 of 26 [81%];  P  < 0.001) after adjusting 
for training e� ects using assessment data from concurrent 
nonsurgical controls.  105 

 The Prevention of Delirium and Complications 
Associated with Surgical Treatments (PODCAST) trial 
sought to more de� nitively investigate whether the pro-
phylactic intraoperative administration of ketamine could 
prevent postoperative delirium, also using a three-armed 
design.  9   In the trial, 672 patients older than 60 yr under-
going major cardiac and noncardiac surgery were random-
ized to either low-dose (0.5 mg/kg) or high-dose (1.0 mg/
kg) ketamine boluses or placebo given in the time between 
induction and surgical incision. There was no di� erence in 
the incidence of postoperative delirium during the � rst 3 
postoperative days between patients who received any dose 
of ketamine as compared to placebo (88 of 450 [19.45%]  vs.
44 of 222 [19.82%];  P  = 0.92). There was also no signi� cant 
di� erence found in delirium rates across all three groups (40 
of 227 [17.65%]  vs.  47 of 223[21.3%]  vs.  44 of 222 [19.82%] 
in low-dose, high-dose, and placebo groups, respectively; 
P  = 0.80). Furthermore, no signi� cant di� erences among 
groups were found with respect to time to delirium onset, 
severity, or duration of delirium. Postoperative opioid con-
sumption was not signi� cantly di� erent between the three 
groups at any time point. Last, more patients in the ket-
amine groups reported experiencing hallucinations (45 
of 227 [20%]  vs.  62 of 223 [28%]  vs.  40 of 222 [18%] in 
low-dose, high-dose, and placebo groups, respectively; 
P  = 0.01) and nightmares (27 of 227 [12%]  vs.  34 of 223 
[15%]  vs.  18 of 222 [8%];  P  = 0.03). Therefore, the results 
of the PODCAST trial should give providers caution when 
considering intraoperative ketamine as a means to either 
reduce the risk of delirium or postoperative opioid con-
sumption, because neither high- nor low-dose regimens 
were e� ective for these outcomes, and there was evidence 
of signi� cant harm from ketamine with regards to its psy-
chotropic e� ects.  

  Regional or Neuraxial Analgesia 

 A successful regional nerve block may be very e� ective 
for postoperative pain control when placed in an appro-
priate candidate. If this e� ective analgesia can be obtained 
while also sparing the use of opioids, then it is theoretically 
possible that regional nerve blocks can prevent delirium 

in multiple ways. The best available data for this approach 
come from studies in orthopedic surgery patients. In 207 
patients at intermediate- or high-risk of delirium undergo-
ing hip fracture surgery who were randomized to undergo 
a fascia iliaca or sham block administered on admission and 
repeated every 24 h until delirium occurrence or discharge, 
the use of the fascia iliaca block resulted in a signi� cantly 
reduced incidence of delirium (11 of 102 [10.78%]  vs.  25 
of 105 [23.8%]; risk ratio [95% CI], 0.45 [0.23 to 0.87]).  106 

Additionally, patients who received fascia iliaca blocks expe-
rienced lower delirium severity (mean [SD], 14.34 [3.6]  vs.
18.61 [3.4) DRSR-98 score;  P  < 0.001) and shorter delir-
ium duration (mean [SD], 5.22 [4.28]  vs.  10.97 [7.16] days; 
P  < 0.001). For patients undergoing total knee arthroplasty, 
a cohort study of 85 patients demonstrated that analgesia 
via  a femoral nerve catheter in addition to patient-con-
trolled analgesia (PCA) was associated with lower rates of 
postoperative delirium as compared to PCA alone (7 of 28 
[25%]  vs.  31 of 51 [61%];  P  = 0.002).  107   After controlling for 
preoperative cognitive function, the odds of postoperative 
delirium were signi� cantly higher in the PCA group than 
patients who received a femoral nerve catheter in addition 
to their PCA (odds ratio [95% CI], 7.02 [2.06 to 23.97]; 
P  = 0.002). The use of intraoperative spinal anesthesia as 
an alternative to general anesthesia has been proposed to 
reduce anesthetic exposure for patients at risk for postoper-
ative delirium. Interestingly, this may not always be the case, 
because patients under spinal anesthesia with supplemental 
monitored anesthesia care may still receive high doses of 
intravenous sedatives.  108   This makes the interpretation of 
trials investigating the bene� t of neuraxial anesthetics on 
postoperative delirium challenging. A large randomized 
controlled trial is currently underway speci� cally examin-
ing whether spinal anesthesia or general anesthesia is supe-
rior for older patients undergoing hip fracture surgery, with 
postoperative delirium as a secondary outcome.  109 

 For operations on the thorax or abdomen, analgesia  via
the use of an epidural catheter can be very e� ective, albeit 
with the inherent risk of hypotension.  110   In a trial of 70 
patients older than 70 yr of age randomized to either com-
bined general and epidural anesthesia followed by epidural 
PCA with bupivacaine and sufentanil compared to general 
anesthesia and PCA alone, the use of epidural PCA did 
not signi� cantly reduce the incidence of delirium (8 of 31 
[26%]  vs.  8 of 33 [24%];  P  > 0.05).  111   A higher proportion 
of patients in the PCA group demonstrated poor scores on 
the Abbreviated Mental Test than the epidural PCA group 
on postoperative day 4 (number of patients with scores ≤ 8, 
9, and 10 was 5, 11, and 17  vs.  1, 5, and 25;  P  < 0.05) and 
postoperative day 5 (5, 13, and 15  vs.  1, 7, and 23;  P  < 0.05). 
In a secondary analysis of the PODCAST trial, the investi-
gators found that patients who received postoperative epi-
dural analgesia did not have a signi� cantly reduced odds 
of postoperative delirium within the � rst 3 postoperative 
days compared to those without an epidural after adjusting 
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for several confounders including age and type of proce-
dure (adjusted odds ratio [95% CI], 0.65 [0.32 to 1.35]; 
P  = 0.247).  112   A  post hoc  analysis was performed in which 
patients treated with an epidural were less likely to experi-
ence any episode of delirium during the study follow-up, 
after adjustment for the same confounders (adjusted odds 
ratio [95% CI], 0.36 [0.17 to 0.78];  P  = 0.009). Because 
postoperative delirium is often de� ned by any single epi-
sode of delirium, and this analysis was conducted post hoc, 
it is unclear how impactful this � nding is. 

 Finally, the use of epidural analgesia has been included 
in studies evaluating the e� ectiveness of enhanced recovery 
pathways for colonic surgery. In one trial, 240 open col-
orectal surgery patients older than 70 yr were randomized 
to a fast-track protocol (consisting of preoperative dietary, 
hydration, and bowel preparation interventions, tho-
racic epidural anesthesia and postoperative epidural PCA 
with ropivacaine only, and postoperative mobilization and 
dietary interventions) or traditional care (notably consisting 
of general anesthesia and postoperative fentanyl).  113   Patients 
in the fast-track group had a signi� cantly lower incidence 
of postoperative delirium within the � rst 5 days (4 of 117 
[3.4%]  vs.  15 of 116 [12.9%];  P  = 0.008).  

  Summary 

 Severe or uncontrolled preoperative or postoperative pain 
and increased levels of pain from the preoperative to postop-
erative period are all associated with postoperative delirium. 
Proper diagnosis and adequate treatment of pain remains a 
key component of preventative strategies for postoperative 
delirium. Although multimodal analgesic strategies includ-
ing nonopioid analgesics and regional or neuraxial anal-
gesia have demonstrated success in e� ectively controlling 
pain and potentially reducing opioid requirements, at this 
time the quality of evidence underlying any one analgesic 
approach to prevent delirium is low. Evidence is stronger, 
however, that undertreatment of pain is more of a signif-
icant risk factor for postoperative delirium than treatment 
with potentially deliriogenic medications. There are few 
data available on the relationship between pain, pain treat-
ment, and delayed neurocognitive recovery or postoperative 
neurocognitive disorder.   

  Cognition 
 A disturbance in cognition, either temporarily or longer 
term, is a de� ning feature of postoperative delirium, delayed 
neurocognitive recovery, and postoperative neurocognitive 
disorder.  1   An emerging component of perioperative care 
now consists of perioperative multicomponent strategies to 
enhance recovery. In this context, preoperative optimization 
and the goal of the best possible functional recovery for sur-
gical patients increasingly includes measures taken to pro-
tect perioperative cognitive function.  114   Thus, the detection 
of perioperative neurocognitive disorders and evaluation of 

strategies employed to prevent them relies on a thorough 
understanding of the cognitive areas a� ected in the periop-
erative period, the development of validated instruments to 
measure perioperative cognition, and the current state of 
evidence for strategies to improve postoperative cognitive 
function. 

