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406  Tidal Volume and Positive End-expiratory Pressure and Postoperative 
Hypoxemia during General Anesthesia: A Single-center Multiple 
Crossover Factorial Cluster Trial

Intraoperative mechanical ventilation is a major component of general anesthesia. Two key ventilator settings are tidal volume 
and positive end-expiratory pressure (PEEP). The hypothesis that ventilation using different tidal volumes and PEEP levels affects 
oxygenation within the first hour in the postanesthesia care unit was tested in a robust 2-by-2 factorial crossover cluster trial 
of 2,860 adults having major orthopedic surgery with general anesthesia. Patients were assigned to factorial clusters with tidal 
volumes of 6 or 10 ml/kg of predicted body weight and to PEEP of 5 or 8 cm H

2
O in 1-week clusters. Oxygenation was defined by 

the peripheral oxygen saturation divided by the fraction of inspired oxygen (Spo
2
/Fio

2
 ratio), a surrogate measure of oxygenation. Because the interaction between 

tidal volumes and PEEP was not significant, the effects of tidal volumes and PEEP on time weighted average Spo
2
/Fio

2
 ratios were assessed independently. The 

time-weighted average Spo
2
/Fio

2
 ratios were not different in patients assigned to high and low tidal volumes or in those assigned to high and low PEEP. See the 

accompanying Editorial on page 381. (Summary: M. J. Avram. Image: A. Johnson, Vivo Visuals Studio.)

418  Sedation versus General Anesthesia for Tracheal Intubation in 
Children with Difficult Airways: A Cohort Study from the Pediatric 
Difficult Intubation Registry

The incidence of difficult tracheal intubation in the general pediatric population is nearly 1.5%. The hypothesis that in children with 
difficult airways tracheal intubation under sedation would be associated with lower first-attempt success and more complications 
than tracheal intubation under general anesthesia was tested using data from difficult airway encounters in 34 hospitals between 
2017 and 2020. Propensity score matching to minimize selection bias and the effect of baseline characteristics on the outcome 
resulted in 58 sedated patients being matched to at least 1 general anesthesia patient, with 522 general anesthesia patients 

being matched. First-attempt tracheal intubation was successful in 48% (28 of 58) of sedated patients and 47.9% (250 of 522) of anesthetized patients (odds 
ratio, 1.02; 95% CI, 0.59 to 1.76). To complete tracheal intubation, 28% (16 of 58) of sedation cases were converted to general anesthesia. Complications were 
observed in 26% (15 of 58) of sedated patients and 17.3% (90 of 521) of anesthetized patients (odds ratio, 1.63; 95% CI, 0.87 to 3.08). See the accompanying 
Editorial on page 384. (Summary: M. J. Avram. Image: Adobe Stock.)

434  Carbon Dioxide, Blood Pressure, and Perioperative Stroke:  
A Retrospective Case–Control Study

The combination of reduced cerebral perfusion, e.g., due to hypotension and compromised autoregulation, and impaired vasodilatory 
reserve, mediated by hypo- and hypercapnia, may create conditions for cerebral ischemia. The hypothesis that the combination of intra-
operative hypo- or hypercarbia and intraoperative hypotension would be associated with postoperative stroke was tested in a multicenter, 
retrospective, observational case-control study. The primary outcome was perioperative ischemic stroke, defined as any new-onset cere-
brovascular infarction that occurred within 30 days of surgery. One hundred twenty-two confirmed stroke cases were identified from 
the 1,244,881 noncardiac, nonintracranial neurologic, and nonmajor vascular surgical cases analyzed and matched 1:4 to controls for 

the primary analysis. The primary analysis included total area under the curve with mean arterial pressure less than 55 mmHg and Etco
2
 less than or equal to 30 mmHg 

followed by Etco
2
 less than or equal to 35 mmHg and Etco

2
 greater than or equal to 45 mmHg as a separate, secondary analysis. Intraoperative hypotension and both hypo- 

and hypercarbia were independently associated with postoperative ischemic stroke in an additive, nonsynergistic manner. (Summary: M. J. Avram. Image: J. P. Rathmell.)

446  Respiratory Effects of the Atypical Tricyclic Antidepressant Tianeptine 
in Human Models of Opioid-induced Respiratory Depression

Tianeptine is an atypical antidepressant and cognitive enhancer that can be administered orally or intravenously. It may cause respi-
ratory stimulation during opioid-induced respiratory depression by enhancing α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor-mediated transmission and reducing glutamatergic transmission at N-methyl-d-aspartate (NMDA) receptors. 
However, tianeptine also acts as a µ-opioid receptor agonist, which may reduce its respiratory stimulatory capabilities. The hypoth-
esis that tianeptine can effectively reverse opioid-induced respiratory depression was tested in 15 male and female subjects in a 
double-blind, randomized, placebo-controlled crossover study by determining the effect of four increasing target plasma tianeptine 

concentrations on remifentanil-induced respiratory depression at isohypercapnia. Over the plasma tianeptine concentration range tested (500 to 2,000 ng/ml), it 
did not produce respiratory stimulation during remifentanil-induced respiratory depression, but instead worsened respiratory depression with a further decline in 
ventilation at an extrapolated end-tidal carbon dioxide concentration of 55 mmHg (V̇

E
55) by 5 l/min. (Summary: M. J. Avram. Image: J. P. Rathmell.)
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459  No Benefits of Adding Dexmedetomidine, Ketamine, Dexamethasone, 
and Nerve Blocks to an Established Multimodal Analgesic Regimen 
after Total Knee Arthroplasty

The hypothesis that adding five novel analgesic interventions to a standard multimodal analgesic regimen would decrease post-
operative opioid requirements was tested in a randomized, double-blind, controlled trial of 78 patients undergoing total knee 
arthroplasty. All patients received a single-injection adductor canal block, spinal anesthesia with low-dose intrathecal morphine, 
intraoperative IV dexamethasone, periarticular local anesthetic infiltration, and round-the-clock oral acetaminophen and celecoxib, 
with immediate-release oxycodone or hydromorphone as needed. The treatment group also received a preoperative local anes-

thetic infiltration between the popliteal artery and posterior compartment of the knee, intraoperative IV infusions of low-dose dexmedetomidine and ketamine, a 
second dose of IV dexamethasone on postoperative day 1, and additional adductor canal block bolus injections on postoperative days 0 and 1. The additional inter-
ventions resulted in neither less opioid consumption or lower pain scores in the first 24 to 48 h after the operation nor better postoperative functional outcomes, 
quality of recovery, patient satisfaction, or longer-term pain and analgesic outcomes up to 6 weeks after surgery. (Summary: M. J. Avram. Image: J. P. Rathmell.)

473  Ventilation during Lung Resection and Critical Care: Comparative 
Clinical Outcomes (Clinical Focus Review)

Positive-pressure ventilation has been reported to contribute to lung inflammation and might predispose general surgery and 
intensive care unit patients to a higher risk of ventilator-associated lung injury at high tidal volume (V

T
) ventilation. This review 

highlights recent evidence from prospective studies of the use of low V
T
 ventilation and varying levels of positive end-expiratory 

pressure (PEEP) in patients with acute respiratory distress syndrome (ARDS), intensive care unit patients without ARDS, and 
patients receiving one-lung ventilation during lung resection. A randomized controlled trial that compared traditional ventilation 
with ventilation with a lower V

T
 in patients with ARDS reported decreased mortality, more ventilator-free days, and fewer organ 

failure days in the low V
T
 group. In contrast, in randomized controlled trials clinically important outcomes did not differ between 

intensive care unit patients without ARDS ventilated with a low or higher V
T
 or with low or higher PEEP. There is limited evidence to support use of protective lung 

ventilation, including manipulation of V
T
, PEEP, and driving pressure, during one-lung ventilation to reduce postoperative pulmonary complications. (Summary: M. 

J. Avram. Image: Adobe Stock.)

484  Anesthesiologists and the Other Pandemic: Tobacco Use (Review 
Article)

Tobacco use is the leading cause of preventable death in many countries. Because receiving surgery is a teachable moment event 
for smoking cessation, anesthesiologists can play a unique role in the fight against this pandemic, providing not only immediate 
benefits to their tobacco-using patients’ health through reduction of perioperative risk but also long-term benefits through reduc-
tion in diseases related to tobacco use. This review begins with an overview of the origins and evolution of the tobacco use pan-
demic, the pathophysiology of tobacco use and the natural history of quitting, and effective options for treatment of the underlying 
disease. It then presents the rationale for addressing tobacco use in perianesthesia practices and concludes by reviewing practical 
strategies by which anesthesiologists can take advantage of their unique opportunities to help their patients, including what is 

referred to as multimodal perianesthesia tobacco treatment. This incorporates four core components of successful treatment programs: consistent ascertainment 
and documentation of tobacco use, advice to quit, access to nicotine replacement therapy or other pharmacotherapy, and referral to counseling resources. 
(Summary: M. J. Avram. Image: From original article.)
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tracheal intubation, and 1% in the general anesthesia group had failed 
intubations. Complications overall were similar between the groups, and the 
rate of severe complications was low.
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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

Prothrombin complex concentrate vs plasma for post-cardiopulmonary bypass 
coagulopathy and bleeding: A randomized clinical trial. JAMA Surg 2022 Jun 29 
[Epub ahead of print]. PMID: 35767271.
Prothrombin complex concentrate (PCC) is increasingly used to treat coagulopathy after cardiac surgery. In this single-institution, 
open-label randomized trial, adult patients preferentially undergoing complex cardiac surgical procedures developing excessive 
microvascular bleeding, a prothrombin time (PT) greater than 16.6 s, and an international normalized ratio (INR) greater than 1.6 
after cardiopulmonary bypass received either PCC (15 IU/kg) or plasma (10 to 15 ml/kg). The primary outcome was chest tube 
output volume through midnight on day 1. Secondary outcomes were PT/INR, intraoperative and postoperative (day 1) transfu-

sions, and adverse events. One hundred patients (mean age 67 yr, male 61%) met criteria for entry (49 received plasma, 51 received PCC). There was no sig-
nificant difference in chest tube output (median [interquartile range], 1022 [799 to 1,575] ml for plasma vs. 937 [708 to 1443] ml for PCC), although allogenic 
transfusion was avoided in 14% of PCC subjects. After treatment, patients in the PCC arm had a greater improvement in PT (effect estimate, −1.37 s [95% CI, 
−1.91 to −0.84]; P < 0.001) and INR (effect estimate, −0.12 [95% CI, −0.16 to −0.07]; P < 0.001). Fewer patients in the PCC group required intraoperative 
red blood cell transfusion after treatment (14% vs. 31%; P = 0.04), although total intraoperative blood component transfusion rates were not different. There 
were no significant differences in postoperative bleeding, transfusions, or adverse events. (Article Selection: David Faraoni, M.D., Ph.D. Image: J. P. Rathmell.)
Take home message: In this randomized trial of high-risk adult cardiac surgical patients, intraoperative PCC administration versus plasma in response to 
bleeding and altered coagulation parameters did not alter early postoperative chest tube output but did result in fewer intraoperative red blood cell transfu-
sions after treatment and greater improvement in coagulation parameters without more adverse events.

Pain, analgesic use, and patient satisfaction with spinal versus general anes-
thesia for hip fracture surgery: A randomized clinical trial. Ann Intern Med 2022; 
175:952–60. PMID: 35696684.
While outcomes between general and spinal anesthesia for hip fracture have not been reported to differ for ambulation, survival, 
delirium, or hospital length of stay, less is known about pain- and opioid-related outcomes between these two techniques. 
This planned secondary analysis of a pragmatic randomized trial of these techniques across 46 U.S. and Canadian hospitals 
(Regional versus General Anesthesia for Promoting Independence after Hip Fracture [REGAIN] trial; n = 1,600) compared post-
operative pain, analgesic use, and patient satisfaction between the groups. Using a 0 to 10 numeric rating scale for pain, pain 

over the first 24 h was greater with spinal anesthesia (mean difference, 0.4 [95% CI, 0.12 to 0.68]); however, this difference did not meet the threshold for a 
clinically meaningful difference. No other between-group differences for pain at later time points (postoperative days 2, 3, 60, 180, or 365) were noted. Pre-
scription analgesic use at 60 days postoperatively was higher in the spinal anesthesia group (25%) compared with general anesthesia (19%; relative risk, 1.33 
[CI, 1.06 to 1.65]). Notably, patient satisfaction, willingness to recommend the same approach to a family member, and exploratory cognitive status evaluations 
were not different between groups. (Article Selection: Chad M. Brummett, M.D. Image: J. P. Rathmell.)
Take home message: After surgery for hip fracture, patients receiving spinal anesthesia reported statistically higher, yet not clinically meaningful worse pain 
scores in the first 24 h and greater analgesic use 60 days after surgery when compared with those receiving general anesthesia.

Urolithin A improves muscle strength, exercise performance, and biomarkers of 
mitochondrial health in a randomized trial in middle-aged adults. Cell Rep Med 
2022; 3:100633. PMID: 35584623.
Age-associated decline in muscle mass may result from mitochondrial dysfunction. Mitophagy stimulating agents such as uro-
lithin A, a gut-microbiome-derived metabolite of the polyphenolic compounds ellagitannins, might attenuate this decline. This 
randomized controlled trial evaluated 88 healthy, overweight, middle-aged subjects comparing 500 mg/day urolithin A orally 
(n = 29), 1,000 mg/day urolithin A (n = 30), and oral placebo (n = 29) for 4 months. The primary endpoint was peak muscle 
power output by lower- and upper-body muscle strength testing by dynamometry. Secondary endpoints included aerobic 

endurance (peak oxygen consumption [Vȯ
2
]), physical performance (6-min walk test), and biomarkers of muscle/mitochondrial status and inflammation. Peak 

power output was comparable in the three groups, whereas muscle strength of the lower-body muscles was greater in both urolithin A groups compared to 
placebo (hamstring muscle strength: 12% greater in the 500 mg/day group [P = 0.027] and 10% greater in the 1,000 mg/day group [P = 0.029]; leg flexion: 
11% greater in the 500 mg/day group [P = 0.017] and 11% greater in the 1,000 mg/day group [P = 0.022]). Peak V̇o

2
 and walking ability were similar in 

the urolithin A intervention and placebo groups. Acylcarnitines were lesser in the urolithin A 500 mg/day group, consistent with greater fatty acid oxidation. 
C-reactive protein plasma concentration was lower in the urolithin A 1,000 mg/day arm compared to placebo along with inflammatory mediators tumor necro-
sis factor-α and interferon-γ. Oral administration of urolithin A was well tolerated. (Article Selection: Beatrice Beck-Schimmer, M.D. Image: Adobe Stock.)
Take home message: In this randomized, placebo-controlled trial, overweight middle-aged subjects taking urolithin A (present in berries, walnuts, and 
pomegranates) for 4 months had significantly greater lower-extremity strength compared to placebo.

SMAMartin J. London, M.D., Editor

DOI: 10.1097/ALN.0000000000004372 OCTOBER 2022 ANESTHESIOLOGY, V 137   •   NO 4
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SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST 

Key Papers from the Most Recent Literature Relevant to Anesthesiologists 

Cannabis-based products for chronic pain: A systematic review. Ann Intern 
Med 2022; 175:1143–53. PMID: 35667066.
The use of cannabis-based products has continued to surge in the United States and worldwide for medical indications, 
including chronic pain, despite persistent concerns regarding abuse and questions regarding effectiveness. This systematic 
review included 18 randomized, placebo-controlled trials (n = 1,740) and 7 cohort studies (n = 13,095) evaluating the 
effectiveness of the cannabinoids tetrahydrocannabinol (THC) or cannabidiol (CBD, which is devoid of psychoactive effects) 
for chronic pain. Studies were primarily short term (less than 8 weeks), with 56% enrolling patients with neuropathic pain. 
No study was at low risk for bias. Synthetic products with high THC:CBD ratios (more than 98% THC, n = 10) were asso-

ciated with moderate improvement in pain severity and binary treatment response (greater than or equal to 30% improvement) but also a greater risk for 
dizziness. Within this class, the effect for nabilone was statistically significant (mean difference, 1.59 [95% CI, 2.49 to 0.82], while the effect for dronabinol 
was not. Medications with comparable THC:CBD ratios were associated with smaller improvements in pain (mean difference, 0.54 [95% CI, 0.95 to 0.19]) 
and function (mean difference, 0.42 [95% CI, 0.73, 0.16]). There was insufficient evidence to assess compounds containing only CBD and no data were 
provided on misuse. (Article Selection: Steven Cohen, M.D. Image: Adobe Stock.)
Take home message: Oral synthetic cannabinoids with high THC:CBD ratios and sublingual cannabis products with comparable THC:CBD ratios may 
be associated with short-term improvements in chronic pain but also greater risk for dizziness and sedation relative to placebo. Studies are needed to 
evaluate long-term outcomes.

A novel spinal neuron connection for heat sensation. Neuron 2022; 110:2315–
33. PMID: 35561677.
Heat sensation is a fundamental perception necessary for the detection of potentially harmful stimuli. However, its spinal 
mechanisms, especially the identity of heat-processing neurons, is unknown. Using genetic manipulation and electrophysi-
ologic and behavioral approaches, this study explored the responsible spinal network in mice, in particular a group of excit-
atory neurons that are ErbB4+ responding to noxious heat stimulation. ErB4 is a receptor tyrosine kinase of the epidermal 
growth factor receptor (EGFR) family, which is activated by the growth factor neuregulin 1 (NRG1). Specific ablation of spinal 
ErbB4 neurons reduced heat perception, whereas mechanical sensation was unchanged. The ErbB4 neurons receive inputs 

from heat nociceptor-containing C and A delta fibers, especially TRPV1 nociceptors and not by mechanosensory neurons. The expression in spinal ErbB4 
neurons, of an engineered chemogenetic receptor, which solely responds to a synthetic ligand designed to activate or inhibit ErbB4 neurons, confirmed the 
role of ErbB4 in heat sensation. Spinal NRG1 and the phosphorylated active form of ErbB4 were increased after noxious heat stimulus, inflammation, and 
nerve injury. This demonstrates the involvement of NRG1-ErbB4 signaling in heat sensation in physiologic and pathologic conditions via regulation of the 
glutamatergic transmission. Blockade of either ErbB4 or NRG1 reduced thermal pain hypersensitivity produced by inflammatory or neuropathic pain. (Article 
Selection: Cyril Rivat, Ph.D. Image: Adobe Stock.)
Take home message: NRG1 activates spinal ErbB4 excitatory interneurons that are necessary for heat sensation and not involved in mechanosensitivity. 
NRG1-ErbB4 signaling is also responsible for thermal pain hypersensitivity produced by either inflammatory or neuropathic pain.