  Baseline Cognitive Performance and Perioperative 
Neurocognitive Disorders 

 The degree of preexisting organ dysfunction is an import-
ant risk factor for many types of postoperative complica-
tions.  115–117   The same can be said for brain function, because 
poor baseline cognition is a strong predictor of future cog-
nitive dysfunction. Although there is continuing debate as to 
which cognitive test or battery of tests is best suited for the 
perioperative period, there is strong evidence that patient 
performance on a preoperative cognitive test can predict 
perioperative neurocognitive disorders. Screening tests such 
as the Mini-Cog and Mini Mental Status Exam, which 
were originally designed to detect mild cognitive impair-
ment or dementia, have been used to evaluate perioperative 
cognitive function. In two longitudinal cohort studies of 
surgical patients older than 65 yr, investigators found that a 
preoperative Mini-Cog score indicative of moderate cogni-
tive dysfunction (3 or lower or 2 or lower) was associated 
with a signi� cantly higher risk of postoperative delirium 
(odds ratio [95% CI], 2.4 [1.2 to 4.9];  P  = 0.015; and 4.5 
[1.3 to 15.7];  P  = 0.017, respectively) and more days with 
postoperative delirium (mean [SD], 4 [6]  vs.  1 [2] days; 
P  = 0.012).  118 , 119   In 425 older hip fracture surgery patients, 
those with a Mini Mental Status Exam score of less than 
24 had a signi� cantly increased incidence of postoperative 
delirium (76 of 141 [54%]  vs.  73 of 284 [26%];  P  ≤ 0.001).  120 

In a similar population, a higher preoperative Mini Mental 
Status Exam score was associated with a lower incidence of 
postoperative delirium (odds ratio [95% CI], 0.67 [0.52 to 
0.86];  P  = 0.002).  121 

 In addition to tests of global cognitive function, poor 
performance on targeted tests of executive function can also 
predict postoperative delirium in older patients undergo-
ing major noncardiac surgery (odds ratio [95% CI], 1.23 
[1.06 to 1.43];  P  < 0.01 for a three-test composite and log 
mean ratio [95% CI], 1.27 [1.11 to 1.46];  P  < 0.01 for color 
trial 2).  122 , 123   Preoperative test performance is also associated 
with persistent cognitive de� cits, because older hip arthro-
plasty patients who performed less than 2 standard devia-
tions on at least two of seven neuropsychological tests had 
higher incidences of both delayed neurocognitive recovery 
at 7 days (23 of 91 [25.3%]  vs.  26 of 195 [13.3%];  P  = 0.012) 
and of postoperative neurocognitive disorder at 3 months 
(13 of 87 [14.9%]  vs.  14 of 197 [7.1%];,  P  = 0.039) and 12 
months (5 of 83 [9.4%]  vs.  2 of 188 [1.1%];  P  < 0.001).  124 

In a cohort of 566 older surgical patients, lower preop-
erative scores on an 11-test cognitive battery was identi-
� ed as the dominant risk factor for postoperative delirium 
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after adjustment for other established predictors (risk 
ratio [95% CI], 2.0 [1.5 to 2.5] for each 0.5 SD decrease; 
P  < 0.05).  125   Last, preoperative test performance may also 
help identify patients at risk for long-term cognitive decline, 
because a higher preoperative Mini Mental Status Exam 
score was associated with a lower risk of dementia 5 yr after 
cardiac surgery (odds ratio [95% CI], 0.68 [0.54 to 0.84]; 
P  < 0.001).  126   Based in part on the � ndings of these stud-
ies, the Perioperative Neurotoxicity Working Group rec-
ommends evaluating baseline cognition using a screening 
test in patients older than 65 or who are at otherwise high 
risk for perioperative neurocognitive disorders.  127   They do 
not recommend one screening test in particular, however, 
because more work is needed to assess the predictive power 
and clinical utility of these screening tests in perioperative 
patients.  

  Cognitive Reserve 

 Cognitive reserve can be described as resiliency of an indi-
vidual’s cognitive processes in the face of injury. In contrast 
to cognitive performance assessed at one point in time, cog-
nitive reserve is characterized by the accumulation or loss of 

cognitive abilities over the lifespan. Di� erences in cognitive 
reserve have been theorized to explain observed di� erences 
between patients in phenotypes or degrees of impairment 
seen after similar pathologic � ndings of neurologic injury 
such as stroke or Alzheimer disease, and the concept can be 
applied to perioperative neurocognitive disorders ( � g. 4   ).  128 

Cognitive reserve is typically described in terms of years of 
education attained, occupational complexity, and cognitive 
lifestyle behaviors. There is some evidence to suggest that dif-
ferences in cognitive reserve may predict perioperative neu-
rocognitive disorders. In two cohort studies of hospitalized 
older patients, each year of education obtained was associated 
with a signi� cantly decreased risk of delirium (odds ratio 
[95% CI], 0.91 [0.87 to 0.95];  P  < 0.01; and 0.76 [0.62 to 
0.95];  P  = 0.016, respectively).  129 , 130   Low educational attain-
ment was also found to be a strong predictor of postopera-
tive delirium in older patients after hip fracture surgery or 
hip replacement (odds ratio [95% CI], 3.59 [1.14 to 11.25]; 
P  < 0.05).  131   However, a large cohort study of similar patients 
did not � nd an association between years of education or 
multiple other markers of cognitive reserve and postoperative 
delirium.  132   It should be noted that this cohort exhibited a 

 Fig. 4.      Cognitive trajectories and perioperative neurocognitive disorders. Depicted are theoretical cognitive trajectories of a patient with 
high baseline cognitive reserve ( blue line ) and a patient with low baseline cognitive reserve ( red line ). Both patients experience an event in 
the perioperative period leading to a decrease in cognitive function, but only the patient with low baseline reserve may manifest symptoms. 
The  green dashed lines  represent the theoretical mechanism through which cognitive interventions in the pre- and postoperative phases may 
infl uence cognitive reserve and either prevent or aid recovery from perioperative neurocognitive disorders. Adapted from Stern.  128 
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high median years of education (15 yr), suggesting that this 
e� ect may not be as evident in highly educated populations.  

 Educational attainment may also predict long-term post-
operative cognitive function. In a large longitudinal cohort 
of older patients undergoing major noncardiac surgery, edu-
cational achievement of high school or higher was associated 
with a signi� cantly lower risk of delayed neurocognitive 
recovery at 1 week (odds ratio [95% CI], 0.6 [0.4 to 0.9]; 
P  = 0.002), but not for postoperative neurocognitive disor-
der at 3 months.  133   In another large prospective cohort of 
major noncardiac surgery patients of which 355 were older 
than 60, patients with postoperative neurocognitive disor-
der at 3 months had slightly fewer mean years of education 
(mean [SD], 13.2 [2.4] or 13.7 [2.8] years;  P  = 0.013).  134   Less 
well characterized than educational level is the relationship 
between baseline cognitive lifestyle behaviors and perioper-
ative neurocognitive disorders. In a cohort of 141 patients 
with a mean age of 71 yr, greater participation in preoper-
ative cognitive lifestyle behaviors including reading books, 
using email, or playing computer games was found to be 
protective against delirium after elective orthopedic surgery 
(increase of one activity per week; odds ratio [95% CI], 0.92 
[0.86 to 0.98];  P  = 0.006).  121 

  Prehabilitation to Prevent Perioperative Neurocognitive 
Disorders 

 Prehabilitation refers to the attempt to optimize preoperative 
modi� able risk factors to improve functional outcomes after 
surgery, often focusing on preoperative physical, nutritional, 
and psychologic health. Of these three domains, physical 
prehabilitation has been the most studied. Although there 
are inconsistent results among trials and uncertainty with 
regards to whether physical prehabilitation can reduce post-
operative complications, multiple clinical trials in abdominal 
and orthopedic surgery have demonstrated improved post-
operative physical capacity in patients who participated in 
home-based exercise regimens as compared to usual care.  135 

Nutritional prehabilitation, consisting mainly of nutritional 
supplements and dietary counseling, may potentially acceler-
ate the return to preoperative functional capacity in colorectal 
surgery when added to a physical prehabilitation program.  136 

Both physical deconditioning and poor nutritional status are 
elements of frailty, which has been shown in retrospective 
studies to be strongly associated with postoperative delir-
ium and possibly postoperative neurocognitive disorder.  137 , 138 

Such elements may be modi� able. In a six-armed random-
ized trial of 246 older prefrail or frail adults, physical, cogni-
tive, nutritional, or combined intervention training were all 
shown to reduce future frailty scores to a signi� cantly larger 
degree than a usual care control.  139   If physical and nutritional 
prehabilitation can improve postoperative functional out-
comes and reverse frailty in older persons, it is then possible 
that these interventions may prevent perioperative neuro-
cognitive disorders. Data from clinical trials evaluating this 
potential e� ect are limited, however. In a single center before 

and after unblinded study of 627 patients undergoing major 
abdominal surgery, the incidence of postoperative delirium 
was found to be signi� cantly lower in patients who under-
went a multicomponent intervention to improve physical 
and nutritional health and reduce frailty factors as compared 
to patients who did not receive this intervention (22 of 267 
[8.2%]  vs.  42 of 360 [11.7%]; adjusted odds ratio [95% CI], 
0.56 [0.32 to 0.98];  P  = 0.043).  140 

 Bolstered by the theory that increasing cognitive reserve 
can protect against neurologic injury and experimental data 
suggesting that neurogenesis and neuroplasticity still occur 
in later life, numerous investigators have evaluated whether 
cognitive exercise can improve cognitive performance in 
older persons.  141–144   Perhaps the most notable example is 
the Advanced Cognitive Training for Independent and Vital 
Elderly (ACTIVE) trial, which demonstrated that 10 h of 
computerized cognitive training led to sustained improve-
ments in processing speed over the following 10 yr.  145   In 
perioperative research, attempts have been made to apply this 
technique to prevent perioperative neurocognitive disorders. 
In a randomized trial of 141 abdominal surgery patients older 
than 60, 3 h of supervised memory exercises 1 to 4 weeks 
before surgery signi� cantly reduced the incidence of delayed 
neurocognitive recovery at 1 week compared to usual care 
(11 of 69 [15.9%]  vs.  26 of 72 [36.1%];  P  = 0.007).  146   In 
contrast to its success in older adults in the general popu-
lation, computerized cognitive training appears to be less 
feasible in older surgical patients.  147   Although a small feasi-
bility trial of 45 older cardiac surgery patients noted high 
degrees of patient interest and enjoyment with a computer-
ized cognitive prehabilitation program, there were low rates 
of adherence (39% during the preoperative period), and no 
e� ect on the incidence of postoperative delirium or delayed 
cognitive recovery was found.  148   In a recent randomized trial 
of 251 patients older than 60 undergoing major noncardiac 
nonneurologic surgery, preoperative computerized cognitive 
exercise did not signi� cantly reduce the risk of postoperative 
delirium as compared to usual care in the primary analysis. 
However, a  post hoc  per-protocol analysis excluding patients 
who never used the cognitive exercise program revealed a 
signi� cantly reduced incidence of postoperative delirium 
favoring the cognitive exercise group (16 of 121 [13.2%]  vs.
29 of 126 [23%];  P  = 0.04).  149   It should be noted that for this 
trial and the feasibility trial that used the same cognitive exer-
cise platform, the median length of time spent training was 
~4.5 h, which falls short of “recommended dose” of 10 h of 
cognitive exercise in the ACTIVE trial. Further investigation 
is necessary to determine whether adherence to cognitive 
prehabilitation can be improved and whether cognitive pre-
habilitation can reduce delirium and/or other perioperative 
neurocognitive disorders in an adequately powered trial.  

  Postoperative Cognitive Training 

 Postoperative cognitive training may also prevent periop-
erative neurocognitive disorders. A randomized trial of 47 
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lung transplant patients with a mean age of 65 yr demon-
strated greater score improvements at 12 weeks on the 
Forward Digit Span (mean [SD], 0.93 [1.09]  vs.  0.04 [0.52]; 
P  = 0.004) and Verbal Fluency tests (mean [SD], 1.32 [1.82] 
vs.  0.1[1.53];  P  = 0.033) with the use of a computerized 
program for 8 weeks after surgery.  150   Among 46 lung trans-
plant recipients with a mean age of 66 yr, the use of 8 weeks 
of computerized cognitive training started 4 weeks after 
surgery resulted in signi� cantly higher scores on the digit 
span forward test (mean [SD], 0.93 [1.09]  vs.  0.04 [0.52]; 
P  = 0.0044) and verbal � uency (mean [SD], 1.32 [1.82] 
vs.  0.10 [1.53];  P  = 0.0331).  150   It should be noted, how-
ever, that these mean di� erences are less than the SD for 
the group, which is a common benchmark used in previ-
ous studies to de� ne perioperative neurocognitive disor-
ders. The best known multicomponential intervention to 
prevent hospital delirium, HELP, includes the provision of 
cognitively stimulating activities at least three times daily as 
a core intervention.  151   In a before–after study of 179 con-
secutive abdominal surgery patients older than 65 in which 
a modi� ed version of HELP was implemented that focused 
only on nutrition, mobilization, and cognitively stimulat-
ing activities including discussing current events or word 
games, the delirium rate was signi� cantly reduced in the 
intervention group (0 of 102 [0%]  vs.  13 of 77 [16.7%]; 
P  < 0.001).  152   A similar approach employing daily cog-
nitively stimulating conversation and word games was 
employed in a randomized pilot trial in 50 older hip or 
knee arthroplasty patients. The investigators found that 
patients in the intervention group had a signi� cantly lower 
incidence of delayed neurocognitive recovery as de� ned 
by a decrease of 2 points or more from the baseline Mini 
Mental Status Exam score as compared to usual care con-
trols (3 of 25 [12%]  vs.  11 of 25 [44%];  P  = 0.012).  153 

  Summary 

 Poor baseline cognition, de� ned by either poor preopera-
tive performance on screening tests of cognitive function or 
decreased markers of cognitive reserve, is strongly associated 
with perioperative neurocognitive disorders. As such, the 
routine use of a validated screening test in the preopera-
tive period has been recommended to help identify at-risk 
patients. Although physical and nutritional prehabilitation 
may improve postoperative functional capacity and reverse 
frailty in nonoperative patients, more investigation is neces-
sary to determine whether these interventions can prevent 
perioperative neurocognitive disorders. Cognitive preha-
bilitation has been shown to reduce delirium incidence in 
one clinical trial, but further studies are needed to replicate 
this � nding, to determine the optimal training regimen, to 
improve adherence, and to investigate whether the tech-
nique can prevent delayed cognitive recovery and/or post-
operative neurocognitive disorder. Postoperative cognitive 
exercise may improve postoperative cognition and prevent 
postoperative delirium, but high-quality evidence from 
adequately powered clinical trials is needed to better deter-
mine these e� ects.  

  Conclusions 

 The increasing awareness of the long-term negative con-
sequences of perioperative neurocognitive disorders on 
functional outcomes after surgery has led to the develop-
ment of multicomponent interventions to optimize post-
operative brain health. Decades of perioperative research 
targeting isolated intraoperative interventions focusing on 
altering the exposure to anesthesia or surgery have not yet 
been able to identify a singular intervention to successfully 
prevent perioperative neurocognitive disorders. Given the 

 Table 1.      Summary of Evidence and Future Directions   

 Summary    Questions for Future Research   

 Sleep 
  Chronic sleep disorders including obstructive sleep apnea are 

 associated with future delirium. 
 Can improving preoperative sleep quality reduce delirium risk? 
 Can increasing perioperative adherence to continuous positive airway pressure prevent delirium? 

  Perioperative sleep disruption is a precipitating factor for delirium.  Can restoring circadian rhythm, either naturally or with the use of melatonin, prevent delirium? 
 Can preferential use of dexmedetomidine prevent postoperative delirium in patients requiring 

postoperative sedation? 
 Pain 
  Preoperative pain is a risk factor for postoperative delirium.  Can optimization of preoperative pain lower the risk of postoperative delirium? 
  Poorly treated postoperative pain can precipitate postoperative delirium.  Do multisource tools for pain assessment identify patients at risk for delirium? 

 Does the use of multimodal analgesia prevent postoperative delirium? 
  Little evidence exists describing the association between postoperative 

 pain and longer term perioperative neurocognitive disorders. 
 Is poorly controlled pain associated with delayed neurocognitive recovery? 
 Does chronic postoperative pain increase the risk of postoperative neurocognitive disorder? 

 Cognition 
  Poor preoperative cognitive function is one of the strongest predictors 

 of perioperative neurocognitive disorders. 
 Which cognitive screening test(s) best predict perioperative neurocognitive disorders? 
 Does preoperative cognitive trajectory predict perioperative neurocognitive disorders? 

  Perioperative cognitive exercise may prevent postoperative delirium.  Can cognitive prehabilitation prevent perioperative neurocognitive disorders? 

    Which type of cognitive exercise is best suited to prevent perioperative neurocognitive disor-
ders? What is the most effective dose? 
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multiple predisposing and precipitating risk factors for post-
operative delirium and the incomplete overlap with risk 
factors for delayed neurocognitive recovery and postopera-
tive neurocognitive disorder, it is likely that a multicompo-
nent approach encompassing all phases of the perioperative 
period (preoperative, intraoperative, and postoperative) may 
be more e� ective. Going forward, critically needed periop-
erative research into three targets for optimal perioperative 
brain health: sleep, pain and cognition, will enable providers 
to better identify high-risk patients and con� dently employ 
interventions into well de� ned care plans ( table 1   ). When 
this can be achieved, perioperative medicine may reach its 
goal of an ideal recovery for both the bodies and minds of 
surgical patients.   
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Counterintuitive Gerunds
Kathryn Elizabeth mcGoldrick, m.D., F.c.A.I.(Hon)

When I think of lessons learned during decades of living,

my reflections coalesce around dualities and complementarities:

yin and yang, obverse and reverse, warp and woof.

As I navigated the ebb and flow of life,

I wondered why

there is a time to lead and a time to follow,

a time to speak up and a time to be silent.

Perhaps the tension is resolved by realizing

To live is to embrace contradiction,

to transcend logic-locked polarities.

Teaching is learning

from the questions of those “taught.”

Believing is doubting

that this is all there is.

Laughing is weeping

at the absurdity of life.

Forgiving is remembering
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our own imperfections.

Failing is succeeding

at recognizing new opportunities.

Hoping is stumbling with every tentative step,

yet trusting steadfastly in the next.

Nurturing is letting go,

encouraging independence.

Accepting is rejecting

intolerance that crushes understanding.

Loving is appreciating

that distance and mystery are inevitable.

Mourning is celebrating

a life well-lived.

Dying is living on

In the hearts of those whose lives we touched.
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Anesthesia Reunion in Hospice
Ellen roark basile, D.O.

In December, all eight of us were together for the first and last time since graduating 

from our anesthesia residency program in Philadelphia. Before going our separate 

ways after graduation, we had made plans for a 10-year reunion. Years later, we never 

imagined our celebration would be held at hospice.

Eight months before our reunion, Tom, one of our co-residents, told us he had been 

diagnosed with stage IV cancer. He was told there was no cure. Two months later, Tom 

was being prepped for emergency surgery. One of our classmates was Tom’s anesthe-

siologist for the surgery! Neither of them had any idea their paths would cross on that 

day. When the pre-op curtain was pulled back, our classmate was totally surprised to 

find Tom on the stretcher. Thankfully, the surgery went well. Tom arrived safely in the 

PACU, wondering when the procedure would start.

Anesthesia is amazing, but, sadly, it does not cure cancer. Tom failed multiple rounds 

of chemo, and all options for treatment were exhausted.

Out of necessity, we moved the reunion up because 10 years was no longer an option. 

The week of the reunion, Tom was moved to in-patient hospice.

We gathered at his bedside.

His breathing was slow and shallow; we knew it would not be long.

We held hands.

There were tears.
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We shared a prayer that was not exactly a prayer: “If we never see each other again, it 

doesn’t matter, because you are in our hearts already, and that’s forever.”

Nothing can prepare you for medical training. Regardless of the specialty, it is a sac-

rifice. We were fortunate; our residency class was unusually close during our training 

years. We often ran to help each other in the OR. Outside the OR, we shared monthly 

themed parties, weekend study groups, dinners out, and spring break trips. Just like 

siblings, we had disagreements, but if there was a trauma in OR 9, everyone showed 

up. I am so thankful for those years. I wish, somehow, we could go back to the day 

before he was diagnosed.