Effect of nitric oxide via cardiopulmonary bypass on ventilator-free days in 
young children undergoing congenital heart disease surgery: The NITRIC ran-
domized clinical trial. JAMA 2022; 328:38–47. PMID: 35759691.
Preclinical and clinical studies suggest that nitric oxide added to the gas inflow of the cardiopulmonary bypass oxygenator may 
decrease the incidence of low cardiac output syndrome in young children. In this double-blind, multicenter, randomized clinical 
trial, a total of 1,371 children younger than 2 yr of age were randomized to receive either nitric oxide (20 ppm) delivered into the 
cardiopulmonary bypass oxygenator (n = 679) or standard care (n = 685). The primary endpoint was the number of ventila-
tor-free days from bypass until day 28. Secondary endpoints include a composite of low cardiac output syndrome, extracorporeal 

life support, or death; intensive care and hospital length of stay; and postoperative troponin levels. The number of ventilator-free days did not differ between 
groups (median, 26.6 days with nitric oxide [interquartile range, 24.4 to 27.4] vs. 26.4 days without [24.0 to 27.2]; absolute difference of −0.01 days [95% CI, 
−0.25 to 0.22]). No statistical difference was noted for the composite secondary endpoint (adjusted odds ratio for age at randomization, surgical lesion type, and 
study site 1.12 [95% CI, 0.85 to 1.47]), intensive care or hospital length of stay (adjusted odds ratio, 1.00 [95% CI, 0.90 to 1.12]; 0.97 [95% CI, 0.87 to 1.09]), 
and postoperative troponin levels (adjusted odds ratio, –0.23 [95% CI, –0.88 to 0.42]). (Article Selection: David Faraoni, M.D., Ph.D. Image: J. P. Rathmell.)
Take home message: In children younger than 2 yr undergoing congenital heart surgery, the use of nitric oxide via cardiopulmonary bypass did not 
significantly affect the number of ventilator-free days after surgery or composite secondary outcomes.

ANESTHESIOLOGY, V 137   •   NO 4 OCTOBER 2022 DOI: 10.1097/ALN.0000000000004372

ALN_V137N4_Text.indb   14ALN_V137N4_Text.indb   14 20-Sep-22   14:42:1020-Sep-22   14:42:10

D
ow

nloaded from
 /anesthesiology/issue/137/4 by guest on 19 April 2024



SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST 

Key Papers from the Most Recent Literature Relevant to Anesthesiologists 

Association of changes in antithrombin activity over time with responsive-
ness to enoxaparin prophylaxis and risk of trauma-related venous thrombo-
embolism. JAMA Surg 2022; 157:713–21. PMID: 35731524.
Venous thromboembolism after traumatic injury affects 2 to 20% of patients. Antithrombin, a crucial factor for effective 
anticoagulation with heparins, has been found to be deficient in 20% of trauma patients. This single-center, prospective 
cohort study was performed at a level 1 trauma center. The study objective was to assess time-dependent changes in 
antithrombin activity, responsiveness to enoxaparin (measured by anti–factor Xa levels), and the incidence of venous 
thromboembolism after severe trauma. In addition, this study examined the effect of ex vivo antithrombin supplementation 

on responsiveness to enoxaparin measured by anti-factor Xa levels 4 to 6 h after the first daily enoxaparin dose. Among 150 patients enrolled, 28 (19%) 
developed venous thromboembolism. Patients with venous thromboembolism had significantly lower antithrombin activity on admission compared with 
patients without (median [interquartile range], 91% [79 to 104%] vs. 100% [88 to 112%]; P = 0.04), as well as lower antithrombin activity on hospital 
days 5, 6, 7, and 8. Anti-factor Xa levels were significantly lower in patients with venous thromboembolism throughout the study. Multivariable analyses 
found that for every 10% decrease in antithrombin activity during the first 3 days, the risk of venous thromboembolism increased 1.5-fold. Addition of anti-
thrombin ex vivo improved responsiveness to enoxaparin measured by anti-factor Xa. (Article Selection: David Faraoni, M.D., Ph.D. Image: Adobe Stock.)
Take home message: After severe trauma in adults, antithrombin deficiency is common and contributes to enoxaparin resistance and venous 
thromboembolism.

Perioperative nonsteroidal anti-inflammatory drugs (NSAID) administration 
and acute kidney injury (AKI) in major gastrointestinal surgery: A prospective, 
multicenter, propensity matched cohort study. Ann Surg 2022; 275:904–10. 
PMID: 33074883.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used postoperatively to improve pain, decrease inflamma-
tion, and limit opioids. NSAIDs previously have been associated with increased risk of acute kidney injury (AKI) and anasto-
motic leaks. A multicenter, prospective cohort study evaluated patients having elective or emergency major gastrointestinal 
surgery from September to December 2015 across 173 hospitals in the United Kingdom and Ireland. A secondary analysis 

evaluated the 7-day postoperative AKI rate and anastomotic leaks in patients administered NSAIDs on postoperative days 0 to 3. Propensity score match-
ing was used to balance treatment groups and estimate treatment effects. Within 3 days of surgery, 20% (1,039 of 5,240) of patients received NSAIDs. 
AKI occurred in 11% of the early-NSAID group and 15% of the no-NSAID group. After propensity score matching, early use of NSAIDs was not significantly 
associated with AKI (adjusted odds ratio, 0.80; 95% CI, 0.63 to 1.00; P = 0.057). The finding was consistent in subgroup analyses by NSAID dosage and 
timing. The anastomotic leak rate was 5% in the NSAID group and 6% in the no-NSAID group. NSAIDs were not associated with anastomotic leak (adjusted 
odds ratio, 0.85; 95% CI, 0.58 to 1.21; P = 0.382). (Article Selection: BobbieJean Sweitzer, M.D. Image: J. P. Rathmell.)
Take home message: In a large observational cohort, the use of NSAIDs in the early postoperative period after major gastrointestinal surgery was not 
associated with a greater risk of either acute kidney injury or anastomotic leak.

Use of pragmatic and explanatory trial designs in acute care research: Les-
sons from COVID-19. Lancet Respir Med 2022; 10:700–14. PMID: 35709825.
The COVID-19 pandemic led to an unprecedented increase in acute care clinical research. Optimal methodology has been 
questioned given the challenge of simultaneously treating and researching a novel illness, obtaining consent amid hospital 
visitor restrictions, and the widespread repurposing of common therapies. The 2020 Critical Care Clinical Trialists Workshop 
participants reviewed the ORCHID trial of hydroxychloroquine for COVID-19 and the RECOVERY trial of common therapies for 
COVID-19 to showcase the benefits and drawbacks of explanatory versus pragmatic trials during a public health crisis. Explan-
atory trials evaluate novel therapies while pragmatic trials assess known therapies in a real-world context. These different goals 

require different designs. For example, regulatory standards for explanatory trials are likely too restrictive for pragmatic trials. The need for informed consent is 
controversial for pragmatic trials given that participants receive the intervention as part of standard care and waiting for consent may hamper enrollment tar-
gets. Explanatory trials’ stringent enrollment criteria maximize internal validity but compromise generalizability; pragmatic trials include a more representative 
population to facilitate early application of results. Explanatory trials require experienced research staff while pragmatic trials maximize efficiency by allowing 
nonresearch staff to enroll, administer interventions, and record data. (Article Selection: Meghan Prin, M.D., M.S. Image: Adobe Stock.)
Take home message: Pragmatic clinical trials offer efficiency and generalizability, which may be more appropriate in the setting of a public health crisis 
relative to traditional explanatory trials. However, broad adoption of this design will require alignment of institutional stakeholders to match the intensity of 
regulatory oversight and human subjects’ protection with potential impacts on trial enrollment.
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Effect of perioperative dexmedetomidine on delayed graft function following 
a donation-after-cardiac-death kidney transplant: A randomized clinical trial. 
JAMA Netw Open 2022; 5:e2215217. PMID: 35657627.
Dexmedetomidine is postulated to have renal protective effects. However, its effects on renal allograft success after renal trans-
plant have not been studied. This single-center, double-blind, placebo-controlled randomized controlled trial included 111 renal 
transplant patients. The treatment group (n = 56) received a 24-h IV infusion of dexmedetomidine: 0.4 µg · kg–1 · h–1 intraopera-
tively and 0.1 µg · kg–1 · h–1 postoperatively. Controls (n = 55) received infusions of normal saline. The primary outcome was the 
need for dialysis in the first week posttransplant. The prespecified secondary outcomes were in-hospital repeated dialysis, in-hos-

pital rejection, serum creatinine and cystatin, estimated glomerular filtration rate, and patient dialysis and survival at day 30. Patients receiving dexmedetomidine 
had a lower incidence of dialysis in the first week, 35% versus 18% (odds ratio, 0.41; 95% CI, 0.17 to 0.98; P = 0.04), and greater creatinine clearance on days 1 
(9.9 [4.9 to 21.2] ml/min vs. 7.9 [2.0 to 10.4] ml/min) and 2 (29.6 [9.7 to 67.4] ml/min vs. 14.6 [3.8 to 45.1] ml/min). Dexmedetomidine had no beneficial effects 
on other secondary outcomes, and there was no difference in adverse events between the two groups. (Article Selection: Jamie Sleigh, M.D. Image: J. P. Rathmell.)
Take home message: In this single-center, randomized, double-blind, placebo-controlled study, patients receiving a 24-hr perioperative infusion of low-
dose dexmedatomidine had a lower incidence of dialysis in the first week postoperatively.

Carbon dioxide sensing by immune cells occurs through carbonic anhydrase 
2-dependent changes in intracellular pH. J Immunol 2022; 208:2363–75. 
PMID: 35477686.
Carbon dioxide, a major physiologic gas, is elevated in microenvironments of many inflammatory diseases that impair 
immune cell function, but little is known about its effects on downstream signaling pathways. This two-part human study 
(in vitro cell culture, in vivo analysis) demonstrates that higher levels of carbon dioxide (10% vs. 5%) inhibit autocrine 
inflammatory gene expression in macrophages by changing intracellular pH, which ultimately reduces macrophage acti-
vation and migratory functions. Mechanistically, inhibition of carbonic anhydrase 2 (a carbon dioxide–sensing enzyme) 

by pharmacologic or genetic (siRNA) means was found to prevent carbon dioxide–mediated intracellular pH alterations and attenuated the sensitivity of 
macrophages to carbon dioxide–mediated inhibition. Ten percent CO

2
 decreased endotoxin-stimulated NFκB activation and its corresponding cytokine 

and chemokine response. Intestinal epithelial cells subjected to a scratch assay exhibited decreased simulated “wound closure” when media from 10%, 
as opposed to 5%, CO

2
-treated M1 polarized macrophages was added. The significance of these in vitro findings was corroborated in patients undergoing 

colorectal surgery where macrophages from patients with elevated Pco
2
 as measured by intraoperative blood gas analysis, exhibited reduced migration. 

Low intraoperative pH, but not Po
2
 values, in these patients also correlated with reduced intestinal macrophage infiltration and a higher risk of anastomotic 

leakage secondary to wound healing problems. (Article Selection: Michael Zaugg, M.D., M.B.A. Image: Macrophage; the original uploader was Obli at 
English Wikipedia, CC BY-SA 2.0 <https://creativecommons.org/licenses/by-sa/2.0>, via Wikimedia Commons.)
Take home message: High levels of carbon dioxide inhibit macrophage differentiation and activation via carbonic anhydrase in an intracellular pH-de-
pendent manner. Hypercapnia and acidosis are associated with increased risk of anastomotic leakage in patients undergoing colorectal surgery.

Effect of intraoperative handovers of anesthesia care on mortality, readmis-
sion, or postoperative complications among adults: The HandiCAP random-
ized clinical trial. JAMA 2022; 327:2403–12. PMID: 35665794.
Intraoperative handovers between anesthesia providers are common. Observational data suggest associations between 
such handovers and adverse events. This parallel-group, randomized clinical trial (12 German centers without standard-
ized handover protocols) enrolled 1,817 patients with American Society of Anesthesiologists (ASA) physical status III or IV 
undergoing inpatient surgery (duration greater than or equal to 2 h) to receive a complete (n = 908) or no handover of 
anesthesia care (n = 909). The primary outcome was a 30-day composite of all-cause mortality, hospital readmission, or 

serious postoperative complications. Nineteen secondary outcomes were collected. A total of 1,772 patients (mean ± SD age, 66 ± 12 yr; 56% male, 
97% ASA physical status III, median duration of anesthesia, 267 min [interquartile range, 206 to 351 min], median time from start of anesthesia to first 
handover, 144 min in the handover group [interquartile range, 105 to 213 min]) completed the study. No difference in the primary outcome was noted 
(30% handover vs. 33% no handover group; absolute risk difference, −2.5%; 95% CI, −6.8% to 1.9%; odds ratio, 0.89; 95% CI, 0.72 to 1.10; P = 0.27)). 
There were no statistical differences in the composite components (30-day mortality, 2% vs. 3%; readmission, 13% vs. 16%; postoperative complications, 
22% vs. 22%). None of the 19 prespecified secondary endpoints differed significantly. (Article Selection: Martin J. London, M.D. Image: J. P. Rathmell.)
Take home message: In this randomized trial of higher-risk patients undergoing major noncardiac surgery who received a structured intraoperative 
handover between anesthesia care providers versus no handover, no difference in mortality, readmission, or serious postoperative complications at 30 
days after surgery were noted.
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 Intraoperative Protective Mechanical Ventilation: Fact or 
Fiction?       
    Guido     Musch    ,   M.D., M.B.A.   ,       Marcos F.     Vidal Melo    ,   M.D., Ph.D.                      

 Positive pressure ventilation 
gained widespread clinical 

acceptance during the Danish polio 
epidemic of 1952,  1   when it dra-
matically reduced the mortality of 
respiratory failure, and it has saved 
countless lives in ensuing years by 
enabling modern critical care and 
the safe practice of surgery under 
general anesthesia. Nonetheless, 
evidence emerged in the 1970s 
that positive pressure ventilation 
can itself cause lung injury.  2   Since 
then, two fundamental facts have 
been established. First, large tidal 
lung excursions are detrimental if 
they lead to end-inspiratory overd-
istension and/or cyclical alveolar or 
bronchiolar derecruitment–recruit-
ment between breaths. Second, the lungs of patients during 
general anesthesia or with acute respiratory distress syndrome 
are functionally smaller: functional residual capacity is reduced 
because some of the airspaces become atelectatic, consolidated, 
or � ooded with edema. A corollary of these facts has been the 
quest to restore the relationship between tidal volume and 
functional residual capacity either by decreasing the former or 
increasing the latter. This concept represents the physiologic 
underpinning of all “protective” ventilation strategies. 

 Such framework is helpful to analyze the study by Turan 
and colleagues  3   in this issue of  Anesthesiology . In this large 
factorial crossover cluster trial, adults undergoing orthopedic 
surgery during general anesthesia (approximately 50% also 
with regional block and slightly more than 50% undergoing 
arthroplasty) were allocated to two levels of tidal volume (6 and 
10 ml/kg of predicted body weight) and of positive end-ex-
piratory pressure (PEEP, 5 and 8 cm H 

2
 O). Presumably, ven-

tilation with lower tidal volume and higher PEEP could lead 
to better postoperative oxygenation and lower incidence of 
respiratory complications, because such a strategy would limit 
both end-inspiratory overdistension and end-expiratory dere-
cruitment, the two biophysical triggers of ventilator-induced 

lung injury. The results instead show 
no meaningful clinical or statistical 
di� erence among the four studied 
groups in oxygenation within the 
� rst postoperative hour, oxygen-
ation later on the ward, frequency of 
postoperative pulmonary complica-
tions, or duration of hospitalization. 

 It is important to note that the 
authors did not use excessively 
high or low tidal volumes  4 , 5   and 
PEEP, but instead values consid-
ered acceptable in current clinical 
practice.  4–6   Accordingly, two main 
inferences can be drawn. First, in a 
cohort of patients with a low preva-
lence of lung disease and borderline 
obesity undergoing nonabdominal 
surgery of moderate duration (about 

3.5 h) and without major physiologic impact ( e.g. , blood loss), 
low tidal volumes as well as higher acceptable tidal volumes 
(10 ml/kg)  4 , 5   with higher PEEP were well tolerated. It is inter-
esting that a tidal volume of 6 ml/kg did not result in lower 
oxygenation even at the lower PEEP, given that atelectasis is 
usually considered the main downside of low tidal volume. 
These results suggest that relatively healthy lungs in the stud-
ied conditions can withstand a few hours of low tidal volume 
ventilation during nonabdominal surgery without developing 
signi� cant atelectasis even at low PEEP. Higher PEEP and tidal 
volume did not seem to compromise postoperative lung func-
tion either. Second, these results release the cognitive anchor 
to a single optimal PEEP or tidal volume, at least in this patient 
population, and instead portray a range of equally acceptable 
values, consistent with a range—not merely a point—of max-
imal compliance in the pressure–volume curve of a healthy 
lung. This message is important because it argues against the 
transposition without quali� cation of inferences and values 
derived from critical care studies to the operating room. 

 So, is intraoperative protective ventilation all � c-
tion? Substantive observational evidence has identi� ed 
tidal volume as a risk factor for postoperative pulmonary 

 “When is protective intraopera-
tive ventilation most bene� cial?” 
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complications after general anesthesia.  7 , 8   These studies indi-
cated that “protective” ventilation (generally de� ned as 
lower tidal volume plus PEEP and/or recruitment maneu-
vers) may reduce such complications  4 , 8   that are associated 
with increased mortality, intensive care unit admission, and 
length of stay.  7   The Intraoperative Protective Ventilation 
(IMPROVE) trial con� rmed a marked bene� cial e� ect of 
protective ventilation on major abdominal surgery.  6 

 Yet, as with Turan’s trial, several trials on protective venti-
lation did not demonstrate a di� erence between groups.  5 , 9 , 10 

What could explain these inconsistencies, and when is pro-
tective intraoperative ventilation most bene� cial? It has been 
increasingly recognized that the ratio of tidal volume to 
end-expiratory lung volume, proportional to the driving pres-
sure and a surrogate for lung strain, is the biophysical mediator 
of the e� ects of tidal volume and PEEP on ventilator-induced 
lung injury.  4   In fact, the potential of di� erent tidal volumes to 
reduce postoperative pulmonary complications depends on the 
patient’s respiratory compliance.  11   This physiologic individuality 
may be a reason for discrepancies. Patient population is another 
factor. The IMPROVE trial targeted a high-risk population 
for pulmonary complications  6   (major open abdominal surgery, 
pre-existent respiratory risk factors), whereas Turan and col-
leagues studied a population at lower risk  3   based on the Assess 
Respiratory Risk in Surgical Patients in Catalonia risk score.  12 

There is evidence that pulmonary outcomes are less likely to 
depend on PEEP in nonabdominal/noncardiothoracic surgery, 
e.g ., neurologic  versus  abdominal surgery.  13   This also implies 
that Turan’s results should not be extrapolated to abdominal or 
cardiothoracic surgery, when additional injury mechanisms are 
present and, consequently, the e� ects of di� erent ventilatory set-
tings could be more evident.  13   Time may also be an important 
variable. Normal lungs show only limited in� ammation after 
2 h of ventilation even at high driving pressures.  14   Sixteen to 
24 h were necessary for a signi� cant pulmonary in� ammatory 
response and mechanical deterioration to develop in experi-
ments applying clinical tidal volumes (6 to 8 ml/kg) in initially 
uninjured lungs.  15–17   Finally, the separation between ventilator 
settings is relevant. The IMPROVE trial acted on multiple vari-
ables (tidal volume, PEEP, recruitment maneuvers) setting them 
apart enough (tidal volumes of 6 to 8 ml/kg with PEEP = 6 to 
8 cm H 

2
 O  versus  10 to 12 ml/kg with PEEP = 0 cm H 

2
 0) that, 

presumably, the e� ect could be detected in contrast to current 
practice used by Turan and colleagues.  3 

 If there is a range of equally acceptable values for ventila-
tory settings, it may be hard to show an e� ect, especially when 
clinical practice has already converged toward such a range. 
Turan and colleagues studied a large population and observed 
a smaller SD for the primary outcome than that initially pre-
sumed, which ultimately yielded a high power to detect the 
prede� ned mean e� ect. The 97.5% CIs for the e� ect estimates 
were a time-weighted average Sp o

2
 /F io

2
  of –0.4 to 7.3% for 

tidal volume and –4.0 to 3.6% for PEEP, numbers that con-
vincingly demonstrate comparable postoperative oxygenation 
in the studied groups. These results also imply that, although 
previous clinical studies documented the presence of an e� ect, 

they did not necessarily provide the best or single setting of 
the variable of interest to achieve that e� ect. 