Tom’s wife called 3 hours after we had left hospice to let me know Tom had died. We 

exchanged the usual sentiments you say when someone dies, which is to say, almost 

nothing at all. But as we hung up she sweetly added, Tom wouldn’t have missed our 

reunion for the world!
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 Burnout in Anesthesiologists: 
Comment 

 To the Editor: 

 I read with great interest Afonso  et al. ’s  1   article on burnout 
rates and risk factors among anesthesiologists. I am very 

concerned that the entry of private equity � rms and the 
resultant need to compete with these � rms have increased 
the focus on pro� t (= revenue – costs).  2 

 Private equity � rms are not organized for long-term 
consistent growth but are, by de� nition, looking for short-
term growth. These short-term goals may allow for leader-
ship to tolerate sta�  ng shortages, resulting in longer work 
hours and high productivity pressures as well as failing to 
support the local anesthesiologist in the clinical setting. All 
these are high-risk factors identi� ed by Afonso  et al .  1   for 
burnout and burnout syndrome. But from a short-term 
perspective, clinician burnout is a long-term issue! 

 Unfortunately, this issue for anesthesiologists is not new 
but has been accelerated by the entry of private equity 
� rms as well as national anesthesiology sta�  ng compa-
nies. Many hospital administrators are also under short-
term � nancial incentives and are looking to reduce costs in 
any possible way. The willingness of some national sta�  ng 
companies to provide anesthesia care in less costly ways has 
led to similar situations of sta�  ng shortages and produc-
tivity pressures. 

 As one may have noted, none of these short-term goals 
has included maintaining, let alone improving, quality of 
care. It is impossible to study quality of care and patient 
safety in rigorous scienti� c methods when short-term plans 
lead to a change in clinician composition, removal of phy-
sician-led care,  3   a lack of local support, and sta�  attrition; 
therefore, we are left with anecdotal evidence. 

 But a lack of scienti� c evidence  4   is not a reason to ignore 
the impact of short-term � nancial goals on our patients and 
our clinicians.    

  Competing Interests 

 The author declares no competing interests.   
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 Burnout in Anesthesiologists: 
Reply 

 In Reply: 

 We appreciate Dr. Abouleish’s  1   interest in our study  2 

of burnout in U.S. anesthesiologists; this response 
highlights the need to address well-being from a systems 
and policy standpoint. We recognize the need for phy-
sicians, and all clinicians, to be in an environment that 
allows them to provide the high level of quality care that 
they have trained for. Unfortunately, intervening factors 
can impede their ability to do so. Organizational deci-
sions are often made without the input of those deliver-
ing the care and ask of them to provide care in a manner 
inconsistent with the values of the clinical teams on the 
front lines. 

 We are encouraged by anesthesiologists like Dr. Abouleish 
who bring an informed healthcare economic perspective 
to the table to challenge solutions. Sta�  ng shortages are 
an independent risk factor for both being at high risk for 
burnout and full burnout syndrome in U.S. attending anes-
thesiologists,  2   and there is ample evidence that investing in 
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clinician well-being can yield strong return on investment.  3 

Additionally, as the COVID-19 pandemic has tested the 
resilience of the anesthesiology workforce and challenged 
both organization and clinician � nancial solvency, we need 
to take steps forward to identify those at high risk and pre-
vent the serious rami� cations of clinician burnout. 

 Fiscal solvency and clinician well-being are not mutually 
exclusive. But to attain both, practicing clinicians need a 
louder voice at the table.    
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 Availability of Inpatient 
Pediatric Surgery: 
Comment 

 To the Editor: 

 On behalf of the American College of Surgeons 
(Chicago, Illinois) Children’s Surgery Veri� cation 

program, we wish to clarify some of the statements in the 

article by McManus and França  1   entitled “Availability of 
Inpatient Pediatric Surgery in the United States,” and the 
accompanying editorial by Ambardekar and Schwartz.  2 

Though we completely agree that there has been consoli-
dation of pediatric surgery toward high-capability pediatric 
centers, we disagree with the statement that “the American 
College of Surgeons launched its Children’s Surgery 
Veri� cation Quality Improvement program to promote 
regionalization.” Regionalization is de� ned as the “inte-
grated organization of a healthcare system, wherein regional 
structures are responsible for providing and administrating 
health services in a speci� c region.”  3   This was never the 
intent of the American College of Surgeons Children’s 
Surgery Veri� cation program. In contrast, the program 
strives to provide care in appropriate settings without the 
need for consolidation by developing standards not only for 
Level 1 but also for Level 2 and 3 centers and de� ning opti-
mal pediatric surgical care within the scope of practice of 
the institution and providers. The clearly articulated vision 
of the American College of Surgeons Children’s Surgery 
Veri� cation is that “every child in need of surgical care in 
North America today will receive this care in an environ-
ment with resources optimal for his/her individual need.” 
While there is some intrinsic correlation between patient 
volume and available resources, the American College of 
Surgeons Children’s Surgery Veri� cation program has 
focused on de� ning optimal resources and assuring that the 
right resources are available at the bedside at the time of a 
child’s need. One of the lessons learned from the early years 
of the program has been that even premiere dedicated chil-
dren’s institutions have required change in order to meet 
the 24/7/365 expectation of having the right resources for 
infants and children at all times. 

 An essential component of a Level 1 American College 
of Surgeons Children’s Surgery Veri� cation–veri� ed center 
is the engagement with all acute care facilities, designated 
centers, and nonspecialty hospitals within the referral area 
in the performance improvement process.  4   As part of the 
veri� cation process, Level 1 centers must show that they 
provide leadership in education, research, and system plan-
ning and the provision of technical assistance and educa-
tion to regional hospitals and providers for the purpose of 
improving system performance. As a part of this, investiga-
tors have recently begun the process of de� ning low-risk 
pediatric surgical procedures to determine when surgery 
can be safely provided closer to home or by adult practi-
tioners. This is illustrated by a recent study from Lawrence 
et al . demonstrating better outcomes after pediatric lapa-
roscopic cholecystectomy with higher hospital or surgeon 
laparoscopic cholecystectomy volume rather than surgeon 
pediatric subspecialization.  5 
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 We agree with the concern that “overconsolidation of 
services could produce access barriers and other unin-
tended consequences,” especially in rural areas of the coun-
try. We contend that the best way to optimize children’s 
surgical care is to provide a team approach that emphasizes 
system building by forging alliances with other surgical spe-
cialties (including anesthesiology), pediatrician and family 
practice colleagues, and administrative entities that can pro-
vide the essential infrastructure in rural hospitals that care 
for children.  6   System building is a relatively new concept, 
di� erent from regionalization, that has the potential to opti-
mize pediatric surgical care even in the face of uncontrolled 
consolidation.    
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 Obesity and Positive 
End-expiratory Pressure: 
Comment 

 To the Editor: 

 We read with great interest the recent article by Simon 
et al .  1   In this study, the authors have shown that indi-

vidualized positive end-expiratory pressure (PEEP) exerts 
lower driving pressure.  1   This in turn proved the redistri-
bution of ventilation toward dependent lung areas, as mea-
sured by electrical impedance tomography. These sound 
results imply great notions regarding intraoperative respi-
ratory management. However, we highlight four concerns 
regarding the methodology used. 

 First, the study combined data from a multicenter  2   and 
a single-center trial. This was likely to cause selection bias. 
The inclusion periods were separated at 4-yr intervals. The 
authors divided the combined cohort into three treatment 
groups: individualized PEEP, � xed low PEEP, and � xed PEEP 
of 12 cm H 

2
 O. The di� erences in the patient characteristics 

were unclear. The Assess Respiratory Risk in Surgical Patients 
in Catalonia (ARISCAT) score greater than 44 was noted in 
one patient (4%) in the individual PEEP group, which is less 
in comparison with the other two groups. We would like 
to know whether preoperative pulmonary function (forced 
expiratory volume in 1 s/forced vital capacity), oxygenation, 
and partial pressure of carbon dioxide di� ered among the 
groups. We question this because capnoperitoneum time and 
duration of an operation are basic information for consider-
ing postoperative pulmonary complications. To us, it seems 
that these might have in� uenced the results. 

 Second, the results clearly demonstrated that the indi-
vidualized PEEP group needed larger amounts of � uid 
infusion and doses of vasoactive medication than the 
other two groups. There was no doubt as to whether these 
discrepancies were related to pulmonary management 
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strategy. We question how intraoperative infusion man-
agement strategies di� ered between the period of the sin-
gle-center study (2012 to 2013) and the multicenter study 
(2016 to 2018). Additionally, preoperative oral intake or 
dose of hypertensive drugs may have di� ered in the 4-yr 
interval. 