 The hemodynamic impact of mechanical ventilation is fre-
quently a concern. A clinically meaningful � nding by Turan and 
colleagues  3   in this regard was the similar intraoperative use of 
vasopressors and incidence of hypotension in all combinations 
of PEEP and tidal volume. This � nding reinforces the con-
cept that the mild-to-moderate range of ventilatory settings 
explored does not usually result in major hemodynamic e� ects. 

 The study opens several questions. Many patients were 
excluded by anesthesiologists, or due to comorbidities, insta-
bility, or other reasons. Such subset of potentially higher-risk 
patients could represent those patients who would most bene� t 
from speci� c ventilatory interventions. Although the primary 
outcome of Sp o

2
 /F io

2
  in the � rst hour is a sensitive marker of 

oxygenation impairment, it could be a� ected predominantly 
by factors other than ventilatory settings. The absence of di� er-
ences in the ward reinforces that any in� uence of intraoperative 
settings on postoperative oxygenation was unlikely. Also, even if 
there was an intraoperative e� ect of the interventions, this could 
be lost at extubation, without subsequent bene� t. Finally, the 
reported rate of pulmonary complications was quite low, imply-
ing a low-risk group and the potential risk for false negatives, 
given that the occurrence of those complications derived from 
registry and billing data not from prospective collection. 

 Such limitations will deserve future exploration to advance 
this relevant area. For now, Turan and colleagues provide evi-
dence that mild-to-moderate di� erences in key ventilator 
settings—tidal volume and PEEP—within currently accepted 
ranges do not result in substantial di� erential e� ects on post-
operative oxygenation and other pulmonary outcomes during 
orthopedic surgery. Mechanical ventilation in the operating 
room requires its own speci� c set of knowledge, with ranges 
di� erent from those of patients with acute respiratory distress 
syndrome in intensive care units. Protective ventilation is not 
de� ned by single arbitrary numbers, but by ranges of venti-
latory settings that likely di� er in distinct conditions and in 
relation to patient-speci� c physiopathologic features.    
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 Walk a Tightrope or Burn a Bridge?: Sedation  versus  General 
Anesthesia for Intubation of a Pediatric Diffi cult Airway       
       Allan F.     Simpao    ,   M.D., M.B.I.  ,         Clyde T.     Matava    ,   M.B.Ch.B., D.A., M.Med.   ,       Andrew     Davidson    ,   M.B.B.S., M.D., F.A.N.Z.C.A.                           

 Children—and their airways—
come in all shapes and sizes, 

and the most seasoned pediatric 
anesthesiologists can share har-
rowing stories of patients who 
were di�  cult to ventilate or intu-
bate. In 2012, a special interest 
group in the Society for Pediatric 
Anesthesia created the Pediatric 
Di�  cult Intubation Registry, an 
international, multicenter, web-
based registry of observational data 
on pediatric di�  cult airway man-
agement, with the goal of improv-
ing the care of these challenging 
patients. The Pediatric Di�  cult 
Intubation Collaborative has pro-
duced a panoply of clinically rele-
vant � ndings, and their most recent 
research sought to answer how 
these patients fare when managed 
with sedation  versus  general anes-
thesia.  1–4   When confronted with a 
potentially or known di�  cult air-
way, most pediatric anesthesiologists induce general anesthe-
sia, albeit with the goal of maintaining both adequate depth 
and spontaneous respiration.  1   In contrast, there are some who 
decry general anesthesia may “burn the bridge” of sponta-
neous ventilation and instead choose to walk the tightrope of 
sedation that is deep enough to diminish airway responses yet 
light enough to maintain spontaneous ventilation and reverse 
course if airway management is too treacherous.  5 

 In this issue of  Anesthesiology , Sequera-Ramos  et al .  6 

drew on data from the Pediatric Di�  cult Intubation reg-
istry with the aim of comparing outcomes associated with 

sedation  versus  general anesthesia 
for tracheal intubation in children 
with di�  cult airways. Sequera-
Ramos  et al .  6   used propensity score 
matching to address selection bias 
and other confounders inherent in 
the analysis of retrospective obser-
vational, real-world clinical data. 
The primary study outcome was 
� rst-attempt success of tracheal 
intubation, which is a clinically 
important outcome because mul-
tiple attempts at intubation are 
associated with worse outcomes 
in pediatric airway management.  1 , 7 

Sequera-Ramos  et al .  6   observed 
similar rates of � rst-attempt suc-
cess of tracheal intubation in the 
propensity score-matched sedation 
and general anesthesia groups (48.3 
and 47.9%, respectively). Very few 
patients (4%, 75 of 1,839) under-
went sedation rather than general 
anesthesia. Based on the similar 

rates of � rst intubation attempt success and complications 
in the two groups, the authors concluded their study did 
not support a preferred approach for tracheal intubation in 
children with di�  cult airways. 

 What can clinicians take from this study and its state-
ment of equipoise? First, as the authors mention, clinicians 
should select an approach based on their skill and patient 
factors—keep calm and carry on. However, hold your 
horses! Nearly one-third of the 75 attempts in patients 
receiving sedation required conversion to general anes-
thesia for successful intubation. A failure rate of 30% in 

 “[What are the] outcomes 
associated with sedation  versus
general anesthesia for tracheal 
intubation in children with dif-
� cult airways?” 

Image: Adobe Stock .  

 This editorial accompanies the article on p. 418. This article has an audio podcast.

   Accepted for publication August 2, 2022.   

   Andrew Davidson, M.B.B.S., M.D., F.A.N.Z.C.A.:   Department of Anesthesia, Royal Children’s Hospital ,  Parkville, Victoria, Australia ;  Melbourne Children’s Trials Center, Murdoch 
Children’s Research Institute ,  Parkville, Victoria, Australia ; and  Departments of Pediatrics and Critical Care, University of Melbourne ,  Parkville, Victoria, Australia . 

   Clyde T. Matava, M.B.C.h.B., D.A., M.Med.:   Department of Anesthesia and Pain Medicine, Hospital for Sick Children ,  Toronto, Ontario, Canada ; and  Department of Anesthesiology 
and Pain Medicine, Faculty of Medicine, University of Toronto ,  Toronto, Ontario, Canada . 

   Allan F. Simpao, M.D., M.B.I.:   Children’s Hospital of Philadelphia ,  Philadelphia, Pennsylvania ; and  Department of Anesthesiology and Critical Care Medicine, University of Pennsylvania 
Perelman School of Medicine ,  Philadelphia, Pennsylvania . 

 Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2022 ;  137 : 384 – 6     . DOI:   10.1097/ALN.0000000000004343  

ALN_V137N4_Ad.indb   384ALN_V137N4_Ad.indb   384 20-Sep-22   22:42:4520-Sep-22   22:42:45

D
ow

nloaded from
 /anesthesiology/issue/137/4 by guest on 19 April 2024



 Editorial

 Anesthesiology 2022; 137:384–6 385 Simpao  et al.

intubation attempts in the sedation group suggests that 
sedation may be inferior to general anesthesia, and this may 
be due to an inadequate depth of anesthesia. Indeed, the 
Pediatric Di�  cult Intubation Collaborative reported the 
use of neuromuscular blockade (presumably administered 
during a general anesthetic) was associated with improved 
success in some instances of di�  cult airway management.  4 

Perhaps this failure rate re� ected mild to moderate seda-
tion that was inadequate for intubation, while deep seda-
tion may have been the same as “light” general anesthesia. 
This is potentially a major limitation of this study, espe-
cially as there was no monitoring of the depth of either 
anesthesia or sedation.  8   It is possible that patients de� ned 
as receiving sedation received general anesthesia (and  vice 
versa ), resulting in crossover. A lack of data on administered 
medications and end-tidal volatile agent values precludes 
any conjecture on the subjects’ depth of sedation. Second, 
as for many retrospective analyses of data sets, there may 
be known and, of course, unknown confounding. One 
plausible confounder was severity of any deformity. There 
was no measure of how di�  cult the airway was,  i.e. , severe 
or mild retrognathia. A child with severe deformity may 
have been given sedation due to a clinician’s fear of the 
patient obstructing under general anesthesia. The authors 
acknowledged both limitations, and these limitations cer-
tainly do not mean that the study is uninformative.  

 This study highlights limitations that are present in many 
retrospective analyses of data sets, particularly if the data set 
was created to answer a question that is a little di� erent from 
the question being asked. The intervention or population of 
interest may not be as well de� ned as hoped, and important 
confounding factors may not have been collected. 

 How might a researcher address this challenge inherent 
to retrospective data analyses? One relatively novel approach 
to determining causal inference from large observational 
databases such as the Pediatric Di�  cult Intubation Registry 
is to perform the analysis in a way that emulates a random-
ized experiment. This is known as a target trial.  9   In a target 
trial, a researcher with a large observational data set “imag-
ines” that they are performing a randomized controlled trial 
and de� nes the population, eligibility criteria, treatment 
strategies, outcomes, and timeframe as if it were a trial. An 
important aspect of the target trial is to aim for reducing 
all confounding, as if the treatment groups were random-
ized. A crucial step when trying to remove confounding 
is to ensure that all biologically plausibly principal factors 
are included in any adjustments. Ideally, a directed acyclic 
graph is created  a priori  and included in the publication.  10 , 11 

It is good practice to generate the directed acyclic graph to 
include all key factors regardless of whether they are in the 
data set. This forces the researcher—and reader—to assess 
what factors could be missing and what their impact might 
be on any conclusions of causation. 

 A target trial of sedation  versus  general anesthesia based 
on Pediatric Di�  cult Intubation Registry data would need 

to provide details of the proposed interventions: sedation 
versus  general anesthesia with standardized de� nitions and 
evidence of compliance. Similarly, if Sequera-Ramos  et al. 6 

had produced a directed acyclic graph before doing their 
analysis, then the degree of deformity (and other unmea-
sured but plausible confounding factors) may well have 
been elements in the directed acyclic graph, which would 
have forced them to consider the impact of not including 
them. Last, in a target trial, the conversion of 27.6% of 
sedation cases from sedation to general anesthesia would 
be accommodated in an intention-to-treat analysis,  i.e.,  if 
you start with the intention to use sedation, you may have 
to end up converting to a general anesthetic, but that is 
accommodated in the assessment of whether or not start-
ing with sedation is equivalent to starting with a general 
anesthetic. 

 There are increasing amounts of clinical data available for 
analysis. Often the aim is to determine causal relationships, and 
most of these published analyses include phrases describing 
the limitations around confounding and missing data. They 
are inevitably, and appropriately, circumspect about what to 
conclude in terms of changing practice. In these retrospec-
tive studies, it is often tempting to dismiss any conclusion of 
causation, but this is likely an overly conservative approach. 
Target trials and directed acyclic graphs are methods to inch 
closer to understanding causation in these retrospective data 
sets, and hopefully readers will see a lot more of them. 

 For the reasons outlined above, the study by Sequera-
Ramos  et al. 6   does not provide de� nite evidence that 
sedation is equivalent to general anesthesia for managing 
di�  cult airways in children. Such evidence would require 
a prospective trial.  12   Organizers of pro–con debates on 
pediatric di�  cult airway management may seem to be the 
only group that will rejoice at this indeterminate conclu-
sion. However, the study does provide some evidence that 
general anesthesia may not be a poor choice and may be a 
good rescue modality. Collaborative sharing and analysis of 
clinical data are the present and future of generalizable, clin-
ically relevant, trusted evidence, and the Pediatric Di�  cult 
Intubation group is an excellent example of productive, 
meaningful collaboration.    
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     12.        Hansen     TG   ,    Henneberg     SW   ,    Morton     NS   ,    Christensen   
  K   ,    Davidson     AJ   ,    Lee     KJ   ,    Hardy     P   ,    Wolf     A    :   Pro–con 
debate: Cohort studies  vs.  the randomized clinical trial 
methodology in pediatric anesthesia  .   Paediatr Anaesth   
  2010  ;   20  :  880  –  94        
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 Journal-related Activities and Other Special Activities at 
the 2022 American Society of Anesthesiologists Meeting 
    Michael J.     Avram    ,   Ph.D.   ,       Deborah J.     Culley    ,   M.D.   ,       Andrew     Davidson    ,   M.B.B.S., M.D.   ,       Evan D.     Kharasch    ,   M.D., Ph.D.   ,   
    Sachin     Kheterpal    ,   M.D., M.B.A.   ,       Martin J.     London    ,   M.D.   ,       Marcos F. Vidal     Melo    ,   M.D., Ph.D.                 

  As in previous years,  Anesthesiology  will sponsor several 
sessions at the annual meeting of the American Society of 

Anesthesiologists (ASA; Schaumburg, Illinois), Anesthesiology 
2022. The meeting is being held in New Orleans, Louisiana. 
Details about the format and meeting attendance can be 
found on the website, asahq.org/annualmeeting. 

  Big Data Studies: How to Design, Conduct and 
Read Them 
Saturday October 22, 2022, 1:15   PM   to 3:15   PM

Room 243

  Moderator 

 Sachin Kheterpal, M.D., M.B.A., Editor,  Anesthesiology , 
University of Michigan, Ann Arbor, Michigan.  

  Speakers 

“Progress and Missteps in Perioperative Medicine Big 
Data Research” by Sachin Kheterpal, M.D., M.B.A., 
University of Michigan, Ann Arbor, Michigan.
“Choosing Wisely in Big Data Analysis: Risk 
Adjustment, Prediction, or Causation” by Elizabeth 
L. Whitlock, M.D., M.A., M.Sc., University of 
California, San Francisco, California.
“High-Stakes Epidemiology: Using Big Data to Estimate 
Causal E� ects” by Brian T. Bateman, M.D., Stanford 
University School of Medicine, Stanford, California.  
“Exciting Developments in Big Data Analysis 
Methods” by Timothy T. Houle, Ph.D., Massachusetts 
General Hospital, Boston, Massachusetts.

  Description 

 Research, quality improvement, clinical guideline, and 
policy-making e� orts based upon “big data” are increasingly 

common in perioperative medicine. All anesthesiologists 
must be facile in understanding and communicating the 
strengths and weaknesses of these databases and projects. 
This session will arm every anesthesiologist with the skills 
necessary to consume or create the in vogue and ubiquitous 
“big data” study with a discerning eye.   

  Initial Results: Major Clinical Trials 
Saturday, October 22, 2022, 3:30   PM   to 4:30   PM

Room 243

  Moderators 

 Evan D. Kharasch, M.D., Ph.D., Editor-in-Chief, 
Anesthesiology , Duke University Medical Center, Durham, 
North Carolina; Deborah J. Culley, M.D., Executive Editor, 
Anesthesiology , University of Pennsylvania, Perelman 
School of Medicine, Philadelphia, Pennsylvania.  

  Description 

Anesthesiology  is sponsoring its seventh Major Clinical 
Trials Session, a high-pro� le, large-audience forum for 
initial presentations of major randomized clinical trial 
results. It is designed for substantial trials, usually ran-
domized and blinded, with a clinically important primary 
outcome.   

  31st Journal Symposium: Delirium 
Sunday, October 23, 2022, 8:30   AM   to 11:30   AM

Room 243

  Moderators 

 Deborah J. Culley, M.D., Executive Editor,  Anesthesiology , 
University of Pennsylvania, Perelman School of Medicine, 
Philadelphia, Pennsylvania; Andrew Davidson, M.B.B.S., 
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M.D., Executive Editor,  Anesthesiology , Royal Children’s 
Hospital, Melbourne, Australia.  

  Description 

 Postoperative delirium a� ects a substantial portion of surgi-
cal patients and is associated with both short- and long-term 
complications and morbidity. The science behind delirium 
is rapidly evolving with better diagnostic tools, a greater 
understanding of the neurobiology, and greater understand-
ing of the possible etiology. The symposium will feature both 
plenary lectures by experts in the � eld and presentations of 
eight featured top abstracts selected for their relevance to the 
mechanism and biology of postoperative delirium in both 
pediatric and geriatric patients. The full text for each abstract 
can be found at the ASA abstract website.  

Speakers

“Removing the Confusion about Delirium” by 
Jamie W. Sleigh, M.D.
The University of Auckland, Hamilton, New Zealand.
“Pediatric Delirium: Do We Know What We Think 
We Know” by Andrew Davidson, M.B.B.S., M.D.
Royal Children’s Hospital, Melbourne, Australia.

  JS01 

“Postoperative Changes in the Cerebrospinal Fluid 
Proteome Suggest a Role of the Complement 
Pathway in Postoperative Delirium” by Jake Thomas, 
B.S., Matt Foster, Ph.D., Joseph Lucas, Ph.D., Mary 
Wright, M.S., Joseph Mathew, M.D., M.B.A., Miles 
Berger, M.D., Ph.D., Michael Devinney, M.D., Ph.D.
 Duke University School of Medicine, Durham, North 
Carolina (J.T.); Department of Anesthesiology, Duke 
University Medical Center, Durham, North Carolina (M.F., 
M.W., J.M., M.B., M.D.); Vital Statistics, L.L.C., Chapel Hill, 
North Carolina (J.L.)  

  JS02 

“Emergence Delirium and Behavior at 3 Months 
after General Anesthesia in Preschool Children” by 
Amira Joseph, M.D., David O. Warner, M.D., Yu Shi, 
M.D.   
 Mayo Clinic College of Medicine, Rochester, Minnesota  

  JS03 

“Demographic Characteristics as Predictors of 
Clinical Outcomes in Very Elderly Adults” by 
Guillermo Madrid, M.D., M.Sc., Laura Cristina 
Moyano, M.D., Jairo Ricardo Moyano, M.D., Ph.D., 
Maria Jose Pelaez Jaramillo, M.D.
 Anesthesiology, Fundacion Santa Fe de Bogota, Bogota, 
Colombia  

  JS04 

“A Proteomic-derived Predictive Model for 
Postoperative Delirium in Cardiac Surgical Patients” 
by Tanvi Khera, M.D., Maria Carolina-Bittercourt 
Gonçalves, Ph.D., Shilpa Narayanan, B.A., Simon 
T. Dillon, Ph.D., Yoojin Jung, Ph.D., Hasan H. Otu, 
Ph.D., Long H. Ngo, Ph.D., Edward R. Marcantonio, 
M.D., Towia A. Libermann, Ph.D., Balachundhar 
Subramaniam, M.D.   
 Anesthesia Critical Care and Pain Medicine, and 
Department of Medicine, Beth Israel Deaconess Medical 
Center, Boston, Massachusetts (T.K., M.C-B.G., S.N., 
S.T.D., Y.J., L.H.N., E.R.M., T.A.L., B.S.); Electrical and 
Computer Engineering, University of Nebraska–Lincoln, 
Lincoln, Nebraska (H.H.O.)  

  JS05 

“Anesthesia/Surgery Induces Delirium-like 
Behavior in Aged Mice Via Cells–Mediated Increase 
of TAU-PT217 in Blood” by Jing Lu, M.D., Ph.D., 
Feng Liang, Ph.D., Ping Bai, Ph.D., Zhengwang Sun, 
Ph.D., Wenjie Tian, M.D., Ph.D., Changning Wang, 
Ph.D., Edward R. Marcantonio, M.D., M.S., Guang 
Yang, Ph.D., Zhongcong Xie, M.D., Ph.D.
 Anesthesiology, Critical Care and Pain Medicine, Cardiology, 
and Radiology, Massachusetts General Hospital, Boston, 
Massachusetts (J.L., F.L., Z.S., W.T., C.W.); Medicine, Beth 
Israel Deaconess Medical Center, and Harvard Medical 
School, Boston, Massachusetts (E.R.M.); Columbia 
University, New York, New York (G.Y.); Massachusetts 
General Hospital–Harvard Medical School, Boston, 
Massachusetts (P.B., Z.X.)  

  JS06 

“Postoperative Delirium and Altered Connectivity 
within the Default Mode Network and Hippocampus” 
by Heather Acu� , M.D., Ph.D., Laurel Zelnik, B.S., 
Joshua Siegel, M.D., Ph.D., Jacob Bolzenius, Ph.D., 
Mehdi Kafashan, Ph.D., Thomas Nguyen, B.S., Anhthi 
Luong, B.S., Michael S. Avidan, M.B., B.Ch., Tammie 
Benzinger, M.D., Ph.D., Ben Julian Palanca, M.D., Ph.D.
 Anesthesiology, and Washington University School of 
Medicine, Washington University in St. Louis, St. Louis, 
Missouri (H.A., L.Z., J.B., M.K., T.N., A.L., M.S.A., 
T.B., B.J.P.); PeaceHealth Medical Group Anesthesiology, 
Longview, Washington (J.S.)  

  JS07 

“Association of Malnutrition and Frailty with 
Postoperative Delirium in Older Patients after Hip 
Fracture Surgery” by Benayas Dereje Begashaw, 
B.Sc., Esteban Franco-Garcia, M.D., Marilyn Heng, 
M.D., M.P.H., Oluwaseun Johnson-Akeju, M.D., 
M.Sc., John A. Reich, M.D., Sadeq A. Quraishi, M.D.
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 Tufts Medical Center, Tufts University School of Medicine, 
Boston, Massachusetts (B.D.B., J.A.R., S.A.Q.); Department 
of Medicine, Department of Orthopaedic Surgery, and 
Department of Anesthesiology, Critical Care and Pain 
Medicine, Massachusetts General Hospital, Harvard Medical 
School, Boston, Massachusetts (E.F-G., M.H., O.J-A.)  

  JS08 

“Postoperative Delirium and Blood Brain Barrier 
Breakdown in Older Noncardiac Surgical Patients” 
by Megan Wong, B.S., Mary Cooter Wright, M.S., 
Pallavi Avasarala, Ayesha Syed, B.A., Edward R. 
Marcantonio, M.D., Niccolo Terrando, Ph.D., Joseph 
P. Mathew, M.D., M.B.A., Miles Berger, M.D., Ph.D., 
Michael Devinney, M.D.
 Duke University School of Medicine, Durham, North 
Carolina (M.W.); Duke University Medical Center, 
Durham, North Carolina (M.C.W., P.A., A.S., N.T., J.P.M., 
M.B., M.D.); Beth Israel Deaconess Medical Center, Boston, 
Massachusetts (E.R.M.)    

  Best Abstracts: Clinical Science and Basic 
Science 
Anesthesiology  is sponsoring two Best Abstract sessions: 
one in basic science and another in clinical science. The 
abstracts were chosen by a panel of editors who examined 
the highest scoring abstracts from the ASA subcommit-
tees, choosing those with important scienti� c and clinical 
application and novelty. The following are summaries of the 
excellent abstracts that will be presented.  

  Best Abstracts: Basic Science 
Sunday, October 23, 2022, 1:00   PM   to 2:55   PM   
Room 243

  Moderators 

 Michael J. Avram, Ph.D., Assistant Editor-in-Chief, 
Anesthesiology , Northwestern University Feinberg School 
of Medicine, Chicago, Illinois; Deborah J. Culley, M.D., 
Executive Editor,   Anesthesiology , University of Pennsylvania 
Perelman School of Medicine, Philadelphia, Pennsylvania; 
Martin J. London, M.D., Editor,  Anesthesiology , University 
of California, San Francisco School of Medicine and the 
Veterans A� airs Medical Center, San Francisco, California.  

  6935 

“Discovery of a Quinone Analog as a Novel 
Anesthetic Agent” by Richard Levy, M.D., Abhishek 
Srivastava, B.S., Keren Gri�  ths, M.D., Ph.D., Yash 
Somnay, M.D., Ph.D.
 Columbia University, New York, New York  
 Propofol interferes with electron transfer at the level of 
coenzyme Q and induces excessive proton leak within 

mitochondria. Synthetic coenzyme Q analogs have simi-
lar biologic activity  in vitro . The hypothesis that quinone 
analogs would induce propofol-like sedation and hypnosis 
was tested in mice using the short-chain coenzyme Q ana-
log ubiquinone-5. Ubiquinone-5 immediately induced loss 
of righting re� ex with an ED50 of 81 mg/kg, and latency 
to return of righting re� ex was correlated with dose. 
Ubiquinone-5 induced excessive proton leak in isolated 
forebrain mitochondria, inhibited electron transport chain 
enzyme complex activities, and compromised mitochon-
drial membrane potential.  

  6834 

“A Genetically Engineered Mouse that Improves 
TRPV1-mediated Insulin Release and Glucose 
Handling Is Protected from Cardiac Injury” by Eric 
Gross, M.D., Ph.D., Yang Bian, Ph.D., Shufang He, 
Ph.D.
 Anesthesiology, Perioperative and Pain Medicine, Stanford 
University, Stanford, California (E.G., Y.B.); Anesthesiology, 
Perioperative and Pain Medicine, Stanford University, 
Stanford, California, and Second Hospital of Anhui Medical 
University, Hefei City, Anhui Province, China (S.H.)  
 Transient receptor potential vanilloid 1 (TRPV1) regulates 
myocardial reperfusion injury, but the region of TRPV1 
important for limiting organ injury is unclear. Because 
TRPV1 activation antagonizes insulin release from pan-
creatic  β  cells, mice with a missense mutation in TRPV1 
(K710N) were studied to determine whether a speci� c 
amino acid within the C terminus of TRPV1 causes resis-
tance to cardiac injury by modifying insulin release and glu-
cose handling. A discrete amino acid of TPRV1, K710, was 
found to regulate the response to a glucose challenge and 
insulin release, changes in which led to improved glycolytic 
handling and protection of cardiomyocytes from cellular 
stress.  

  7088 

“ β -Arrestin Recruitment Does Not Explain 
Respiratory Depression from Opioids of the 
Nitazene Family” by Barbara Palkovic, M.D., Daniel 
J. Sprague, M.D., Ph.D., John D. McCorvy, Ph.D., 
Maggie M. Calkins, B.S., Thomas M. Langer III, 
M.D., Ph.D., Jennifer J. Callison, B.S., Eckehard A. 
Stuth, M.D., Astrid G. Stucke, M.D.
 Faculty of Medicine Osijek, Osijek, Croatia (B.P.); Cell 
Biology, Neurobiology and Anatomy, and Department of 
Anesthesiology, Medical College of Wisconsin, Milwaukee, 
Wisconsin (D.J.S., J.D.M., M.M.C., T.M.L., J.J.C., E.A.S., 
A.G.S)  
 Opioid-induced respiratory depression has been attributed 
to recruitment of the  β -arrestin sca� old rather than G protein 
activation, both of which result from binding of the agonist 
to the mu-opioid receptor. The hypothesis that respiratory 
depression strongly correlates with  β -arrestin recruitment 
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was tested by studying  in vitro  and  in vivo  e� ects of opioids of 
the nitazene family that are biased toward either mechanism. 
Although activation of G protein  versus   β -arrestin pathway 
by nitazene mu-opioid receptor agonists varied with their 
molecular structure, the degree of  β -arrestin recruitment did 
not correlate with the magnitude of respiratory depression.  

  6819 

“E� ects of Low  versus  High Positive End-expiratory 
Pressure on Mechanical Power and Pulmonary 
Neutrophilic In� ammation in Experimental Acute 
Respiratory Distress Syndrome” by Nikola Anusic, 
M.D., Martin Schar� enberg, M.D., Robert Huhle, 
M.D., Jakob Wittenstein, M.D., Marcelo Gama De 
Abreu, M.D.   
 Outcomes Research, Cleveland Clinic, Cleveland, Ohio 
(N.A.); Universitätsklinikum Carl Gustav Carus Dresden, 
Dresden, Germany (M.S., R.H., J.W.); Outcomes Research 
Department, Anesthesiology Institute, Cleveland Clinic 
Foundation, Cleveland, Ohio (M.G.D.A.)  
 Mechanical ventilation may cause ventilator-induced lung 
injury. Mechanical power, which describes the energy 
transferred to the respiratory system per unit time, has been 
associated with surrogates of ventilator-induced lung injury. 
The hypothesis that protective mechanical ventilation 
strategies using di� erent levels of positive end-expiratory 
pressure di� er in their mechanical power and pulmonary 
neutrophilic in� ammation was tested in a randomized 
study of 24 anesthetized pigs in which lung injury had 
been induced by saline lavage. Protective mechanical venti-
lation with low compared to high positive end-expiratory 
pressure increased mechanical power and worsened lung 
in� ammation.  

  6589 

“Altered Astrocytic Bioenergetics and Delayed 
Emergence from Propofol in a Rodent Model of 
Alcohol Intolerance” by Candida Goodnough, M.D., 
Ph.D., Ryan Ozawa, B.S., Rafaela Rodrigues Hell, 
Ph.D., Katie Chang, Eric R. Gross, M.D., Ph.D.   
 Stanford University, Stanford, California  

 Alcohol intolerance is due to a genetic variant in the mito-
chondrial enzyme aldehyde dehydrogenase 2 (ALDH2*2), 
which limits the metabolism of acetaldehyde, a metabolite 
of ethanol. The hypothesis that the inactivating genetic 
variant ALDH2*2 will delay recovery from anesthesia due 
to an altered mitochondrial redox state was tested in wild-
type ALDH2 and ALDH2*2 knock-in mice. There was 
no di� erence between groups in time to loss of righting 
re� ex or duration of propofol-induced general anesthesia, 
but ALDH2*2 mice had delayed recovery from anesthesia 
as de� ned by behavioral tests. Bioenergetics were altered in 
mitochondria of ALDH2*2 astrocytes at baseline and in the 
presence of propofol.  

  7059 

“Mitigation of Burn-induced Motor Neuron 
Apoptosis, Synaptic Denervation, and Muscle 
Wasting by Decreasing Spinal Microglia 
In� ammatory Responses” by Jingyuan Chen, M.D., 
Ph.D., Yoshinori Kitagawa, M.D., Ph.D., Yang Ren, 
M.D., Shingo Yasuhara, M.D., Ph.D., J.A. Jeevendra 
Martyn, M.D., F.R.C.A.
 Department of Anesthesiology, The First A�  liated Hospital, 
Sun Yat-Sen University, Guangzhou, China (J.C.); Tottori 
University Hospital, Yonago, Japan (Y.K.); Shriners Hospital 
for Children and Harvard Medical School, Boston, 
Massachusetts (Y.R., S.Y., J.A.J.M.)  
 The hypothesis that microglia-mediated cytokine release 
plays a pivotal role in motor neuron loss, distant synaptic 
disintegration, and muscle wasting after burn injury and 
that mitigation of microglia activation by  α 7AChR stim-
ulation would attenuate these was tested in wild-type and 
α 7AChR knock-out mice randomly divided into sham-
burn or third degree 30% total body surface area burn 
injury groups. The selective  α 7AChR agonist GTS-21 or 
saline was administered after burn injury. GTS-21 ame-
liorated burn injury–induced microglia activation, as evi-
denced by decreased in� ammatory cytokine release, and 
alleviated motor neuron loss, synaptic disintegration, and 
muscle wasting in wild-type but not knock-out mice.  

  6762 

 “ Dysfunction of the Endogenous Opioid System in 
Descending Pain-modulating Circuits Is Involved 
in the Augmented Pain Response after Traumatic 
Brain Injury” by Qiliang Chen, M.D., Ph.D., David 
J. Clark, M.D., Ph.D.   
 Department of Anesthesiology, Perioperative and Pain 
Medicine, Stanford–Anesthesia School of Medicine, 
Stanford, California (Q.C.); Stanford–Anesthesia School of 
Medicine, Palo Alto, California (D.J.C.)  
 The hypothesis that traumatic brain injury exacerbates pain 
in response to a subsequent soft tissue injury by virtue of dys-
functional descending pain modulation was tested in a mouse 
model of mild traumatic brain injury. Animals with traumatic 
brain injury experienced a prolonged period of allodynia 
after a distal periphery injury. Their eventual recovery from 
allodynia was dependent on endogenous opioid tone on the 
pronociceptive neurons in the descending pain-modulation 
system. Loss of these pronociceptive neurons prevented the 
development of allodynia after traumatic brain injury.  

  6462 

“Electroacupuncture Relieves Incision Pain by 
Regulating In� ammation and Immune System 
in Rats” by Lulin Ma, M.D., Ph.D., Daling Deng, 
M.D., Tianhao Zhang, M.D., Yuanyuan Ding, M.D., 
Wenjing Zhao, M.D., Xiangdong Chen, Ph.D.
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 Department of Anesthesiology, Union Hospital, Tongji 
Medical College, Huazhong University of Science and 
Technology, Wuhan, China  
 Transcriptomic (messenger RNA [mRNA]) methods were 
used to detect the gene changes of dorsal root ganglia 
of male Sprague-Dawley rats randomly assigned to con-
trol, incision, and incision plus electroacupuncture groups. 
Pain behaviors were measured in the three groups the day 
before and 2, 4, and 24 h after surgery. Dorsal root ganglia 
were collected for mRNA sequencing 24 h after surgery. In 
the incision plus electroacupuncture group, the mechani-
cal withdrawal threshold and thermal withdrawal latency 
increased, the cumulative pain score decreased, and there 
were 4 upregulated genes and 12 downregulated genes 
identi� ed compared to the incision group.  

  6486 

“The Biphasic E� ects of Sevo� urane of Di� erent 
Concentration on Airway In� ammation in 
Developing Asthmatic Rats” by Guangting Zhang, 
M.S., Fenglin Wang, M.S., Yin Ran, M.S., Yannan 
Zhou, M.S., Xiaoxi Zhang, M.S., Dexing Liu, M.D.   
 Anesthesiology Department, A�  liated Hospital of Zunyi 
Medical University, Zunyi, Guizhou, China  
 The e� ects of di� erent concentrations of sevo� urane on 
airway in� ammation were studied in a developing female 
Sprague-Dawley rat ovalbumin-induced allergic asthma 
model. Sevo� urane concentrations of 0.4%, 0.8%, 1.6%, or 
3.2% were inhaled for 30 min. Sevo� urane had opposite, 
concentration-dependent e� ects on airway in� ammation. 
At 0.4%, sevo� urane aggravated alveolar septal thickening 
and in� ammatory in� ltration and upregulated IL-4 and IgE 
but downregulated IFN- γ  concentrations. In contrast, 3.2% 
sevo� urane alleviated alveolar septal thickening and in� am-
matory in� ltration, and downregulated IL-4 and IgE but 
upregulated IFN- γ  concentrations.  

  7012 

“Volatile Anesthetic Loading of the Sonoparticles: 
A Preparation for Future Clinical Applications” 
by Siavash Sedghi, M.D., Amir Teimouri Dereshgi, 
M.D., Eric Young, B.S., Bruce A. Davidson, Ph.D., 
Hilliard Kutscher, Ph.D., Paul R. Knight, M.D., 
Ph.D., Nader D. Nader, M.D., Ph.D.   
 Anesthesiology, Jacobs School of Medicine and Biomedical 
Sciences, Bu� alo, New York 
 Although use of volatile anesthetics for ischemic precondition-
ing is well established, airway compromise is a major drawback 
when they are given at high enough concentrations to have 
systemic e� ects. The objective of these  in vitro  experiments 
was to load sevo� urane in Food and Drug Administration–
approved (for use as a contrast material during ultrasonic 
examination) lipid microsphere sonoparticles as a vehicle and 
evaluate its release in response to externally delivered sound 

shock waves compared to its release from intralipid 20% 
and from 0.9% normal saline. The sonoparticle preparation 
released sevo� urane most rapidly and at the highest concen-
tration (3.5%) during the 30-min sonication period.  

  7036 

“Intergenerational E� ects of Surgery and 
Sevo� urane Anesthesia in Young Adult Rats with 
Traumatic Brain Injury” by Anatoly Martynyuk, 
D.Phil., Lingsha Ju, M.D., Jiepei Zhu, D.Phil., 
Nikolaus Gravenstein, M.D., Christoph N. Seubert, 
M.D., Terrie Vasilopoulos, D.Phil.   
 Department of Anesthesiology, University of Florida 
College of Medicine, Gainesville, Florida  
 The e� ects of general anesthesia/surgery, traumatic brain 
injury, and subsequent repeated exposure to sevo� urane 
on neurobehavioral and neuroendocrine abnormalities in 
exposed young adult males (F0 generation) and their future 
o� spring (generation F1) was tested in male Sprague-Dawley 
rats. Surgery, traumatic brain injury, and subsequent exposure 
to sevo� urane in young adult male rats led to proin� amma-
tory, neuroendocrine, and neurobehavioral abnormalities in 
the exposed rats and in their future, primarily male, o� spring.  