 Third, the complications related to individualized 
PEEP cannot be studied in totality. Hemodynamic depres-
sion attributable to excessive PEEP may be a risk factor 
for patients with cardiovascular diseases. In this study, the 
transpulmonary pressure was not measured, which could 
have been used as an alternative parameter for lung injury. 
It is known that intracranial pressure or perfusion in the 
brain is largely in� uenced by PEEP.  3 

 Finally, the de� nition of postoperative pulmonary com-
plications described by the authors was not relevant to the 
process of early recovery after surgery. The postoperative 
complications earlier included acute respiratory distress 
syndrome, bronchospasm, new pulmonary in� ltrates, and 
so on  2  . In our opinion, setting a clinically relevant out-
come could be as simple as the need for oxygen therapy, 
including a low-� ow nasal cannula. This approach would 
resemble ventilator-associated event surveillance for intu-
bated mechanically ventilated patients and in turn support 
studies for ventilator-associated pneumonia.  4   We wish to 
know how the length of oxygen therapy di� ered among 
the groups after surgery. Additionally, we would like to have 
information on new relevant criteria that matches the early 
recovery after surgery concept.    
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 Obesity and Positive 
End-expiratory Pressure: 
Reply 

 In Reply: 

 We thank Suzuki  et al. 1   for their interest in our recent 
work  2   and would like to address their concerns. The 

challenge of combining patients of di� erent study protocols 
spanning several years is a potential bias we noted ourselves.  2 

However, the single-center setting means that investigators 
and surgeons remained the same and the highly elective 
patients for bariatric surgery only were treated according 
to clinical standards which remained unchanged during the 
time. It seems unlikely that positive end-expiratory pres-
sure (PEEP)–dependent physiologic e� ects were in� uenced 
by any minor change over time. Moreover, randomization 
guarantees that di� erences within each study are the result 
of chance alone, and the di� erence in ARISCAT (Assess 
Respiratory rIsk in Surgical patients in CATalonia) scores 
between the groups are both clearly presented and not in 
the least indicative of a meaningful imbalance in our opin-
ion. In line with our clinical pathway for bariatric surgery 
and current anesthesia guidelines, lung function measure-
ments were not performed before surgery.  3   Patients with 
pulmonary disease, cardiac insu�  ciency, or increased intra-
cranial pressure were not included in either study. 

 Indeed, duration of anesthesia and the operation di� ered 
signi� cantly between groups. However, the individualized 
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PEEP group was the one with the greatest duration but also 
the group with the best intraoperative lung mechanics and 
the highest oxygenation. Thus, even if the time of mechan-
ical ventilation and capnoperitoneum time in� uenced our 
results, this emphasizes even more the necessity of an indi-
vidual ventilation strategy. 

 As correctly noted by Suzuki  et al. ,  1   the intraoperative 
amount of � uid applied was higher in the individualized 
PEEP group. This arises from a coloading performed by the 
attending anesthesiologist during the recruitment maneu-
vers to intercept a drop in blood pressure and from PEEP 
titration, which increased the duration of anesthesia and thus 
the time during which the patient was administered � uids. 
Despite the measured di� erences in the groups, in all groups 
it is intraoperative restrictive � uid management.  4   Applying 
more restrictive � uid infusion targets might further increase 
vasopressor requirements in obese patients, especially when 
using high PEEP, and this potential risk must be balanced 
with potential bene� ts of minimizing intraoperative atelec-
tasis with higher PEEP.  5   However, only patients scheduled 
for bariatric surgery were included in the studies in our 
center, where perioperative procedures (including preoper-
ative oral intake) are highly standardized following the early 
recovery after surgery concept for bariatric surgery.  3   The 
protocol was not changed during the study period without 
any systematic change in preoperative hydration or in dose 
of hypertensive drugs in the 4-yr interval in question. 

 Higher PEEP values may lead to cardiovascular instability 
as a result of impaired venous return, which was re� ected in 
our study by the highest cumulative noradrenaline doses in the 
individualized PEEP group. However, mean arterial blood pres-
sure did not di� er between groups and overall norepinephrine 
doses were low, so we do not consider this to be a relevant issue 
in most patients. Excessive PEEP values should, however, be 
avoided in patients with signi� cant right heart failure, and such 
patients were excluded in our study. Prede� ned rescue proto-
cols were available if a PEEP level was not tolerated,  5 , 6   but none 
of our patients needed such a rescue protocol. Concerning the 
in� uence of PEEP on brain perfusion and intracranial pressure 
(ICP), an increase in thoracic pressure is partially transmitted to 
central venous pressure (CVP) and may thus increase venous 
downstream pressure of the brain. According to the vascular 
waterfall model of compressible tubes, cerebral venous out� ow 
is only impaired if CVP is greater than ICP. Clinical data have 
shown that for patients with decreased chest wall compliance, 
as with our obese patients, higher PEEP had no e� ect on cere-
bral hemodynamics.  7 

 Transpulmonary pressure was not included in the end-
points of the two original studies because its use as a correlate 
of lung stress has known limitations.  8   Although electrical 
impedance tomography enables detection of regional infor-
mation on overdistension and collapse, regional variations 
in lung expansion may not be adequately re� ected by local 
pressure measurements in the esophagus. As noted in our 

article, in the context of prede� ned low tidal volume, infor-
mation on regional heterogeneity might be more relevant 
to identify regions of increased stress as a substrate for post-
operative pulmonary complications. 

 Suzuki and colleagues correctly note that postoperative 
outcomes di� ered from those of the original PROBESE 
(E� ect of High PEEP  vs . Low PEEP on Postoperative 
Pulmonary Complications in Obese Patients) study. In con-
trast to the PROBESE-study, our subanalysis was neither 
intended nor adequately powered to investigate postopera-
tive pulmonary outcomes associated with an individualized 
ventilation strategy. The early recovery after surgery guide-
lines discussed the use of adequate PEEP with recruitment 
maneuvers to reduce postoperative pulmonary complica-
tions.  3   Atelectasis plays a signi� cant role in obese patients 
and should be avoided with regard to ventilator associated 
complications,  9   The aim of the subanalysis was to investi-
gate the e� ects of individualized PEEP on ventilation dis-
tribution and atlectasis formation with implications for lung 
function. Because there were no clear instructions when to 
stop oxygen therapy in the postanesthesia care unit in the 
single-center study, the duration of oxygen therapy would 
not be an adequate endpoint. Furthermore, to be able to 
better classify the results, the endpoints were based on pre-
viously published studies on individual ventilation, includ-
ing one of the two studies included here.  5 , 10 

 We highly appreciate the interest in our work and agree 
with Suzuki  et al.  that further research is necessary to deter-
mine whether the bene� ts of an individualized ventilation 
strategy lead to a lower incidence of postoperative pulmo-
nary complications.    
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                     Evidence Supporting 
Anesthesiology Guidelines: 
Comment 

                        To the Editor: 

 We have read with great interest the article by Laserna 
et al .,  1   “Levels of Evidence Supporting the North 

American and European Perioperative Care Guidelines for 
Anesthesiologists between 2010 and 2020: A Systematic 
Review,” in the most recent issue of  Anesthesiology. 
 Without a doubt, this is an issue of great importance, and 
it is imperative to take actions against this problem. On 
the other hand, it is worth mentioning that this is not a 
new problem. In 1994 Altman  2   mentioned the existence 
of low-quality medical research in his article “The Scandal 
of Poor Medical Research,” and a more recent article by 
Van Calster  et al .,  3   “Methodology over Metrics: Current 
Scienti� c Standards Are a Disservice to Patients and Society,” 
also takes up this issue, arguing that the main problem is a 
paradox: “The methodology, the backbone of science, is still 
too trivialized by the scienti� c community that � nances, 
undertakes, and informs (pre) clinical research.” Although 
the methodologic approach is important for the resolution 
of this problem, we do not believe that it is the only one. 

 In our opinion, a training approach should be empha-
sized with three points that should be considered:  

  1.     Stop training “doctors” and focus on training “scien-
tists”: One of the most basic characteristics of science is 
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that scientists assume that the universe we live in follows 
predictable rules. Scientists theorize using a variety of 
di� erent reasoning to make new discoveries: 

  a)     Inductive: observe a series of events and try to dis-
cover a rule that governs the event to extrapolate 
it and formulate theories of observed and yet to be 
observed phenomena.  

  b)     Abductive: when seeking to propose explanations for 
events such as unexpected � ndings.  

  c)     Deductive: processes that correspond to the condi-
tions in which a hypothesis can lead to a conclusion 
or is deductible to it (deductive logic).  4 

  2.     Introduce students to basic science areas: Basic science 
helps researchers understand systems processes of life. 
Today more than ever, clinicians need the skills to assess 
the quality and relevance of the content they are add-
ing to their expanding database of medical knowledge. 
Therefore, the emphasis of medical education should 
be on acquiring, interpreting, and applying new knowl-
edge in real scenarios rather than memorizing old (and 
rapidly obsolete) knowledge; yet, despite the explo-
sion of scienti� c knowledge in these areas, time spent 
on teaching basic sciences has been shrinking rather 
than expanding. Maybe it is time to seriously consider 
sending students to basic science laboratories. We must 
recognize that the process of acquiring knowledge 
is as important, if not more, as the actual knowledge 
acquired.  5 

  3.     Statistics is also important: Statistical hypothesis testing, 
although considered a cornerstone in many research areas, 
has great limitations (such tests are asymmetric—they 
cannot produce evidence in favor of the null hypothesis, 
only evidence against it). Further, there are detractors with 
compelling arguments, such as: “statistical hypothesis test-
ing is widely used but logically indefensible”  6   or “all age 
� ndings of statistical signi� cance are wrong and should 
be redone.”  7   Statistical hypothesis testing has survived and 
has grown in the face of criticism because it meets an 
important need, yet even if some standard is necessary, it 
is reasonable to ask whether these tests provide the best 
standard for medical research. Several alternatives to this 
problem have been proposed, but two are particularly 
popular, both of which are “penalized probability crite-
ria”: Akaike’s information criterion and Bayesian infor-
mation criterion.  8 

  Conclusion 
 Although the methodology approach is important in solv-
ing this problem, it is not the only one, and it requires a 
multidisciplinary e� ort—methodology, statistics, teaching, 
and basic sciences—with the sole objective of changing 

the way in which the next generations perceive scienti� c 
research in medical areas, thus improving the quality of 
knowledge creation.  
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 Extra Life: A Short History of Living Longer 
 By Stephen Johnson. New York, Riverhead Books, 2021. Pages: 320. Price: $20.49 (Hardcover), $14.99 (Digital).                