  6677 

“MicroRNAs Involved in Dexmedetomidine 
Preconditioning-induced Neuroprotection” by 
Hyunyoung Seong, M.D., Daun Jeong, M.Sc., Jang 
Eun Cho, M.D., Ph.D.
 Anesthesiology and Pain Medicine, Anam Hospital, Korea 
University College of Medicine, Seoul, Korea (H.S., 
J.E.C.); Institute for Healthcare Service Innovation, Korea 
University, Seoul, Korea (D.J.)  
 Dexmedetomidine has been reported to protect the brain from 
cerebral ischemia. MicroRNAs play important roles in isch-
emic tolerance induced by preconditioning. The association of 
microRNAs with the preconditioning e� ects of dexmedeto-
midine in neural ischemia was studied in mice administered 
dexmedetomidine before transient infarcts were induced by 
middle cerebral artery occlusion for 1 h. The infarct volume 
was reduced, expression of � ve microRNAs was increased, and 
expression of three microRNAs was decreased in mice pre-
conditioned with dexmedetomidine.  In vitro , microRNA-323 
inhibition reduced cell apoptosis in an oxygen-glucose–
deprived environment and had a neuroprotective e� ect.   

  Best Abstracts: Clinical Science 
Sunday, October 23, 2022, 3:05   PM   to 5:00   PM   
Room 243

  Moderators 

 Michael J. Avram, Ph.D., Assistant Editor-in-Chief, 
Anesthesiology , Northwestern University Feinberg 
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School of Medicine, Chicago, Illinois; Deborah J. Culley, 
M.D., Executive Editor,  Anesthesiology , University of 
Pennsylvania Perelman School of Medicine, Philadelphia, 
Pennsylvania; Martin J. London, M.D., Editor, 
Anesthesiology , University of California, San Francisco 
School of Medicine and the Veterans A� airs Medical 
Center, San Francisco, California.  

  7146 

“Arti� cial Intelligence-based Phenotyping of 
Thoracic Surgery to Anticipate Clinical Trajectory” 
by Pascal Laferriere-Langlois, M.D., Fergus Imrie, 
Ph.D., Maxime Cannesson, M.D.   
 Anesthesiology, and Department of Electrical and Computer 
Engineering, University of California in Los Angeles, Los 
Angeles, California  
 Classifying a patient’s risk is important for clinical treat-
ment, decision sharing, optimal resource distribution, and 
billing. Records of 1,933 surgical procedures performed by 
the thoracic surgery department since 2013 were extracted 
from the electronic medical record, 105 readily extractable 
features were extracted from each, and arti� cial intelligence, 
with clustering, was applied to identify phenotypes among 
these patients. Three phenotypes with distinct care trajec-
tories and outcomes were identi� ed among the records 
extracted. Patients with phenotype 3 (N = 424) experi-
enced 66.7% of the deaths, 67.3% of prolonged intensive 
care unit stays, and 73.0% of prolonged hospital stays.  

  6467 

“Preoperative Ultrasound-guided Percutaneous 
Cryoneurolysis for Treating Pain Following 
Mastectomy” by Adam Schaar, M.D., Brian M. Ilfeld, 
M.D., John J. Finneran IV, M.D., Matthew W. Swisher, 
M.D., Engy Tadros Said, M.D., Rodney A. Gabriel, 
M.D., Jacklynn F. Sztain, M.D., Bahareh Khatibi, 
M.D., Andrea Trescot, M.D., Anne M. Wallace, M.D.
 Department of Anesthesiology, and Department of 
Surgery, University of California San Diego, San Diego, 
California (A.S., B.M.I., J.J.F., M.W.S., E.T.S., R.A.G., J.F.S, 
B.K.,A.M.W.); Florida Pain Relief Group, Tampa, Florida 
(A.T.)  
 This randomized, observer- and participant-masked, 
sham-controlled pilot study evaluated preoperative ultra-
sound-guided percutaneous cryoneurolysis for the treat-
ment of pain after mastectomy. On postoperative day 2, 
participants who had received active cryoneurolysis (n = 
31) had a median [interquartile range] pain score, measured 
on a 0 to 10 numerical rating scale, of 0 [0 to 1.4]  versus  3.0 
[2.0 to 5.0] in patients given sham (n = 29). Cryoneurolysis 
decreased cumulative opioid use during the � rst 3 weeks 
by 98%. Chronic pain had developed after 1 yr in one (3%) 
active and � ve (17%) sham participants.  

  6433 

“Perioperative Mortality of the COVID-19 Patient” 
by Michael Aziz, M.D., Katie J. Schenning, M.D., 
M.P.H., Vikas N. O’Reilly-Shah, M.D., Michael R. 
Mathis, M.D.  Anesthesiology & Perioperative Medicine, 
Oregon Health & Science University, Portland, Oregon 
(M.A., K.J.S.); University of Washington, Seattle, Washington 
(V.N.O-S.); University of Michigan, Ann Arbor, Michigan 
(M.R.M.)  
 The 30-day mortality of 3,721 elective surgical patients 
who had recovered from previous COVID-19 infection 
was compared to that of a propensity-matched cohort of 
3,721 elective surgical patients without previous COVID-
19 infection in a multicenter retrospective observational 
study of cases performed between April 2020 and April 
2021. Among COVID-19–exposed patients, 160 (4.3%) 
expired within 30 days of surgery, whereas 63 (1.7%) of 
the propensity-matched control patients expired within 30 
days of surgery.  

  6517 

“Automated End-tidal Control Device Achieves 
and Maintains Concentration of Exhaled Agent 
and Oxygen E� ectively” by Guy Dear, F.R.C.A., 
Matthew A. Klopman, M.D., Melissa D. McCabe, 
M.D., Melinda S. Seering, M.D.   
 Anesthesiology, Duke University, Durham, North Carolina 
(G.D.); Emory University, Sandy Springs, Georgia (M.A.K.); 
Loma Linda University Medical Center, Loma Linda, 
California (M.D.M.); Anesthesia, University of Iowa, Iowa 
City, Iowa (M.S.S.)  
 Automated gas control alters fresh gas � ow and controls 
end-tidal anesthetic and oxygen concentrations using an 
end-tidal control device. A multicenter randomized con-
trolled trial compared end-tidal control with standard anes-
thesia practice in 220 patients. End-tidal control achieved 
the desired end-tidal anesthetic and oxygen concentrations 
quickly and maintained the end-tidal concentration within 
a closer tolerance with minimal overshoot than standard 
anesthesia practice. End-tidal control reduced mean inhaled 
agent usage by 26% for des� urane, 30% for iso� urane, and 
5% for sevo� urane.  

  6642 

“Persistent Brain Connectivity Changes in Healthy 
Volunteers following Nitrous Oxide Inhalation” by 
Ben Palanca, M.D., Ph.D., Thomas A. Ze�  ro, Ph.D., 
Britt M. Gott, M.S., Thomas Nguyen, B.S., Charles 
F. Zorumski, M.D., Charles R. Conway, M.D., Peter 
Nagele, M.D., M.S.  Anesthesiology, and Psychiatry, 
Washington University School of Medicine in St. Louis, 
St. Louis, Missouri (B.P., B.M.G., T.N., C.F.Z., C.R.C.); 
Diagnostic Radiology and Nuclear Medicine, University of 
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Maryland School of Medicine, Baltimore, Maryland (T.A.Z.); 
University of Chicago Medicine, Chicago, Illinois (P.N.)  
 Nitrous oxide alleviates treatment-resistant depression. The 
e� ects of nitrous oxide on brain connectivity after inhala-
tion were determined in a single-blinded crossover study of 
16 healthy volunteers who underwent inhalation sessions 
of a 50% nitrous oxide/oxygen mixture for 1 h or an oxy-
gen/air mixture for 1 h, in a randomized order. Functional 
magnetic resonance imaging identi� ed increases in global 
connectivity to primary visual regions at 2 and 24 h after 
nitrous oxide inhalation that are consistent with reported 
changes in visual perception of the external world.  

  6276 

“A Liberal Transfusion Strategy Leads to Higher 
Infection Rates, Orthopaedic Trauma and Anemia: 
Conservative  versus  Liberal Transfusion Strategy 
(ORACL), A Prospective Randomized Study 30 Day 
Inpatient Complications” by Leilani Mullis, M.D., 
Brian Mullis, M.D., Walt Virkus, M.D., Laurence 
Kempton, M.D.
 Indiana University School of Medicine, Indianapolis, 
Indiana  
 There is ongoing debate about what level of anemia should 
be used as a transfusion trigger for asymptomatic trauma 
patients no longer in a resuscitative phase. To determine if 
a more conservative strategy is safe and decreases the risk 
of infection, 99 asymptomatic young orthopedic trauma 
patients no longer being resuscitated were randomly 
assigned to a conservative transfusion strategy of 5.5 g/
dl or a liberal strategy of 7.0 g/dl in this multicenter pilot 
study. A conservative transfusion strategy of 5.5 g/dl led to 
a lower deep infection rate without an increase in adverse 
outcomes.  

  6461 

“Signaling Cascades of Circulating 
Glycosaminoglycans Re� ect Pulmonary Injury in 
COVID-19” by Melanie Borrmann, M.D., Florian 
Brandes, M.D., Benedikt Kirchner, M.Sc., Matthias 
Klein, M.D., Marlene Reithmair, M.Sc., Michael 
Pfa�  , M.Sc., Gustav Schelling, M.D., Markus Rehm, 
M.D., Agnes Meidert, M.D.   
 Department of Anesthesiology, Ludwig Maximilian 
University of Munich, Munich, Germany (M.B., F.B., M.R., 
A.M.); Division of Animal Physiology and Immunology, 
Technical University of Munich, Weihenstephan, Germany 
(B.K., M.P.); Department of Neurology, Ludwig Maximilian 
University of Munich, Munich, Germany (M.K.); Institute 
of Human Genetics, Munich, Germany (M.R.); Ludwig 
Maximilian University of Munich, Munich, Germany 
(G.S.)  
 The circulating glycosaminoglycans hyaluronan and hepa-
ran sulfate were measured in 20 patients with COVID-19 

pneumonia, 20 patients with COVID-19 acute respiratory 
distress syndrome (ARDS), and 20 healthy controls, and 
molecular signaling networks targeted by these glycocalyx 
components were identi� ed. Plasma hyaluronan and hep-
aran sulfate concentrations increased with disease severity 
and were higher in COVID-19 ARDS than in COVID-
19 pneumonia and in healthy volunteers. Plasma hyaluro-
nan concentrations were also higher in pneumonia than 
in healthy controls. Hyaluronan, heparan sulfate, and their 
upregulated degradative enzymes HYAL1 and HPSE acti-
vated cytokine signaling in immune cells and aggravated 
vascular barrier dysfunction in COVID-19 ARDS.  

  7277 

“2019 Multicenter Hypotension Prediction Index 
Clinical Study” by Xiaodong Bao, M.D., Ph.D., 
Kamal Maheshwari, M.D., Donald H. Penning, 
M.D., Sydney E. Rose, M.D., Gaurav Malhotra, M.D., 
David R. Drover, M.D., Nirav J. Shah, M.D., Karen B. 
Domino, M.D., Claudia F. Clavijo, M.D.   
 Massachusetts General Hospital, Boston, Massachusetts 
(X.B.); Cleveland Clinic, Solon, Ohio (K.M.); Henry 
Ford Hospital–Residents, Detroit, Michigan (D.H.P.); 
Oregon Health and Science University, Portland, Oregon 
(S.E.R.); University of Pennsylvania Medical–Hospital of 
the University of Pennsylvania, Philadelphia, Pennsylvania 
(G.M.); Stanford–Anesthesia School of Medicine, Stanford, 
California (D.R.D.); University of Michigan Medical 
School, Ann Arbor, Michigan (N.J.S.); Anesthesiology 
Department–Active, University of Washington, Seattle, 
Washington (K.B.D.); University of Colorado, Aurora, 
Colorado (C.F.C.)  
 The Hypotension Prediction Index software (Edwards 
Lifesciences, USA) provides insight into the likelihood of a 
patient experiencing a future hypotensive event, de� ned as 
mean arterial pressure less than 65 mmHg for at least 1 min. 
In a propensity matching model, 445 (3%) cases received 
advanced hemodynamic monitoring with the software, and 
15,639 (97%) control cases did not. The patients underwent 
a surgical procedure for a median (IQR) duration of 291 
(227 to 394) min. Patients treated using advanced hemody-
namic monitoring guidance experienced hypotension for 
9 (2 to 20) min, while the historical control group experi-
enced it for 15 (5 to 39) min.  

  6919 

“E� ects of Pectoralis and Serratus Blocks for 
Minimally Invasive Cardiac Procedures on Opioid 
Consumption and Pulmonary Mechanics” by Omer 
Bakal, M.D., Donn Marciniak, M.D., Esra Kutlu 
Yalcin, M.D., Xuan Pu, M.S., Hassan Hamadnalla, 
M.D., Hani A. Essber, M.D., Tyler Karras, D.O., 
Stephanie Ezeoke, M.S., Alparslan Turan, M.D., 
Andrej Al� revic, M.D.
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 Department of Outcomes Research, Department of 
Cardiothoracic Anesthesiology, and Department of 
Quantitative Health Services, Cleveland Clinic, Cleveland, 
Ohio (O.B., D.M., E.K.Y., X.P., H.A.E., T.K., S.E., A.T., 
A.A.); Henry Ford Health System, Detroit, Michigan (H.H.)  
 The hypothesis that use of ultrasound guided pectoral fas-
cial plane and serratus anterior plane blocks using a mixture 
of bupivacaine and liposomal bupivacaine would decrease 
postoperative opioid consumption and improve respiratory 
function during the � rst 3 postoperative days was tested in 
a randomized controlled trial of 194 patients undergoing 
minimally invasive cardiac surgery for mitral valve repair 
or replacement. There was no di� erence in the cumulative 
opioid consumption and pulmonary mechanics during the 
� rst 3 postoperative days between patients who received 
blocks and those who had standard parenteral analgesia 
intraoperatively.  

  6630 

“A Randomized, Double-blind Trial Comparing 
Oliceridine and Morphine on Ventilation in an 
Elderly Population” by P. Simons, M.D., Albert 
Dahan, M.D., Ph.D., Mark Demitrack, M.D., Michael 
Fossler, Pharm.D, Ph.D., Erik Olofsen, Ph.D., 
Maarten van Lemmen, B.Sc., Simone Jansen, M.D., 
Rutger van der Schrier, M.D.   
 Department of Anesthesiology, Leiden University Medical 
Center, Leiden, Netherlands (P.S., A.D., E.O., M.vL., S.J., 
R.vdS.); Trevena, Chesterbrook, Pennsylvania (M.D., M.F.)  
 Oliceridine di� ers from classical opioids in that it is biased 
toward activation of the G-protein intracellular pathway 
that is predominantly associated with analgesia, with lim-
ited recruitment of the  β -arrestin pathway that is associated 
with opioid-related adverse events. The hypothesis that IV 
oliceridine would produce less respiratory depression than 
IV morphine at equianalgesic doses was tested in a ran-
domized crossover trial of 18 volunteers 55 yr and older. In 
contrast to 2 mg morphine, 0.5 mg oliceridine was nearly 
devoid of respiratory depressant e� ects. Similarly, in contrast 
to 8 mg morphine, the respiratory depressant e� ect of 2 mg 
oliceridine waned within 3 h.  

  7269 

“Improvement of Forced Vital Capacity after Saline 
Washout in the Setting of Post Interscalene Catheter 
Phrenic Nerve Palsy” by Mariam Sarwary, M.D., 
Jean Louis E. Horn, M.D., Jan Boublik, M.D., Ph.D., 
Ban Tsui, M.D.   
 Stanford University, Fremont, California; Stanford 
University, Stanford, California  
 A randomized, double-blinded study of 21 patients under-
going elective primary total shoulder arthroplasty with an 
ultrasound-guided interscalene nerve block was conducted 
to determine whether a large volume normal saline washout 

bolus through the interscalene catheter can reverse phrenic 
nerve paralysis resulting from the block. Patients were admin-
istered 10 ml 0.5% ropivacaine before surgery and an addi-
tional 10 ml 0.5% ropivacaine upon arrival to the recovery 
room. Thirty minutes later, they received either a 30 ml nor-
mal saline washout or no intervention. Clinical improvement 
of forced vital capacity was observed 30 min after the saline 
washout.  

  6256 

“EEG-guided Anesthesia in Children Shortens 
Recovery Time with No Di� erence Thus Far in 
Emergence Delirium” by Kiyoyuki Miyasaka, M.D., 
Yasuyuki Suzuki, M.D., Ph.D., Yasuko Nagasaka, 
M.D., Ph.D.   
 Department of Anesthesia, National Center for Child 
Heath and Development, Tokyo, Japan (K.M., Y.S.); Tokyo 
Women’s Medical University, Tokyo, Japan (Y.N.)  
 The hypothesis that pediatric anesthesia emergence delir-
ium may be reduced by an electroencephalogram (EEG)-
guided anesthesia management strategy designed to 
minimize exposure to anesthetics was tested in random-
ized controlled trial comparing the incidence of pediatric 
anesthesia emergence delirium after sevo� urane anesthesia 
maintained at 1.0 minimum alveolar concentration and 
EEG-guided sevo� urane anesthesia. Sixty children at least 
1 and less than 6 yr old scheduled for surgical procedures 
involving minimal postoperative pain were studied. There 
was no di� erence between the groups in the proportion 
of patients with a pediatric anesthesia emergence delirium 
score of 10 or more despite reduced exposure to sevo� u-
rane in the EEG group. Recruitment is ongoing.   

  22nd Annual Celebration of Research 
Monday, October 24, 2022, 9:30   AM   to 11:30   AM   
LaNouvelle Ballroom B

  Moderator 

 Evan D. Kharasch, M.D., Ph.D., Editor-in-Chief, 
Anesthesiology , Duke University Medical Center, 
Durham, North Carolina.  

  Description 

 Sponsored by  Anesthesiology , join us for the 22nd Annual 
Celebration of Research, when the recipients of the 2022 ASA 
Excellence in Research Award and the James E. Cottrell, M.D., 
Presidential Scholar Award will be awarded. Each recipient 
will present brief lectures on their research accomplishments. 
The Foundation for Anesthesia Education and Research 
(Schaumburg, Illinois) Excellence in Mentoring Award recip-
ient and the winner of the Resident Research Essay contest 
will be announced. There will be a brief update on Foundation 
for Anesthesia Education and Research activities.   
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  Clinical Trials in Anesthesiology: New Findings, 
New Understanding 
Monday, October 24, 2022, 1:15   PM   to 3:15   PM

Room 243

  Moderator 

 Marcos F. Vidal Melo, M.D., Ph.D., Associate Editor, 
Anesthesiology , Columbia University Irving Medical 
Center, New York, New York.  

  Description 

 Discussion of four recently published clinical trial studies, 
presented by one of the authors and counterpointed by a 
friendly critique by another speaker. Speakers will com-
ment on the methods and their implementation, providing 
education on those methods and relevant aspects of their 
implementation and results interpretation in the process. 
This will be followed by a response from the author.  

  Speaker 

“First-Attempt Success Rate of Video 
Laryngoscopy in Small Infants (VISI): A 
Multicenter, Randomized Controlled Trial” by 
Annery G. Garcia-Marcinkiewicz, M.D.  
 Department of Anesthesiology and Critical Care Medicine, 
The Children’s Hospital of Philadelphia, Philadelphia, 
Pennsylvania  

  Debater 

 Michael Aziz, M.D., Department of Anesthesiology 
and Perioperative Medicine, Oregon Health & Science 
University, Portland, Oregon.  

  Speaker 

“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” by Charles H. Brown IV, M.D., 
M.H.S.
  Department of Anesthesiology and Critical Care Medicine, 
Johns Hopkins University School of Medicine, Baltimore, 
Maryland  

  Debater 

 Christopher G. Hughes, M.D., Department of Anesthesiology 
Critical Care Medicine, Vanderbilt University Medical 
Center, Nashville, Tennessee.  

  Speaker 

“Aggressive Intraoperative Warming  versus  Routine 
Thermal Management during Noncardiac Surgery 
(PROTECT): A Multicenter, Parallel Group, 
Superiority Trial” by Eva Rivas Ferreira, M.D.   
 Department of Anesthesia, Hospital Clinic of Barcelona, 
August Pi i Sunyer Biomedical Research Institute, 
Universidad de Barcelona, Barcelona, Spain  

  Debater 

 Harriet W. Hopf, M.D., University of Utah, Salt Lake City, 
Utah.  

  Speaker 

“Tranexamic Acid in Patients Undergoing 
Noncardiac Surgery” by Maura Marcucci, M.D., 
M.Sc.   
 Department of Health Research Methods, Evidence, and 
Impact, and Department of Medicine, McMaster University, 
Hamilton, Canada  

  Debater 

 Jerrold H. Levy, M.D., F.C.C.M., Executive Editor, 
Anesthesiology , Duke University, Durham, North Carolina.            
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 David O. Warner, M.D., Recipient of the 2022 Excellence in 
Research Award       
     Mark A.     Warner    ,   M.D.                

 It is my sincere pleasure to congratulate Dr. David O. 
Warner on his recognition with the 2022 Excellence in 

Research Award received from the American Society of 
Anesthesiologists (ASA). Dr. Warner has worked in multiple 
domains to make a di� erence in our patients’ lives. He is 
highly deserving of this recognition because of the breadth 
and depth of his research activities and his ability to adapt 
a variety of research methodologies to pursue important 
questions. 

 Dr. Warner received both his undergraduate and medi-
cal school education at Ohio State University (Columbus, 
Ohio). After completing medical school, he spent time as a 
medical o�  cer at Nigerian Christian Hospital before begin-
ning his residency training at the Mayo Clinic (Rochester, 
Minnesota). His residency training incorporated a 2-yr 
research fellowship in pulmonary physiology. His record of 
National Institutes of Health funding, which continues to 
the current time, began immediately after joining the Mayo 
Clinic sta�  in 1988. He rose quickly through the institu-
tion’s academic ranks and has been a professor of anesthe-
siology since 1999. 

 It is unusual to � nd a clinician investigator who has 
such as prolonged record of academic success in multiple 
domains of study. Dr. Warner’s remarkable ability to transi-
tion from one important issue to another using diverse and 
sophisticated research methodologies make him unique. As 
a practicing anesthesiologist, he closely observes clinical 
practice, formulates important, clinically relevant questions, 
and seeks answers. Highlights of Dr. Warner’s research and 
other contributions include the following. 

  Respiratory Physiology 
 Dr. Warner’s initial research training was in respiratory 
physiology, bene� tting from the combined mentorship of 
Dr. Robert Hyatt (the father of the pulmonary � ow-vol-
ume curve) and Dr. Kai Rehder (himself a past recipient of 
the ASA Excellence in Research Award). Over two decades, 
Dr. Warner published more than 90 highly cited articles in 
pulmonary physiology with an initial focus on pulmonary 
mechanics and respiratory muscle physiology. His � ndings 
provided basic insights into normal chest wall function and 

how anesthesia a� ects this function. For example, he dis-
covered that anesthesia-induced respiratory depression is 
caused not by universal depression of respiratory muscle 
activity but rather by impaired coordination among these 
muscles. His insights have been of fundamental importance 
to the daily practice of anesthesia, as respiratory depression 
continues to be a major source of anesthetic morbidity and 
mortality. 

 In addition to studying the e� ects of anesthetics on chest 
wall function, he examined the bronchodilatory e� ects of 
anesthetics on airway smooth muscle in a laboratory-based 
program that enjoyed R01 support for over 15 yr. With 
his Mayo Clinic colleagues Drs. Keith Jones and William 
Perkins, Dr. Warner discovered that volatile anesthetics relax 

   Submitted for publication August 6, 2020. Accepted for publication August 6, 2020.  

   Mark A. Warner, M.D.:   Department of Anesthesiology, Mayo Clinic College of Medicine and Science ,  Rochester, Minnesota.  

 Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved.  Anesthesiology  2022 ;  137 : 396 – 8  .      DOI:   10.1097/ALN.0000000000004362  
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smooth muscle both by impairing neural re� exes and by 
direct e� ects on airway smooth muscle. Regarding the lat-
ter, they demonstrated that volatile anesthetics relax airway 
smooth muscle by reducing intracellular calcium concentra-
tion, as well as myo� brillar calcium sensitivity. Their discov-
ery that volatile anesthetics have the unique ability to relax 
even maximally stimulated airway smooth muscle (an ability 
not shared by other bronchodilators such as  β -adrenergic 
agonists) provided a foundation for drug discovery e� orts 
seeking novel bronchodilators.  

  Perioperative Tobacco Control 
 While Dr. Warner was pursuing his productive   lab-based 
program, he was also developing additional interests and 
capabilities in clinical research, founding the Mayo Clinic 
Anesthesia Clinical Research Unit in 1999. His � rst major 
new focus was on perioperative tobacco control, based on his 
long-standing interest in improving perioperative lung health. 
With typical enthusiasm, he initiated a comprehensive mul-
tidisciplinary tobacco control research program to develop 
novel practice-based interventions that could help surgical 
patients quit smoking. He also initiated a line of research to 
explore the interactions between tobacco use and pain. His 
work in perioperative tobacco control, which has produced 
over 70 peer-reviewed publications, has shown that surgery/
anesthesia is a “teachable moment” to promote smoking ces-
sation, demonstrated the medical and economic bene� ts of 
helping patients stop smoking, and resulted in practical means 
for anesthesiologists to help their patients quit. 

 Based on his e� orts, anesthesiology and surgical spe-
cialties have incorporated tobacco use interventions into 
clinical practice nationally and internationally, with great 
bene� t to surgical and pain patients. He is recognized as the 
leading advocate and investigator in perioperative tobacco 
control, as recognized by his recent election as a Fellow 
of the Society for Research in Nicotine and Tobacco. He 
led the Cancer Center Cessation Initiative of the National 
Cancer Institute at Mayo Clinic to incorporate tobacco 
treatment into the routine care of cancer patients, success-
fully implementing a novel “opt out” automatic referral 
system. Dr. Warner founded the ASA Smoking Cessation 
Initiative Task Force, dedicated to helping anesthesiologists 
incorporate tobacco control measures into their practices, 
so that the evidence generated by his research and others 
can be widely disseminated and make a real impact in prac-
tice. This was a major impetus for his change in scienti� c 
direction away from lab-based studies.  

  Neurodevelopment after Anesthesia and Surgery 
in Children 
 Dr. Warner’s clinical practice in pediatric anesthesiology 
raised his awareness of preclinical studies suggesting that the 
exposure of young animals to anesthetic drugs produced 
neurotoxicity. He published with his Mayo Clinic colleagues 

one of the � rst studies providing evidence that similar e� ects 
may occur in children, showing that anesthetic exposure 
within the � rst 3 yr of life is associated with a doubling of 
the risk for the later development of learning disabilities. 
This initial research has led to a series of 20 publications 
from his group, including the ongoing National Institutes of 
Health–funded Mayo Anesthesia Safety and Kids (MASK) 
study, which provided the � rst detailed neuropsychological 
and behavioral phenotype associated with exposure of young 
children to anesthesia. It is now apparent from the work of 
Dr. Warner and others that exposure to anesthesia/surgery 
may be associated with behavioral changes and diminished 
� ne motor skills later in life, especially in those children with 
multiple exposures. Clearly, this work could have profound 
implications for children who require anesthesia at a young 
age and the anesthesiologists who care for them.  

  Cognition after Anesthesia and Surgery in the 
Elderly 
 His interests in how anesthesia and surgery may a� ect 
neurodevelopment and concerns raised by animal exper-
iments led Dr. Warner to initiate an integrated series of 
studies with his collaborator Dr. Juraj Sprung to evaluate 
the potential impact of anesthesia on the cognitive func-
tion of patients at the opposite end of the age spectrum. 
These studies revealed that although surgery with anesthe-
sia is not associated with an increased risk of clinical diag-
noses of long-term cognitive impairment, it is associated 
with a modest acceleration of cognitive decline. However, 
similar changes were seen after hospitalization for medical 
care, intensive care, and after regional anesthesia, making it 
unlikely that exposure to general anesthesia was causative. 
Mechanistically, this decline was associated with accelerated 
cortical thinning in some brain regions but not increased 
amyloid deposition. These results are reassuring from the 
standpoint of anesthesia exposure but highlight the con-
tinued need to address perioperative brain health, as they 
con� rmed the link between postoperative delirium and 
long-term cognitive decline.  

  Innovations in Postgraduate Medical Education 
and Assessment 
 Dr. Warner served for 12 yr as a Director of the American 
Board of Anesthesiology (Raleigh, North Carolina). In that 
role, he chaired the American Board of Anesthesiology’s 
Research Committee for many years, which produced a 
series of 20 papers examining the value of both initial and 
continuing board certi� cation and other related topics. He 
also led the development and validation of a novel objec-
tive structured clinical examination that was incorporated 
into the initial certi� cation process for anesthesiologists, 
the � rst such examination among member boards of the 
American Board of Medical Specialties (Chicago, Illinois). 
Finally, he published seminal work examining substance 
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use disorder among anesthesiologists, showing that despite 
ongoing educational and support e� orts, this problem con-
tinues to grow.  

  Research Education and Mentorship 
 Dr. Warner also inspires others to pursue research careers. 
He has mentored more than 40 graduate students and 
research fellows, as well as numerous junior faculty, with 
several subsequently establishing their own independent 
National Institutes of Health – funded research programs. 
His understanding of study design and research meth-
ods is extraordinary, as is his ability to teach this mate-
rial to novice researchers. As a scientist, he has the rare 
gift of making complex, di�  cult concepts clear and 
easy to understand. His gentle and unassuming manner 
makes him easily approachable, and thus, when combined 
with his research expertise, he is the very model of a 
professor. 

 He is also an active educator in all � ve schools of the Mayo 
Clinic College of Medicine and Science and has received 
numerous awards for excellence in teaching. He founded 
and leads the College’s O�  ce for Applied Scholarship and 
Education Science, which brings the expertise of profes-
sional educators to Mayo Clinic educational programs, and 
is currently an Associate Dean for Faculty A� airs in the 
Mayo Clinic Alix College of Medicine.  

  Leadership and Services Roles in Research 
 Dr. Warner’s commitment to promoting research is also 
apparent in his numerous leadership roles in institutional 
research administration in addition to his past role as Vice-
Chair for Research in our Department of Anesthesiology 
and Perioperative Medicine. Research at Mayo Clinic is 
managed by a central institutional research committee. Dr. 
Warner has served in many di� erent capacities on this com-
mittee and its subcommittees, including as Associate Dean 
for Clinical and Translational Research, Co-Director of 
the O�  ce for Diversity in Clinical Research, Co-Principal 
Investigator and Associate Director of the Mayo Clinic 
Center for Clinical and Translational Sciences (CTSA award), 
and Principal Investigator of its associated KL2 Mentored 
Career Development award. Remarkably for an anesthesi-
ologist, he also led for many years the institution’s e� orts 
to support community-engaged research. Thus, while main-
taining his own active research program, he also has been 
and remains a major leader in clinical research throughout 
the institution, amplifying his in� uence. 

 Dr. Warner has also made other signi� cant contributions 
to our specialty. For example, he served full terms as both 
Associate and Full Editor for the journal A nesthesiology . 
He has served as an  ad hoc  member for numerous National 
Institutes of Health study sections and chaired the ASA 

Subcommittee on Respiration for several years. He was 
recognized for his research excellence by being selected to 
give the Helrich Memorial Lecture by the Foundation for 
Anesthesia Education and Research.  

  Clinical Activities 
 It is remarkable that Dr. Warner has been able to accom-
plish all this while maintaining an active clinical practice. 
He was a founding member of our department’s Pediatric 
Anesthesia Division, introduced nitric oxide into clinical 
practice at Mayo Clinic, and is recognized by his peers as a 
skilled and compassionate clinician. He has also been active 
in medical missions to underserved countries.  

  Summary 
 The breadth and quality of Dr. Warner’s scienti� c accom-
plishments are remarkable. The methods used in his research 
range from saturation transfer di� erence nuclear magnetic 
resonance spectroscopy examining anesthetic binding to 
isolated proteins to cutaneous blood � ow measurements 
in humans to randomized clinical trials of tobacco inter-
ventions to education science assessments to the tools of 
dissemination and implementation research in clinical anes-
thesiology practices, showing that sound scienti� c principles 
can be applied to any area of inquiry with success—if the 
investigator has curiosity and drive. He is the very model 
of the physician–scientist yet has not followed a “safe,” tra-
ditional career path. Many scientists maintain their funding 
stream by developing an ever-more specialized expertise in 
a relatively narrow area that is recognized and rewarded by 
peer reviewers. In contrast, Dr. Warner has, when appro-
priate, completely changed scienti� c direction to pursue 
his passions while still maintaining scienti� c excellence 
and productivity. Along the way, he continues to recruit 
and train the best and brightest in scholarly anesthesiol-
ogy careers. Dr. Warner has made extraordinary contribu-
tions to our specialty in multiple domains that will bene� t 
our patients and is truly deserving of recognition for these 
e� orts. Despite these scienti� c accomplishments, if you ask 
him, his greatest joys are Julie, his high school sweetheart 
and wife of 43 yr, his three grown-up children and � ve 
(so far) cute grandchildren. 
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 Kristin Schreiber, M.D., Ph.D., Vice Chair for Faculty 
Development at Brigham and Women’s Hospital 

(Boston, Massachusetts) and Associate Professor of 
Anaesthesia at Harvard Medical School (Cambridge, 
Massachusetts), was awarded this year’s James E. Cottrell, M.D. 
Presidential Scholar Award. This is a well-deserved honor for 
such a superb clinician–scientist. Dr. Schreiber’s work has 
helped us to understand which patients are at highest risk for 
developing persistent postsurgical pain, while also probing 
personalized interventions to prevent this often debilitating 
outcome. I have followed her work, which overlaps with my 
own areas of research interest, watching her career develop 
over time, and so it gives me great pleasure to honor Dr. 
Schreiber with a few words about her career. 

 Kristin received a Bachelor of Science degree with hon-
ors, from the University of Wisconsin-Madison (Madison, 
Wisconsin), majoring in Psychology and German. She 
then received an M.D./Ph.D. in Neuroscience from the 
University of Minnesota in Minneapolis, Minnesota. Work 
for her doctoral thesis investigated the bidirectional cross 
talk between the nervous and immune systems in pain and 
infection. She demonstrated this bidirectional communi-
cation in two diverse settings: activation of spinal microg-
lia in the development of persistent and widespread pain,  1 

and modulation of pathogen adherence and invasion in the 
gut by the enteric nervous system.  2 , 3   She went on to com-
plete an Residency in Anesthesiology at the University of 
Pittsburgh (Pittsburgh, Pennsylvania), where she focused 
her passion for understanding the development of chronic 
pain into clinical applications in regional anesthesia  4   and 
the development of persistent postsurgical pain,  5   contrib-
uting to the peer-reviewed literature during a busy clinical 
residency. Dr. Schreiber joined us at Brigham and Women’s 
Hospital for Regional Anesthesia and Research Fellowships 
in July 2012, simultaneously joining our faculty, where she 
is now Associate Professor of Anesthesia at Harvard Medical 
School and a Sta�  Anesthesiologist at Brigham and Women’s 
Hospital specializing in Regional Anesthesia. During her 10 
yr with our department, she has excelled both clinically 
as an exceptional Regional Anesthesiologist and a proli� c 
translational Pain Neuroscientist. 

 Working with a diverse team of mentors and collabora-
tors in Pain Psychology, Neurophysiology, Psychophysics, 
Regional Anesthesia, Oncology, Neuroimaging, 
Preoperative Evaluation, and Placebo Research (Drs. Rob 
Edwards, Gary Strichartz, Kamen Vlassakov, Angela Bader, 
Vitaly Napadow, Marco Loggia, and Ted Katpchuk), Kristin 
has built an impressive collaborative clinical research pro-
gram. She set out to identify factors predicting the transi-
tion to persistent postsurgical pain, earning her the support 
of a K23 grant in 2015. In 2018, her early success led to 
her being among the � rst Anesthesiologists nationally to be 
awarded a highly competitive National Institutes of Health 
Maximizing Investigators’ Research Award (R35), equiv-
alent to an R01, from the National Institute of General 
Medical Sciences. She has gained further independent fund-
ing, serving as the site Principal Investigator at Brigham and 
Women’s Hospital for the Early Phase Pain Investigation 
Clinical Network (EPPIC-Net), part of the large National 
Institutes of Health Helping to End Addiction Long-term 
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initiative, and as coinvestigator on grants from the National 
Cancer Institute and the National Science Foundation. 

 A notable hallmark of Kristin’s research is the collaborative 
nature of everything she does. She has a tremendous track 
record of sparking interest in research among her colleagues 
and successfully engaging them in research projects. She has 
thoughtfully mentored premedical and medical students, 
residents, and clinical and postdoctoral fellows in conduct-
ing clinical studies. Her collaborative spirit and enthusiasm 
for research has fostered strong cross-departmental bonds, 
not only with the Department of Surgery, but also with the 
Departments of Oncology, Emergency Medicine, Neurology, 
and Pharmacy. She has served as a key consultant to oncol-
ogists and surgeons on a large Patient-Centered Outcomes 
Research Institute grant, bringing high quality and thought-
ful assessment and treatment of pain to these projects. 