 Ever wonder how long you will live? We all query this 
at some point in our lives. Stephen Johnson (1968–

present; “author of … books on the intersection of science, 
technology, and personal experience”  1  ) asked and answered 
this question in  Extra Life: A Short History of Living Longer .  2 

Recognizing that life expectancy has dramatically increased 
over the past century, Johnson notes that  humankind has 
accrued “twenty thousand extra days of life on average.”  2 

Extra Life  considers what accounts for this extension to our 
existence. 

 Johnson catalogues factors that have increased longev-
ity, including anesthesia, on his list of innovations that have 
saved millions of lives. He o� ers an intriguing narrative of 
how medical and nonmedical people took step-by-step 
actions that connected the dots of information to enable 
breakthroughs in science, human health and welfare. He 
describes a lesson: multidisciplinary networking has great 
bene� t in scienti� c inquiry. 

 Julius Comroe, M.D. (1911 to 1984; physician researcher) 
taught this lesson in  Exploring the Heart .  3   Scienti� c break-
throughs, he noted, are not brought about by one individual 
taking one giant leap from ground level to the mountain 
top; rather, small treks up the mountainside by a multitude 
are necessary to ultimately reach the pinnacle. 

 Johnson subscribes to this notion ( i.e. , a process of 
connecting the scienti� c dots to achieve medical break-
throughs).  Extra Life  provides a list of innovations that 
have increased life expectancy and saved lives: hundreds 
of millions saved by antibiotics and pasteurization of milk; 
billions by toilets, sewers, and vaccines. Like Comroe, 
Johnson notes: “developments represent the culmination 
of decades, if not centuries of work, conducted by hun-
dreds of persons, complete with  false starts, wild claims, 
and bitter rivalries. The breakthrough is really the latest in 
a series of small incremental advances, perhaps the one that 
has � nally reached clinical relevance.”  2   This sounds very 
compatible with our Journal’s mission: “ Anesthesiology
endeavors to be the vanguard of trusted evidence that 
moves the � eld forward, informs new discoveries, and 
improves practice.”  4 

 Johnson tells stories of connecting the dots. Individuals 
asked questions, gathered data, and linked their facts to the 
work of others, resulting in major medical practice break-
throughs. Each chapter has lessons for clinical and research 
anesthesiologists. 

 The chapter on infant mortality describes Lady Mary 
Montagu (1689 to 1762; English aristocrat) and Edward 

Jenner, M.D. (1749 to 1823; physician and immunologist), 
recognizing the value of vaccination to eradicate smallpox, 
a major factor in infant mortality. 

 In the chapter focused on the value of clean water, 
Johnson points out the importance of: (1) data collection 
and epidemiology employed by John Snow (1813 to 1858; 
physician anesthesiologist and medical epidemiologist) that 
resulted in the removal of the handle of the London water 
pump implicated in a cholera outbreak; (2) recognition of 
the negative impact of industrialization on life expectancy 
by William Farr, M.D. (1807 to 1883; British epidemiol-
ogist and medical statistician), whose work contributed 
to the founding of the Centers for Disease Control and 
Prevention; and (3) analysis of racial disparities in human 
health by W. E. B. DuBois (1868 to 1963; sociologist and 
civil rights activist). 

 A chapter considers pasteurization and chlorination, 
explaining how Frank Leslie (1821 to 1880; pen name of 
Henry Carter, a journalist, author of an exposé on milk as a 
“liquid poison”) and Louis Pasteur (1822 to 1895; a micro-
biologist and chemist) guided us to eliminate the transmis-
sion of the tuberculosis to human beings by processing and 
refrigerating milk. 

 The chapter on regulation of medications, ulti-
mately through the creation of the U.S. Food and Drug 
Administration in 1953, explains how the persistent inquiry 
about the safety of thalidomide by Frances Oldham Kelsey 
(1914 to 2015; pharmacologist, physician, and Food and 
Drug Administration reviewer) was an essential ingredient 
in the development of our modern-day evidence-based 
study technique, the randomized, controlled, double- blind 
trial. 

 A chapter recounts the story of the discovery of penicillin 
that presaged development of our vast array of antibiotics, 
when Alexander Fleming (1881 to 1955; physician micro-
biologist) observed “the mold that changed the world.”  2 

 The chapter on automobile and industrial safety focuses 
on accidental death by machines. It was Nils Bohlin (1920 
to 2002; Swedish mechanical engineer) who designed the 
seat belt for Volvo. The company released the design to the 
world as an open patent that enabled e� ective sharing of the 
discovery that has saved countless lives. 

 The � nal chapter describes the multiple settings in 
which reversing the world’s pockets of famine has extended 
longevity. 

Extra Life  is a fascinating read about things we don’t 
know and endeavor to understand. As was so aptly stated 

Alan Jay Schwartz, M.D., M.S.Ed., Editor

  Michael J. Avram, Ph.D., served as Handling Editor for this article. 
 Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2021 ;  135 : 1164 – 5     . DOI:   10.1097/ALN.0000000000003935 
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by Donald Rumsfeld (1932 to 2021; U.S. Secretary of 
Defense, 1975 to 1977 and 2001 to 2006), “there are 
known knowns … there are known unknowns … there 
are also unknown unknowns—the ones we don’t know 
we don’t know … it is the latter category that tends 
to be the difficult ones.”  5   Physicians ( i.e. , anesthesiolo-
gists), be they clinicians or researchers, strive to under-
stand all of the unknowns to provide the most effective 
and safe care of patients.  Extra Life  is a fascinating nar-
rative about many individuals who pondered and solved 
known and unknown unknowns and how their suc-
cesses have extended life expectancy. Anesthesiologists 
will benefit from reading  Extra Life  to appreciate how 
one can connect the scientific dots discovered by oth-
ers and contribute to the breakthroughs that benefit 
humankind. 

Alan Jay     Schwartz    ,   M.D., M.S.Ed.        Perelman School 
of Medicine, University of Pennsylvania , Philadelphia, 

Pennsylvania.  alan.schwartz2@pennmedicine.upenn.edu  
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 Empire of Pain: The Secret History of the Sackler Dynasty                
 By Patrick Radden Keefe. New York, Doubleday, 2021. Pages: 560. Price: $19.50 (Paperback), $28.63 (Hardcover), $15.99 (E-book). 

 John Bonica (1917–1994) was not the � rst person to 
think that anesthetic techniques and drugs could be used 

to help people with chronic pain. But he was a larger-than-
life character with a larger-than-life vision, and because of 
where his vision led us, he is considered to be the founding 
father of pain medicine. His belief, shared by many pio-
neers of the � eld of pain medicine, was that the combined 
forces of researchers and clinicians from a wide range of 
disciplines could make signi� cant headway in reducing 
people’s pain. The immediate e� ect was a growth in mul-
tidisciplinary pain clinics, a recognition of the value of 
psychologists in the management of chronic pain, an inter-
national consolidation of pain research, and the inception of 
pain-focused professional groups and societies. Yet, chronic 
pain and its treatment are larger problems today than they 
were in Bonica’s time, and an opioid crisis in the United 
States has been blamed in part on the overreach of pain spe-
cialists. Bonica worked with the World Health Organization 
to encourage global availability of opioids for the treatment 
of cancer pain, which in his time tended to be a rapidly fatal 
disease that caused a huge amount of su� ering at the end of 
life. But he and other pioneers never considered opioids to 
be suitable treatment for chronic pain. In fact, in Bonica’s 
own multidisciplinary pain program at the University of 
Washington in Seattle, patients were weaned from opioids 
in recognition that it was di�  cult to make headway with 
chronic pain if people were taking opioids. What changed 
all that was greed. 

 In his book  Empire of Pain , Patrick Radden Keefe 
exposes the incredible greed and hubris of a single fam-
ily—the Sacklers. Their name is known all over the 
world because of their philanthropic support of the arts. 
There were Sackler galleries in London, Paris, New York, 
Washington, D.C., and Boston, but many institutions 
now are rejecting the name. But the Sackler family was 
always careful to shield itself from public recognition of 
the source of its billions—Purdue Pharma and its drug 
OxyContin. Unlike many other philanthropists who 
delight in having the name of their company preserved 
in perpetuity on the portals of buildings, the Sacklers 
shielded themselves from the name Purdue Pharma. It 
was as if, despite their protestations, they knew that there 
was something shameful about their business. And there 
was. Turning to what has become a huge resource of 
exposed secret documents from the multitude of lawsuits 
against Purdue Pharma, Keefe has woven new evidence 
of Sackler deceit into a rip-roaring and highly readable 

tale of how one family managed to turn the heads of a 
whole medical community. It all started with the older 
brother, Arthur, who became a pioneer of pharmaceutical 
advertising. Arthur saw medical advertising as a seduction 
of both physicians and patients, and so successful were his 
methods that they were at once considered a triumph for 
the industry and a scourge for society. OxyContin was 
not launched until after Arthur’s death, but he had taught 
his two younger brothers, Mortimer and Raymond, the 
art of persuasion. It was their methods, probably above 
all else, that made OxyContin such a successful drug. 
They pervaded doctors’ o�  ces, regulatory bodies, the U.S. 
Food and Drug Administration, pain professional societies, 
The Joint Commission (health facility quality assurance 
in the United States), postgraduate education, national 
and international pain meetings, and patient groups. They 
broke down the restraint in opioid prescribing that had 
existed for decades because of previous opioid epidem-
ics. The Sacklers presented themselves as owners in name 
only, but it turns out that their involvement was distinctly 
hands-on. They and the company’s executives were given 
early evidence that their drug was leaking into the com-
munity and causing problems, information they concealed 
and failed to act upon, while continuing to insist that it 
was bad people who were the problem, and not their drug, 
which would “rarely cause addiction if used to treat pain.” 
Years went by, and the societal problem caused by their 
drug grew into a problem that is now very di�  cult to 
reverse. To make matters worse, other companies were so 
taken with the success of OxyContin, that they followed 
suit with their own opioid products and promoted them 
using Purdue Pharma’s playbook. 