 Dr. Schreiber’s active fostering of these observational, 
laboratory-based, randomized, or pragmatic trials have 
resulted in more than 60 peer-reviewed publications, most 
of which are as � rst or senior author. Her primary research 
focus is on the prediction and prevention of postsurgical 
pain and opioid use, with publications in  Annals of Surgical 
Oncology ,  Journal of Pain ,  Pain Medicine , and  Anesthesia & 
Analgesia . In addition, she has pursued mechanistic testing 
of pain processing among individuals, including studies in 
neuroimaging and the quantitative sensory testing labo-
ratory, published in  Anesthesiology  and  Journal of Pain . Her 
insights into the impact of regional anesthetic techniques 
have been published in  Regional Anesthesia and Pain Medicine , 
British Journal of Anesthesia , and  Pain Medicine , including 
contributions to understanding and reducing postsurgical 
pain after mastectomy,  6–11   liver resection,  4   cesarean deliv-
ery,  12   thoracotomy, total knee arthroplasty,  13–16   and spinal 
fusion.  17 , 18   For much of this research, she has adapted sim-
ple, validated psychometric measures, including objective 
quantitative sensory testing in the preoperative clinic, to 
“phenotype” patients preoperatively, and predict patients 
at risk for acute and chronic postsurgical pain and opioid 
use, including the development of bedside adaptations of 
these tests.  19   She has also examined the impact of alter-
native therapies on pain modulation, including the impact 
of yoga-based exercise on pain in � bromyalgia patients,  20–22 

distraction in chronic pain patients,  23   music in emergency 
medicine patients,  24   and a randomized controlled trial of 
open-label placebo in spine surgery patients,  17   which was 
featured in press releases after its publication in  PAIN . 
During the pandemic, she aptly pivoted to investigate the 
impact of social isolation on chronic pain and reported dif-
ferential impact among individuals, with certain chronic 
pain patients being more impacted (minority and female).  25 

This longitudinal study of the impact of COVID-induced 
isolation allowed insights into a rarely studied aspect of the 
biopsychosocial model: how social forces in� uence pain, 
and how they impact a patient’s psychology and their pro-
cessing of pain.  25–28   Her work is changing the way we think 

about personalizing perioperative care in an era of multiple 
enhanced recovery after surgery protocols that often dictate 
a one-size � ts all approach.  29 

 Dr. Schreiber has a tremendous record of local, national, 
and international academic service, ranging from local 
institutional review board expert review and leadership 
in research infrastructure, to involvement in the Early-
Stage Anesthesia Scholars program as part of International 
Anesthesia Research Society and serving as an Editor of 
Anesthesiology . In our own department, she has demon-
strated exceptional leadership as the Associate Vice Chair 
for Research working together with our Vice Chair 
for Research, Dr. Danny Muehlschlegel. Together Drs. 
Muehlschlegel and Schreiber developed a strong research 
core that serves to support basic, translational, and clinical 
research. She has served on scienti� c committees of major 
national organizations and on grant study sections, includ-
ing as the Chair of the International Anesthesia Research 
Society Mentored Research Award review committee. 
She has also chaired a working group of the Analgesic, 
Anesthetic, and Addiction Clinical Trial Translations, 
Innovations, Opportunities, and Networks-American Pain 
Society Pain Taxonomy Group, de� ning taxonomy and 
measurement guidelines for postsurgical pain.  30   She has 
been an sought-after speaker, addressing National Institutes 
of Health research workshops, as well as a diverse set of 
Anesthesiology and Pain–related societies’ annual meetings. 

 Kristin and her husband Paul Wacnik, Ph.D., a phar-
macology and neuroscience–trained engineer working at 
P� zer in Cambridge, Massachusetts, enjoy spending time 
with their 15- and 17-yr-old boys Leo and Fredrik. Having 
the chance to mentor (a little) and to learn (a lot) from 
Kristin here at Brigham and Women’s and Harvard Medical 
School has been a great pleasure. It reminds me why I enjoy 
academic medicine so enormously, watching extraordinary 
people like Kristin grow to their full potential. We are priv-
ileged to have this talented clinician–scientist who brings 
a holistic, personalized approach to perioperative pain pre-
vention as our colleague and friend, and as a member of 
our specialty.    
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 Vivianne Tawfi k, M.D., Ph.D., a Recipient of the 2022 
James E. Cottrell, M.D., Presidential Scholar Award 
    Brian T.     Bateman    ,   M.D., M.Sc.  ,       Ronald G.     Pearl    ,   M.D., Ph.D.                         

 It is extraordinarily � tting that Vivianne Taw� k, M.D., 
Ph.D., is a 2022 recipient of the James E. Cottrell, M.D., 

Presidential Scholar Award. Dr. Taw� k is a consummate 
physician–scientist, being an outstanding clinician, a rigor-
ous researcher, and a dedicated mentor. She is passionate 
about our specialty and is committed to leading by exam-
ple the next generation of academic anesthesiologists. She 
has already made major contributions to our fundamental 
understanding of pain mechanisms and has emerged as a 
national leader who promotes clinician–scientists in our 
specialty. As the current (B.T.B.) and former (R.G.P.) chairs 
of the Department of Anesthesiology, Perioperative and 
Pain Medicine at Stanford University (Stanford, California), 
we have observed and take great pride in Dr. Taw� k’s 
extraordinary accomplishments and contributions. 

 Dr. Taw� k received her B.Sc. with First Class Honors 
from McGill University (Montréal, Canada) in 2002, where 
she � rst became interested in neuroscience and the poten-
tial to combine a career in research and medicine. As part 
of the M.D./Ph.D. program at Dartmouth Medical School 
(Hanover, New Hampshire), she sought to answer questions 
related to basic pain mechanisms and joined the laboratory 
of Dr. Joyce DeLeo. She graduated in just 7 yr with � ve 
� rst-authored publications and several awards recognizing 
her research, clinical, and community service achievements. 
After medical school, Dr. Taw� k completed her intern-
ship in general surgery at Dartmouth-Hitchcock Medical 
Center (Lebanon, New Hampshire). She was recruited and 
mentored by Dr. Rona Gi� ard for residency training in 
anesthesiology at Stanford University in the Fellowship in 
Anesthesia Research and Medicine residency research track, 
of which she now serves as the director. To fully integrate 
her research and clinical interests, after residency she com-
pleted her subspecialty clinical fellowship in pain medicine 
under the supervision of Dr. Sean Mackey. After being cho-
sen as the top candidate in a competitive national search, in 
July 2017 she joined the faculty at Stanford in the physi-
cian–scientist faculty line (University Medical Line). 

 Dr. Taw� k’s work to understand how peripheral and 
central immune cells contribute to persistent pain has 
spanned almost two decades. During her Ph.D. studies, she 

discovered that two types of glial cells in the spinal cord 
(microglia and astrocytes) were important for postinjury 
pain responses and opioid tolerance.  1–4   These � ndings laid 
the groundwork for subsequent investigations during her 
postdoctoral fellowships investigating the identity of sen-
sory and spinal neurons involved in pain perception and 
analgesia.  5 , 6   She previously demonstrated that spinal cord 
microglial cells were activated after chronic morphine 
administration; however, whether this occurred through 
glial mu opioid receptors remained a matter of debate. Using 
novel techniques during her postdoctoral training with Dr. 
Gregory Scherrer, she and her colleagues demonstrated that 
mu opioid receptors are not expressed by microglia  in vivo ,  7 
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a � nding with widespread implications for the study of opi-
oid tolerance that has already been cited in the literature 
more than 200 times. 

 Since starting her own independent research group in 
2017, Dr. Taw� k has taken advantage of her years of training 
in cutting-edge techniques in neuroscience to focus on the 
contribution of peripheral immune cells and spinal cord 
glia to chronic pain conditions, including complex regional 
pain syndrome and peripheral nerve injury. 

 Recovery from surgery relies on a multicellular inter-
play between pro- and anti-in� ammatory processes. 
Whether these processes exhibit sexual dimorphism has 
been largely underexplored but obviously would in� u-
ence treatment paradigms. In a recent publication,  8   Dr. 
Taw� k utilized high-dimensional mass cytometry to per-
form a comprehensive analysis of phenotypic and func-
tional immune system di� erences between male and 
female mice after orthopedic injury. Multivariate mod-
eling of innate and adaptive immune cell responses after 
injury revealed sex-speci� c divergence after injury with 
a stronger immune response to injury in females. Using 
the tibial fracture model of complex regional pain syn-
drome, which she learned during her postdoctoral training 
with Dr. David Clark, she further explored the myeloid 
cell contribution to the acute-to-chronic pain transition 
common to most pain conditions. She and her team per-
formed positron emission tomography using a myeloid 
lineage activation marker to identify the unique spatiotem-
poral dynamics of the innate immune response in complex 
regional pain syndrome.  9   She found early and persistent 
involvement of peripheral myeloid cells at the site of injury, 
and early and transient activation of central nervous system 
microglia distant from the injury site. 

 More recently, Dr. Taw� k published an exciting article 
detailing how activation of microglia through the pattern 
recognition receptor TLR4 promotes chronic pain speci� -
cally in males.  10   In contrast to published dogma, she found 
that microglia themselves contribute to female chronic 
pain, but not  via  TLR4 activation. Related translational 
work from her group reported clinical use of the antimalar-
ial drug hydroxychloroquine in the treatment of refractory 
complex regional pain syndrome and a potential microglial 
modulatory mechanism for this e� ect in an accompanying 
mouse model study.  11 

 Dr. Taw� k is leading several additional initiatives with 
collaborators at Stanford including projects to understand 
how targeted immune modulation to improve bone healing 
can decrease pain and improve recovery, to distinguish the 
contributions of astrocytes to persistent pain, and the use of 
targeted ultrasound to direct pain therapeutics to peripheral 
sites of action. 

 Dr. Taw� k has had impressive success with compet-
ing for independent funding, obtaining a 5-yr National 
Institute of General Medical Sciences R35 Maximizing 
Investigators’ Research Award grant that funds 

investigators to “go where the science takes them,” and a 
collaborative 3-yr Defense Advanced Research Projects 
Agency grant with Stanford Nobel Laureate Dr. Brian 
Kobilka. She was also recently awarded an National 
Institute of Neurological Disorders and Stroke R21 
focused on the highly innovative concept of peripheral 
neuronal senescence as a target for the treatment of pain. 
Her work has been recognized with several prestigious 
awards. She is one of few practicing physician–scientists 
to have received the basic science–targeted Rita Allen 
Foundation Award in Pain since 2009. She received the 
McCormick and Gabilan Faculty Award in 2019 from 
Stanford University, a grant focused on supporting 
women researchers and leaders. 

 Dr. Taw� k is a highly e� ective mentor. She is the pri-
mary thesis advisor to two graduate students, both women 
from underrepresented backgrounds in the Stanford Ph.D. 
Neurosciences program, as well as three postdoctoral schol-
ars and many undergraduate students. In 2018, Dr. Taw� k 
was appointed as Director of the Fellowship in Anesthesia 
Research and Medicine program, the residency physician–
scientist training program. In this role, she recruits medi-
cal students to the Fellowship in Anesthesia Research and 
Medicine track, serves on the residency admissions com-
mittee, and mentors residents and fellows in the program, 
providing career development advice. She also directs the 
research track for the Stanford Anesthesia Summer Institute, 
a program that provides the opportunity for high school 
and college students interested in science, technology, engi-
neering, and mathematics (STEM), especially those from 
underrepresented minorities, to gain exposure to the � eld 
of anesthesiology. 

 During the past 5 yr, Dr. Taw� k has continued to expand 
her involvement in the academic future of anesthesiol-
ogy at the local, national, and international levels. She has 
served on multiple review panels at the National Institutes 
of Health (Bethesda, Maryland), is an Associate Editor for 
the  British Journal of Anesthesia , and recently began in a new 
leadership role leading basic science e� orts in our depart-
ment as an Associate Vice-Chair. In 2016, she became the 
� rst Co-President of Early-stage Anesthesiology Scholars, 
an organization formed to represent and foster early career 
anesthesiologist–scientists. She is also a member of the 
� rst working group of the Anesthesia Research Council, a 
group formed with support from the American Society of 
Anesthesiologists (Schaumburg, Illinois), the Foundation for 
Anesthesia Education and Research (Schaumburg, Illinois), 
and the International Anesthesia Research Society (San 
Francisco, California), to address critical questions and chal-
lenges in research relevant to advancing science and patient 
care in anesthesiology. In recognition of her contributions 
to academic anesthesiology, she was recently appointed 
to the Board of Trustees of the International Anesthesia 
Research Society. Finally, Dr. Taw� k was also recently asked 
to take on the role of Vice-Chair of the American Society 
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of Anesthesiologists Scienti� c Advisory Committee, a role 
she will begin in fall 2022. 

 She brings the same level of thoughtful attention to 
the care of her patients in the Pain Management Clinic 
at Stanford as she does to her research program. She leads 
an active outpatient clinical practice focused on persistent 
pain after limb injury, complex regional pain syndrome, and 
chronic postsurgical pain. The clear alignment between her 
research and clinical duties provides added value to both 
domains of her work. To best care for patients with complex 
nerve pathology, she is involved in the development and 
implementation of an interdisciplinary “Nerve Team” con-
sisting of pain physicians, radiologists, and three peripheral 
nerve surgeons.  12 

 Dr. Taw� k is focused on making an impact on anesthe-
siology research and practice. She is scholarly, collaborative, 
skillful, and committed. She is also generous in giving her 
time to mentor others and takes great pride in fostering 
their success. Our specialty is fortunate to have someone 
with her talent and drive leading us into the future.    
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  ABSTRACT 
  Background:     Intraoperative mechanical ventilation is a major component of 
general anesthesia. The extent to which various intraoperative tidal volumes 
and positive end-expiratory pressures (PEEP) effect on postoperative hypoxia 
and lung injury remains unclear. We hypothesized that adults having orthope-
dic surgery, ventilation using different tidal volumes and PEEP levels affect the 
oxygenation within fi rst hour in the postoperative care unit.  

 Methods:     We conducted a two-by-two factorial crossover cluster trial at the 
Cleveland Clinic Main Campus. We enrolled patients having orthopedic sur-
gery with general anesthesia who were assigned to factorial clusters with tidal 
volumes of 6 or 10 ml/kg of predicted body weight and to PEEP of 5 or 8 cm 
H 

2 
O in 1-week clusters. The primary outcome was the effect of tidal volume 

or PEEP on time-weighted average peripheral oxygen saturation measured 
by pulse oximetry divided by the fraction of inspired oxygen (Sp o  

2 
/F io  

2 
 ratio) 

during the initial postoperative hour.  

 Results:     We enrolled 2,860 patients who had general anesthesia for ortho-
pedic surgery from September 2018 through October 2020. The interaction 
between tidal volume and PEEP was not signifi cant ( P  = 0.565). The mean ± 
SD time-weighted average of Sp o  

2 
/F io  

2 
 ratio was 353 ± 47 and not different 

in patients assigned to high and low tidal volume (estimated effect, 3.5%; 
97.5% CI, –0.4% to 7.3%;  P  = 0.042), for those assigned to high and low 
PEEP (estimated effect, –0.2%; 97.5% CI, –4.0% to 3.6%;  P  = 0.906). We 
did not fi nd signifi cant difference in ward Sp o  

2 
/F io  

2 
 ratio, pulmonary complica-

tions, and duration of hospitalization among patients assigned to various tidal 
volumes and PEEP levels.  

 Conclusions:     Among adults having major orthopedic surgery, postoperative 
oxygenation is similar, with tidal volumes between 6 and 10 ml/kg and PEEP 
between 5 and 8 cm H 

2 
O. Our results suggest that any combination of tidal 

volumes between 6 and 10 ml/kg and PEEP between 5  versus  8 ml cm H 
2 
O 

can be used safely for orthopedic surgery.   

(ANESTHESIOLOGY  2022 ;  137 : 406 – 17 )   
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Low tidal volume and high positive end-expiratory pressures (PEEP) 
are preferable in critical care patients, but it remains unclear 
whether they are beneficial in surgical patients.    

  What This Article Tells Us That Is New  

•   A total of 2,860 orthopedic surgical patients having general anes-
thesia were assigned in a 2 x 2 factorial cluster trial to 6 versus 10 
ml/kg tidal volume and to 5 versus 8 cm H

2
O PEEP.  

•   There was no interaction between V
T
 and PEEP. The primary out-

come, the Spo
2
/Fio

2
 ratio, was similar in each tidal volume and 

PEEP group. Secondary outcomes including postoperative oxygen-
ation, duration of hospitalization, and composite pulmonary compli-
cations also did not differ significantly.  

•   Tidal volumes between 6 and 10 ml/kg and PEEP between 5 and 8 
cm H

2
O are similar with respect to pulmonary outcomes.       

 Annually, 313 million surgical procedures are performed 
worldwide,  1   and many experience potentially pre-

ventable postoperative complications.  2   Among the most 
common are postoperative hypoxemia and pulmonary 
complications.  3 , 4   Sun  et al .,  5   in a retrospective analysis, 
reported that hypoxemia was common and prolonged in 
patients recovering from major noncardiac surgery, with a 
� fth having at least 10 min/h with oxygen saturation mea-
sured by pulse oximetry (Sp o  

2 
) less than 90%. Postoperative 

hypoxemia can be caused by atelectasis,  6   ventilator-in-
duced lung injury, ventilation/perfusion mismatch,  6   and 

 Tidal Volume and Positive 
End-expiratory Pressure 
and Postoperative 
Hypoxemia during General 
Anesthesia: A Single-
center Multiple Crossover 
Factorial Cluster Trial  
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pulmonary edema.  4   Hypoxemia, even without other respi-
ratory complications, is associated with prolonged hospi-
talization, intensive care unit admissions, mortality, and 
increased cost of care. 

 Intraoperative mechanical ventilation is a major com-
ponent of general anesthesia. Two key ventilator settings 
are tidal volume and positive end-expiratory pressure 
(PEEP). Traditionally, high tidal volumes (10 ml/kg or 
greater) were used because they reduce atelectasis and 
improve oxygenation. However, high tidal volumes 
increase concentrations of proin� ammatory mediators, 
promote pulmonary edema, and over-distend alveoli—
thus promoting lung injury and hypoxia.  7   In contrast, 
restricted tidal volumes reduce in� ammation, improve 
breathing mechanics, and limit over-distention injury. 
However, low tidal volumes also promote atelectasis, 
which is an important cause of postoperative lung injury, 
and promotes pneumonia and hypoxia. It remains unclear 
which of these many competing e� ects dominates. 
Consequently, low tidal volume has only inconsistently 
been adopted for operating room use.  3  

 There is similar ongoing debate about the optimal level 
of intraoperative PEEP. High PEEP reduces atelectasis and 
improves arterial oxygenation and respiratory system com-
pliance, but also promotes alveolar over-distention hypo-
tension.  8   Low PEEP decreases barotrauma but may not 
prevent atelectasis. Low tidal volumes combined with PEEP 
help maintain oxygenation in patients with acute respira-
tory distress syndrome and acute lung injury who are ven-
tilated for days in critical care units. However, it remains 
unclear whether comparable bene� t results when restricted 
tidal volumes and high PEEP are applied for just a few 
intraoperative hours.  9   Also unknown is how intraoperative 
tidal volume and PEEP interact—that is, which combina-
tion of high and low tidal volume and high and low PEEP 
is preferable. 