 The Sacklers were not the only people who prof-
ited from pain. People are willing to pay a great deal of 
money for the hope of pain relief. Countless pro� table 
ventures have grown out of Bonica’s idea that medicine 
had the means to reduce pain, many of which deceive 
in their own right. But none has done as much harm to 
the ideals of Bonica and the early pioneers of pain medi-
cine as the opioid debacle. The pioneers’ e� orts were not 
about pro� ting from pain. They did not promote opioid 
treatment of chronic pain. They recognized that com-
plex chronic pain could not be successfully treated with 
a single modality, and that a multidisciplinary approach 
with psychologists at the helm was the only approach 
that could help the most refractory cases. How that 
ideal became corrupted is the story of Keefe’s book. For 
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anyone, including the present authors, who have watched 
while our chosen � eld became tarnished by money, it 
should be obligatory reading. And whether as an exercise 
in self-re� ection, a revelation of what was hidden behind 
the world we have labored within, or a thoroughly good 
read, it is a page-turner that you will be glad to have 
picked up. 

Jane C.     Ballantyne    ,   M.D., F.R.C.A.    ,       John D.     Loeser     , 
  M.D.        University of Washington, Seattle, Washington 

(both authors) .  jcb12@uw.edu

  (Accepted for publication July 27, 2021. Published online fi rst on 
September 20, 2021.)   
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 Prediction Score for Postoperative Neurologic Complications after Brain Tumor Craniotomy: A Multicenter Observational 
Study: Erratum              

 In the article beginning on page 1111 in the December 2018 issue, readers are directed in Supplemental Digital Content 5 
( http://links.lww . com/ALN/B779) to see the CranioScore formula and examples of the CranioScore value calculation for 
two simulated patients. However, both the formula and the examples table contained errors. 

 The original formula was incorrect and incomplete. It has been corrected to specify the if/else criteria for each dichoto-
mous variable and the units for each parameter and to include the formula for converting the CranioScore model result into 
the CranioScore value. The complete, corrected formula appears below. 

 CranioScore model (CS) = -4.8094 + (1.5149 * [1 if Pre-operative Glasgow Coma Score ≤ 14, else 0]) + (1.0534 * 
[1 if History of brain tumour neurosurgery YES, else 0]) + (0.00878 * Greatest size of tumour, in mm) + (0.5114 * 
[1 if Mid-line shift ≥ 3mm, else 0) + (0.5164 * [1 if Transfusion of packed red blood cells and/or plasma and/or 
platelets YES, else 0]) + (0.0118 * Maximum operative Systolic Arterial Pressure, in mmHg) – (0.0130 * Minimum 
operative Systolic Arterial Pressure, in mmHg) + (0.2981 * Duration of surgery, in hours)

CranioScore value
e

e

CS

CS
%( ) =

+
×

1
100

 In the simulated patients table, the � rst parameter has been corrected to read “Preoperative Glasgow Coma Score ≤ 14” 
rather than “Preoperative Glasgow Coma Score =15,” and the value for Simulated  Patient No. 1 has been changed from 
“Yes” to “No” accordingly. Additionally, units have been added parenthetically for the four  nondichotomous parameters. The 
“Duration of surgery” parameter was originally given in minutes but has been corrected to be given in hours; consequently, 
the value for Simulated  Patient No. 1 has been corrected from 110 to 1.8, and that for Simulated  Patient No. 2 from 118 to 
2.0. Last, the � nal CranioScore value (%) for Simulated  Patient No. 2 has been corrected from 8.9 to 31.0%. The corrected 
table appears below  .  

 The authors regret these errors. The online version of the Supplemental Digital Content has been corrected and replaced.   

  DOI:    10.1097/ALN.0000000000003881    

 Reference 

     Cinotti     R   ,    Bruder     N   ,    Srairi     M   ,    Paugam-Burtz     C   ,    Beloeil     H   ,    Pottecher     J   ,    Geeraerts     T   ,    Atthar     V   ,    Guéguen     A   ,    Triglia     T   ,    Josserand     J   ,    Vigouroux     D   ,    Viquesnel     S   ,    Lakhal     K   ,    Galliez     M   ,    Blanloeil   
  Y   ,    Le Thuaut     A   ,    Feuillet     F   ,    Rozec     B   ,    Asehnoune     K    ;    Société Française d’Anesthésie-Réanimation (SFAR) Research Network   :   Prediction score for postoperative neurologic complications 
after brain tumor craniotomy: A multicenter observational study  .    Anesthesiology      2018  ;   129  :  1111  –  20    

 Table 1.   Example of the CranioScore  Value with Two Simulated Patients    

      Simulated  Patient No. 1    Simulated  Patient No. 2   

 Preoperative Glasgow Coma Score ≤ 14  No  Yes 
 History of brain tumour surgery  No  Yes 
 Greater size of brain tumour at imaging (mm)  23  30 
 Mid-line shift in cerebral imaging ≥ 3mm  No  No 
 Transfusion of blood product during surgery (red blood cell/platelet/plasma)  No  No 
 Maximum of Systolic Arterial Pressure during surgery (mmHg)  123  146 
 Minimum of Systolic Arterial Pressure during surgery (mmHg)  75  87 
 Duration of surgery (hours)  1.8  2.0 
 Value of the CranioScore (%)  2.7%  

Low risk patient 
 31.0%  

High risk patient 
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positions who have a strong interest in clinical teaching. The ideal candidate should have a fellowship, additional background
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Excellent General/Cardiac Anesthesiology Opportunity
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Saint Louis University, a Catholic Jesuit institution dedicated to stu-
dent learning, research, health care, and service is seeking faculty 
with outstanding clinical abilities who share a commitment to high-
quality medical care, education and professional development for 
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Anesthesiology. Subspecialty training preferred for specific subspecialty 
as appropriate to position.

Duties: Provision of clinical anesthetic care to patients, and specific 
subspecialty area (working in the OR, plus call) in an anesthesia team 
model or personally performed. Teaching responsibilities for residents, 
fellows, and medical students in the OR, and didactic sessions.

Unless confidentiality is requested in writing, information regarding applicants 
and nominees must be released upon request. Finalists cannot be guaranteed 

confidentiality. The UW-Madison is an EO and AAE. Wisconsin Caregiver Law applies.

OPPORTUNITIES FOR ANESTHESIOLOGISTS 
SPECIALIZING IN REGIONAL, AND 

GENERAL ANESTHESIA

Apply at https://jobs.hr.wisc.edu/en-us/listing/.
In the “Search Jobs” field, search for the type of position 
which you qualify by entering either “general anesthesiologist”, 
or “regional anesthesiologist”.
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The Department of Anesthesiology at the University of Kentucky seeks 
Board-certified or Board-eligible anesthesiologists in the areas of 
pediatric, cardiac, liver transplant, regional, and general anesthesia. 
These positions are open to all ranks.
UK HealthCare has undergone a sustained and remarkable growth 
trajectory for a decade. Clinical volumes have doubled in the past 6 
years and the acuity of patient care is high. UK HealthCare’s Albert 
B. Chandler Hospital was named No. 1 in Kentucky in the U.S. 
News & World Report’s Best Hospitals rankings. The Department 
of Anesthesiology is a collegial group that is well-respected in the 
medical center. The residency program is strong and nationally 
recognized. The enterprise financially supports the academic and the 
clinical mission of the Department of Anesthesiology.

Lexington, Kentucky

Assistant, Associate, or 
Full Professor of Anesthesiology

Please include a CV along with application. Applications will be 
reviewed immediately and will continue until the position is filled.
Completion of residency in Anesthesiology
Fellowship training is required within subspecialty positions
Current license to practice medicine in the state of 
Kentucky, or eligibility for licensure
Board-certified or Board-eligible in Anesthesiology
Eligibility for ABA subspecialty certification is 
required within subspecialty positions

Contact Information zaki@uky.edu
http://www.wildcatanesthesia.com/

The Department of Anesthesia is seeking talented Anesthesiologists and Certified Registered Nurse Anesthetists 
to grow our practices throughout Westchester, NYC and Long Island. Northwell Health Anesthesiology, PC, a 
subsidiary of Northwell Health, is a growing anesthesia group that serves our eight county regions. The PC is 
expanding both its ambulatory surgery centers, as well as our in-patient services. This is a great opportunity as you 
will have the ability to grow within one of the largest health systems in the country.

Enhance your career with Northwell Health Anesthesia!

WORK-L IFE  BALANCE
We are proud to offer our partners personal and professional growth and enrichment. 

We look forward to hearing from you. Please send your CV to
Alice Perkins, our Recruiter for Anesthesia at APerkins2@northwell.edu.

Seeking specialties: Opportunities in:
✓ General ✓ New York City
✓ Pediatrics ✓ Long Island
✓ Cardiothoracic ✓ Westchester

Are you Made for this?

The University Of Virginia Department Of Anesthesiology is seeking a Vice 
Chair of Faculty Affairs and Faculty Development. At a minimum, the open 
position requires the applicant meet the established criteria for the rank 
of Professor at the University of Virginia and have significant experience in 
faculty development. This position will report directly to the Chair. Duties 
to include the following: employee recruitment and retention, support and 
sponsor our faculty, promotion and tenure, orientation and onboarding 
programs, professionalism management, and employee evaluation. This 
role also requires delivery of excellent clinical care, medical supervision, 
teaching trainees, and research if interested. 

Founded in 1819, the University of Virginia is consistently ranked as a top 
public university and hospital in America by U.S. News and World Report. 
Charlottesville and the surrounding area are home to a wide array of scenic, 
cultural, historical, and recreational activities. The region boasts a highly 
educated workforce, excellent school systems, high-quality healthcare and 
affordable living. Charlottesville is recognized as a top place to live in many 
national surveys and a place you will want to call home.

Search https://uva.wd1.myworkdayjobs.com/UVAJobs, 
and search for R0027665

UVA DepArtment of Anesthesiology

Vice chAir of fAcUlty AffAirs, 
open rAnk fAcUlty Anesthesiology

To apply: 
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*FY 19-20
(352) 273-8909 www.anest.ufl.edu/recruitment

The University of Florida College of Medicine,
part of the UF Health system headquartered in 
Gainesville, is searching for the best and brightest
full-time faculty on tenure and clinical tracks in all 
anesthesiology subspecialties. 

We are looking for Assistant/Associate/Full Professor and/or 
non-tenure track Clinical Assistant/Associate/Full Professor 
ranks to teach and practice at UF Health, a quaternary care 
teaching facility located in Gainesville, FL (Level I Trauma 
Center/Congenital Heart Center/Aortic Disease Center/
Comprehensive Stroke Center/Cancer Center/Solid Organ 
Transplantation/High-Risk OB). Abundant opportunities 
exist to develop independent and collaborative research as 
well as innovative education models.

Join Us at UF Health

Our 
Locations

UF Health Shands 
Cancer HospitalUF Health Shands 

Children’s Hospital
UF Health Heart, Vascular & 

Neuromedicine Hospitals

1,232
LICENSED BEDS

55,000+
ANESTHESIA CASES*

67   16
OPERATING 

ROOMS
NORA 

LOCATIONS

About Us

A Top 10 Public University We Are Growing

Our anesthesiologists 
practice alongside 

University employment benefits include:
• 403(b)/457 plans
• Individual and family health insurance
• Own occ disability insurance
• Baby Gator childcare
• Domestic partner benefits
• Sovereign immunity malpractice status 
• Paid sick, meeting, and parental leave 
• Lots of sunshine

The Oaks, Florida 
Surgical Center, 

& Children’s 
Surgical Center

8
SURGICAL ICUs

151
PEER-REVIEWED 
PUBLICATIONS*
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www.woodlibrarymuseum.org

WOOD 

Keeping AnesthesiA history Alive

VISIT OUR 
WEBSITE

RESEARCH DONATE• •

LIBRARY-MUSEUM
OF ANESTHESIOLOGY
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The Department of Anesthesiology at the University of Virginia is seeking 
interested candidates with a strong interest in combining clinical practice 
with resident and fellow education and/or research. Qualified candidates 
must have an MD or equivalent degree, have completed an anesthesiology 
residency program, and have completed a regional anesthesia and pain 
medicine fellowship or have extensive experience in regional anesthesia 
and pain medicine. 

Founded in 1819, the University of Virginia is consistently ranked as a top 
public university and hospital in America by U.S. News and World Report. 
Charlottesville and the surrounding area are home to a wide array of scenic, 
cultural, historical, and recreational activities. The region boasts a highly 
educated workforce, excellent school systems, high-quality healthcare and 
affordable living. Charlottesville is recognized as a top place to live in many 
national surveys and a place you will want to call home.

UVA DepArtment of Anesthesiology

regionAl AnesthesiA AnD AcUte pAin 
meDicine DiVision, open rAnk fAcUlty

Search myworkdayjobs.com/UVAJobs, and 
search for R0028588

To apply: 
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Deliver your message in

THE SOURCE PHYSICIANS TRUST

We’ve 
got 

your 
next 

bright 
idea!

www.physiciansjobsplus.com

 THE WLM FELLOWSHIP 
will provide recipients with fi nancial 
support for one to three weeks of 
scholarly historical research at the 
Wood Library-Museum.

The Board of Trustees of the Wood 
Library-Museum invites applications 
from anesthesiologists, residents in 
anesthesiology, physicians in other 
disciplines, historians and other 
individuals with a developed interest 
in library and museum research in 
anesthesiology.

For further information, contact:  
Librarian, Wood Library-Museum 
of Anesthesiology at (847) 825-5586, 
or visit our Web site at: 
www.WoodLibraryMuseum.org.

Completed proposals must be 
received before January 31, 2013, 
for consideration. The Wood Library-
Museum serves the membership of 
ASA and the anesthesiology community.

the wood 
library-museum 

of anesthesiology

Wood Library-Museum 
of Anesthesiology 

520 N. Northwest Highway
Park Ridge, IL 60068-2573

(847) 825-5586

wlm@asahq.org

www.WoodLibraryMuseum.org
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For more information about advertising and the next avail-
able issue, contact your sales managers:
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 Hilary Druker, 609-304-9187
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The University of Wisconsin School of Medicine 
and Public Health (SMPH) invites applications and 
nominations for the position of Chair of the 
Department of Anesthesiology. 

Please send nominations to: Laurel Rice, MD and 
Susan Lederer, PhD, Co-Chairs of the Anesthesiology 
Search Committee, c/o Ms. Staci Andersen, 750 
Highland Avenue, 415OQ HSLC, Madison, WI  
53705-2111, slandersen2@wisc.edu

To apply for this position, please use the University 
of Wisconsin applicant tracking system found at: 
https://jobs.wisc.edu/ and search for position #92389. 
Applicants will be asked to upload a current cover letter, 
CV, and list of three references.

To receive full consideration, applications should arrive 
by October 14, 2018. 

17151
Anesthesiology
3 1/2" x 4 3/4"

CHAIR, Department of Anesthesiology
University of Wisconsin 

School of Medicine and Public Health
Madison, Wisconsin

 

The University of Wisconsin is an 
EEO/AA employer. Wisconsin Caregiver 
and Open Records laws apply. A 
background check will be conducted prior 
to employment.

School of Medicine
and Public Health
UNIVERSITY OF WISCONSIN-MADISON

CHAIR, DEPARTMENT OF ANESTHESIOLOGY

THE UNIVERSITY OF TEXAS HEALTH SCIENCE 

CENTER AT SAN ANTONIO JOE R. AND  

TERESA LOZANO LONG SCHOOL OF MEDICINE

The Long School of Medicine at the University of Texas Health Science Center at San Antonio (dba UT Health San Antonio) 
seeks an individual with an outstanding record of clinical operational leadership, scientific and educational achievement, 
and faculty/trainee recruitment and mentoring as its Chair of the Department of Anesthesiology. Dynamic leadership, 
clear communication, strong interpersonal skills, and a keen strategic vision are crucial characteristics required for 
success. Reporting to Dean of the Long School of Medicine, the Chair will be responsible for continuing to build and 
maintain excellence in clinical care, robust research programs, high quality graduate medical education, and a collegial 
interactive culture. The UT Health San Antonio is an Equal Employment Opportunity/Affirmative Action employer and is 
committed to excellence through diversity among its faculty, staff and students including protected veterans and persons 
with disabilities.

Candidates must have an MD, board certification in Anesthesiology and academic experience consistent with eligibility 
for full Professor with tenure. The ideal candidate will have a widely-recognized national reputation in their field. The 
ability to foster a culture of collaboration, innovation, and accountability across the Health Science Center is important. 
This is a wonderful opportunity for a visionary leader. UT Health San Antonio is a research-intensive institution located in 
San Antonio and it sits in the gateway to the picturesque Texas Hill Country. San Antonio is a vibrant, multicultural city 
with year-round recreational activities and an attractive cost-of-living. 

Interested individuals should submit a letter of interest along with a current CV electronically via the UT Health Careers 
portal at http://uthscsa.edu/hr/employment.asp to apply for position of Chair, Anesthesiology. Inquiries may be directed 
to Shelly Evans, Long School of Medicine Chief of Staff at elliss@uthscsa.edu

A l l  f a c u l t y  a p p o i n t m e n t s  a r e  d e s i g n a t e d  a s  s e c u r i t y  s e n s i t i v e  p o s i t i o n s .
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HAVE SOMETHING
IMPORTANT
TO SAY?

The Department of Anesthesiology at the University of Wisconsin School 
of Medicine and Public Health is seeking a Vice Chair of Research. 
This individual will report to the Chair and work collaboratively with 
other leaders to provide oversight for the Department’s existing 
research programs. The incumbent will also oversee research program 
development and will provide managerial support for multiple research 
team members. The ideal candidate will have a well-established 
research program, well-developed professional connections within the 
anesthesiology research community and a demonstrated history of 
progressive leadership and mentorship responsibilities. This position is 
open to tenure track or Clinical Health Sciences (CHS) track candidates 
with a rank of Associate Professor or higher and may include clinical 
service with UW Health.

This position will be a dual appointment with UW Madison and UW 
Medical Foundation. An active Wisconsin medical license (or eligibility) 
and American Board of Anesthesiology Board Certification (or eligibility) 
are required.

Unless confidentiality is requested in writing, information regarding applicants 
and nominees must be released upon request. Finalists cannot be guaranteed 

confidentiality. The UW-Madison is an EO and AAE. Wisconsin Caregiver Law applies.

VICE CHAIR OF RESEARCH

Candidates should send a CV and statement of interest to:  
Joshua J. Sebranek, M.D., Senior Vice Chair, at jsebrane@wisc.edu.
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Improve your patient care and expertise through 
evidence-based learning experiences.

Explore education created and vetted by leading anesthesiologists.

Choose from a wide range of patient safety, practice management, and quality courses 
that fi t your goals, interests, and learning style including:
• ACE – Issue 18A is now available  
• Summaries of Emerging Evidence (SEE)
• Diagnostic POCUS Certifi cate Program 
• Anesthesia SimSTAT 
• Fundamentals of Patient Safety
• Lessons learned in Caring for Patients During The COVID-19 Pandemic and Beyond 
• Neuromuscular Blockade in the Ambulatory Setting: Safe Practices

Find your next education experience 
asahq.org/virtual-education

21-116

ASA YOUR EDUCATION
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