 The extent to which various intraoperative tidal vol-
umes and PEEP levels e� ect on postoperative hypoxia and 
lung injury therefore remains unclear. We thus conducted a 
robust 2 by 2 factorial crossover cluster trial to determine 
the e� ects of tidal volumes of 6  versus  10 ml/kg of predicted 
body weight and PEEP of 5  versus  8 cm H 

2 
O. Our primary 

outcome was oxygenation within the � rst hour in the post-
operative care unit, de� ned by the peripheral Sp o  

2 
 divided 

by the fraction of inspired oxygen (F io  
2 
) ratio, a surrogate 

measure of oxygenation. Our secondary outcomes were (1) 
time-weighted average Sp o  

2 
/F io  

2 
 ratio on surgical wards, 

(2) postoperative duration of hospitalization, and (3) a com-
posite of postoperative pulmonary complications. 

  Materials and Methods 
 This is a single-center, single-blinded, multiple crossover 
factorial alternating cluster trial. The protocol was approved 
by the Cleveland Clinic (Cleveland, Ohio) Institutional 
Review Board, and written informed consent was waived; 
however, all patients were given written information about 
the study well before surgery and had the opportunity to 
opt out of the trial. There were no substantive changes 
to the protocol after initiation of patient enrollment. The 
full protocol and statistical analysis plan are available in 
Supplemental Digital Content 1 ( http://links.lww.com/
ALN/C883 ). The trial was exclusively funded by depart-
mental resources, and none of the authors has a personal 
� nancial interest in this research. 

  Subject Selection 

 Patients were enrolled at the Cleveland Clinic Main 
Campus between September 3, 2018, and October 24, 
2020. The study was restricted to a physically distinct suite 
of � ve operating rooms that are primarily used by for 
orthopedic surgery and normally sta� ed by a small group 
of anesthesiologists. 

 All patients in the designated operating rooms were 
nominally included in the trial. However, the protocol 
speci� ed that good clinical judgment should always pre-
vail. Clinicians thus modi� ed tidal volume and PEEP when 
they deemed it necessary. Similarly, they were able to  a priori 
exclude particular patients whom they deemed clinically 
unsuitable for the trial.  

  Randomization and Blinding 

 Patients having general anesthesia in the designated oper-
ating rooms were assigned to factorial clusters with tidal 
volumes of 6 or 10 ml/kg of predicted body weight  and  to 
PEEP of 5 or 8 cm H 

2 
O in 1-week clusters. Thus, in a given 

4-week period, all four combinations of tidal volume and 
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PEEP were each used for 1 week. Assignments sequentially 
alternated among the four combinations throughout enroll-
ment. Anesthesiologists were not blinded to treatments, but 
patients and outcome assessors were blinded.  

  Study Procedures 

 Inspired oxygen concentration was normally 50% during 
surgery, but the concentration was increased as necessary to 
maintain oxygen saturation 95% or greater as determined 
by pulse oximetry. The respiratory rate was adjusted to 
maintain an end-tidal carbon dioxide partial pressure 35 to 
45 mmHg, with a default inspired to expired ratio of 1:2. 
Clinicians were asked to perform a recruitment maneuver 
after induction of anesthesia at a F io  

2 
 of 50% and shortly 

before extubation. Typically, the recruitment maneuver con-
sisted of maintaining an airway pressure of 40 to 45 cm H 

2 
O 

for 40 s.  10   During the postoperative period, supplemental 
oxygen was increased as necessary to maintain oxygen satu-
ration 92% or greater. We use the phase 1 discharge scoring 
tool to assess patients for postanesthesia care unit (PACU) 
discharge. It includes 10 items scored from 0 to 2 about 
the level of consciousness, physical activity, blood pressure, 
heart rate, respirations, oxygen saturation status, pain, post-
operative nauseas and vomits, temperature, and bleeding. 
The maximum score is 20, and patients need to score 18 
or more to be discharged from the PACU. Speci� cally, the 
oxygen saturation status scores 2 if the patient has an oxy-
gen saturation more than 92% on room air or on supple-
mental oxygen with IV patient-controlled analgesia (PCA); 
1 if saturation is greater than 92% on supplemental oxygen 
not involving IV PCA; and 0 if saturation less than 92% on 
supplemental oxygen‚ but in this case‚ if there is not a treat-
able cause, the patient is transfered to intensive care unit. 

 There was no other restriction on anesthetic manage-
ment. Clinicians were thus free to use any combination 
of drugs they wished for general anesthesia and patients, 
although patients who had neuraxial anesthesia were 
excluded from analysis. There was no restriction on periph-
eral nerve blocks or postoperative analgesic management.  

  Monitoring, Measurements, and Data Collection 

 All data were obtained from the Cleveland Clinic 
Perioperative Health Documentation System and the 
Cleveland Clinic Electronic Medical Records. Demographic 
and morphometric characteristics were recorded, including 
age, sex, race, weight, height, and body mass index. We also 
recorded factors that might increase risk of pulmonary com-
plications including American Society of Anesthesiologists 
(ASA; Schaumburg, Illinois) Physical Status, preoperative 
comorbidities, and smoking history. 

 Types of surgery were characterized from International 
Classi� cation of Diseases, Ninth Revision, codes using 
Clinical Classi� cations Software  (Agency for Healthcare 
Research Quality‚ USA). 

 Intraoperative data and routine anesthetic variables 
recorded in electronic medical records include use of 
regional anesthesia, patient position, blood pressure, heart 
rate, Sp o  

2 
, expired carbon dioxide partial pressure, anes-

thetic agent, tidal volume, PEEP, ventilation frequency, 
minute volume, airway pressures, inspired oxygen fraction, 
transfused blood products, IV � uid types and volumes given 
during surgery, vasoactive medication needs, and duration 
of surgery. 

 Sp o  
2 
 was monitored continuously in the PACU by pulse 

oximetry. F io  
2 
 was estimated from the type of device and 

the oxygen � ow rate as described in Supplemental Digital 
table 1 ( http://links.lww.com/ALN/C884 ). Both were 
electronically recorded at approximately every 15 min. 
Unreasonable values such as Sp o  

2 
 less than 10%, F io  

2 
 less 

than 21, and F io  
2 
 greater than 100% were excluded.  

  Outcomes  

P rimary Outcome .    The primary outcome was the time-
weighted average Sp o  

2 
/F io  

2 
 ratio during the initial post-

operative hour. We � rst calculated the Sp o  
2 
/F io  

2 
 ratio at 

each measurement time point during the initial postoper-
ative hour, and then averaged all Sp o  

2 
/F io  

2 
 ratios weighted 

by measurement interval. Diagnosis of acute lung injury 
has traditionally been based on clinical � ndings and the 
Pa o  

2 
/F io  

2 
 ratio.  11 , 12   For example, a Pa o  

2 
/F io  

2 
 ratio 300 

mmHg or less characterizes acute lung injury, and a ratio 
200 or less is consistent with acute respiratory distress syn-
drome.  13   Few patients having orthopedic surgery require 
arterial cannulation. We thus substituted arterial oxygen 
saturation/F io  

2 
, which provides good sensitivity and spec-

i� city for diagnosing lung injury. For example, Rice  et 
al.   14   found that Sp o  

2 
/F io  

2 
 ratio correlates well with a 

simultaneously obtained Pa o  
2 
/F io  

2 
 ratio in patients with 

acute lung injury and acute respiratory distress syndrome. 
Furthermore, the Sp o  

2 
/F io  

2 
 ratio correlates well with the 

Pa o  
2 
/F io  

2 
 ratio and predicts respiratory failure in criti-

cal care patients,  14   pediatric patients,  15 , 16   and emergency 
department patients.  17  

S econdary Outcomes .    We de� ned three  a priori  secondary 
outcomes: (1) time-weighted average Sp o  

2 
/F io  

2 
 ratio on sur-

gical wards, normally recorded at 4-h intervals until discharge; 
(2) postoperative duration of hospitalization; and (3) a com-
posite of postoperative pulmonary complications de� ned as 
the presence of at least one of the International Classi� cation 
of Diseases, Tenth Revision, codes listed in Supplemental 
Digital table 2 ( http://links.lww.com/ALN/C885 ) that were 
not present at admission. Pulmonary complications included 
respiratory complications, respiratory failure and distress, 
reintubations, pulmonary edema, and atelectasis.   

  Statistical Methods 

 Analysis was restricted to nonexcluded adults 18 yr or 
older who had an ASA Physical Status score I to III, were 
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scheduled for elective orthopedic surgery lasting at least 2 h, 
and had general anesthesia with endotracheal intubation 
and mechanical ventilation.  
B aseline Variables Balancing .    Exposures were controlled 
but not randomly assigned. We therefore controlled for 
observed potential confounding variables ( table  1   ) using 
the inverse probability treatment weighting method for 
multiple groups. Missing values for confounding variables 
were imputed using the chained equation, and the single 
imputation dataset was used in all analysis. We � rst � tted a 
multinomial logistic regression model with four group set-
tings as the outcome variable, and all observed confounding 
variables in  table  1  as the independent variables without 
interactions. We then estimated propensity scores, which are 
the probability of receiving treatment, for each patient from 
the model. After weighting each patient by the inverse of 
the corresponding propensity score, the success of the con-
founding control was assessed by pairwise comparison on 
potentially confounding baseline characteristics using the 
absolute standardized di� erence, de� ned as the absolute dif-
ference in means or proportions divided by the pooled SD. 
Observations in all primary and secondary analyses were 
weighted by the inverse of the relevant propensity score. 
Any confounding variables with an absolute standardized 
di� erence greater than 0.1 would be adjusted for in all 
analyses.    
P rimary Analysis .    The e� ect of tidal volume, PEEP, and their 
interaction on the time-weighted average Sp o  

2 
/F io  

2 
 ratio 

in PACU was assessed in a linear mixed model with surger-
ies from the same patients as repeated measures, weighted 
using the inverse probability of propensity score and adjust-
ing for unbalanced confounders as appropriate. If the inter-
action e� ect was not signi� cant ( P  > 0.10), treatment e� ect 
estimates would be summarized using the mean di� erence 
comparing tidal volume of 10  versus  6 ml/kg and PEEP of 
8  versus  5 cm H 

2 
O. If the interaction was signi� cant, the 

e� ects of each intervention would be assessed within lev-
els of the other intervention. With an overall alpha of 0.05 
for the primary analysis, the signi� cance criterion is 0.025 
for each treatment e� ect without signi� cant interaction 
( i.e. , 0.05/2, Bonferroni correction). As a sensitivity analysis 
for the primary outcome, we included patients who were 
excluded based on decisions from surgeons or anesthesiol-
ogists, and then assessed the treatment e� ect using the same 
statistical method.   
Post Hoc  Analysis .    We did  post hoc  analysis to explore 
whether the treatment e� ects of tidal volume and PEEP 
were modi� ed by age, body mass index, smoking status, 
obstructive sleep apnea, or type of anesthesia.   
S econdary Analysis .    Secondary outcomes were restricted to 
inpatients and again included propensity score weighting to 
balance all baseline and surgery variables in  table 1 . Time-
weighted average Sp o  

2 
/F io  

2 
 ratio while patients were on 

surgical wards was assessed using the same method as for the 
time-weighted average Sp o  

2 
/F io  

2 
 ratio in the PACU. We 

assumed that the F io  
2 
 remain until updated in the medical 

record. 
 Length of hospital stay was log-transformed to meet 

the assumption of normality and then assessed in a linear 
mixed model. The ratio of geometric means with CI was 
reported as treatment e� ect. The odds ratio for pulmonary 
complications comparing di� erent treatment groups was 
estimated from a logistic regression model after weighting 
by propensity score. With an overall alpha of 0.05 for all 
secondary analyses, the signi� cance criterion is 0.0083 for 
each treatment e� ect without signi� cant interaction ( i.e. , 
0.05/6, Bonferroni correction).   
E xploratory Analysis .    Exploratory outcomes are presented 
descriptively without statistical analyses.   
S ample Size and Power Estimation .    Based on literature  14 , 17 , 18  

and a retrospective data analysis of Sp o  
2 
/F io  

2 
 levels, we 

assumed that the mean time-weighted average Sp o  
2 
/F io  

2 

would be 330% with a SD of 100%. After accounting for 
three interim analyses and one � nal analysis, a maximum 
of 2,500 total patients ( i.e. , 625 for each of the four groups 
for assessing each main e� ect) were needed to provide 90% 
power at the 0.025 signi� cance level for detecting main 
e� ects of 15% or more in Sp o  

2 
/F io  

2 
 ratio for the two tidal 

volumes and two PEEP levels. We used gamma error spend-
ing function for both type I and type II errosr. The parame-
ter was –4 for alpha spending function to control the overall 
type I error at 0.025 and was –1 for beta spending function 
to preserve the overall power at 0.9 for multiple looks at the 
data for interim analyses. The signi� cance level for the � rst, 
second, third, and � nal look was 0.0008, 0.003, 0.008, and 
0.025, respectively.   
P ower Re-estimation .    The observed SD of Sp o  

2 
/F io  

2 
 ratio 

was 49%, with our current sample size of 2,860, we have 
a power of more than 0.9 to detect the prede� ned mean 
di� erence of 15% at the signi� cance level of 0.025 for the 
two tidal volumes and two PEEP levels. 

 All the tests were two-tailed hypotheses testing. All the 
analyses are conducted in SAS 9.4 (SAS Institute Inc.‚ USA) 
and R 4.0 (R foundation for statistical computing‚ Austria).    

  Results 
 A total of 3,481 orthopedic surgeries with general anes-
thesia received assigned treatments from September 3, 
2018, through October 24, 2020, and met the inclusion 
and exclusion criteria ( � g. 1   ). Enrollment ceased when the 
target sample size was obtained. The number of patients 
enrolled well exceeded our sample size estimate because 
it was unknown how many would be excluded for various 
reasons. A total of 621 surgeries were excluded by surgeons 
and anesthesiologists, leaving 2,860 treated patients. Speci� c 
reasons for exclusion are summarized in Supplemental 
Digital table 3 ( http://links.lww.com/ALN/C886 ) by 
treatment group. Patient characteristics, surgery informa-
tion, and treatment compliance by group are summarized 
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in  table 1  and Supplemental Digital table 4 ( http://links.
lww.com/ALN/C887 ). Additional intraoperative fac-
tors and type of surgery are summarized in Supplemental 
Digital table 5 ( http://links.lww.com/ALN/C888 ) and 
Supplemental Digital table 6 ( http://links.lww.com/ALN/
C889 ), respectively. After applying propensity score weight-
ing, all baseline and surgery factors in  table  1  were well 

balanced. The maximum pairwise absolute standardized 
di� erence among four groups was less than 0.10, decreased 
substantially from before matching.      
P rimary Analysis Results .    The interaction between tidal vol-
ume and PEEP was not signi� cant ( P  = 0.565). We there-
fore assessed the weighted treatment e� ects of tidal volume 
and PEEP on time-weighted average Sp o  

2 
/F io  

2 
 ratio 

 Table 1.      Patient Characteristics and Surgery Information by Treatment   

     

 Total  
(N = 

2,860)   

 V T  = 6  
PEEP = 5  
(N = 727)   

 V T  = 6  
PEEP = 8 
(N = 635)   

 V T  = 10  
PEEP = 5 
(N = 799)   

 V T  = 10  
PEEP = 8 
(N = 699)   

 Absolute Standardized 
Difference before 

Inverse Probability 
Treatment Weighting*   

 Absolute Standardized 
Difference after Inverse 
Probability Treatment 

Weighting*   

 Compliance                      
  Mean tidal 

volume (ml/kg) 
 8.1 ± 1.8  6.5 ± 1.0  6.5 ± 1.0  9.6 ± 1.0  9.6 ± 0.9       

  Mean PEEP (cm 
H 2 O) 

 6.2 ± 1.5  5.1 ± 0.4  7.5 ± 1.1  5.0 ± 0.5  7.6 ± 1.1       

 Baseline infor-
mation 

                     

  Age (yr)  63 ± 14  64 ± 15  64 ± 14  62 ± 15  63 ± 14  0.092  0.015 
  Female (%)  1,504 (53)  360 (50)  326 (51)  442 (55)  376 (54)  0.116  0.006 
  Race (%)†                 0.138  0.030 
  White  2,344 (83)  603 (84)  511 (81)  655 (83)  575 (84)       
  Black  409 (15)  97 (14)  108 (17)  115 (15)  89 (13)       
  Other  65 (2)  16 (2)  12 (2)  15 (2)  22 (3)       
  Body mass 

index (kg/m 2 )‡ 
 31 ± 7  30 ± 7  30 ± 7  31 ± 8  32 ± 7  0.223  0.032 

  ASA Physical 
Status (%)# 

                0.089  0.035 

   I  56 (2)  23 (3)  9 (1)  10 (1)  14 (2)       
   II  505 (18)  122 (17)  106 (17)  157 (20)  120 (17)       
   III  2071 (72)  519 (71)  460 (72)  572 (72)  520 (74)       
   IV or V  22 8 (8)  63 (9)  60 (9)  60 (8)  45 (6)       
  Charlson score  1 [0, 2]  1 [0, 2]  1 [0, 2]  1 [0, 2]  1 [0, 2]  0.056  0.012 
  Smoking (%)§  1,460 (51)  369 (52)  346 (55)  404 (51)  341 (49)  0.123  0.010 
  COPD (%)  377 (13.2)  87 (12)  85 (13)  103 (13)  102 (15)  0.077  0.011 
  Obstructive 

sleep apnea (%) 
 694 (24)  161 (22)  144 (23)  202 (25)  187 (27)  0.107  0.013 

  Asthma (%)  483 (17)  119 (16)  105 (17)  157 (20)  102 (15)  0.135  0.009 
 Surgery informa-

tion 
                     

  Surgery dura-
tion (min) 

 215 ± 82  214 ± 81  214 ± 85  218 ± 81  215 ± 84  0.052  0.022 

  Intraoperative 
use of rocuro-
nium (mg)|| 

 70 [50, 90]  70 [50, 90]  70 [50, 90]  70 [50, 90]  65 [50, 90]  0.062  0.009 

  Crystalloids (l)  1.7 ± 0.8  1.7 ± 0.8  1.7 ± 0.8  1.8 ± 0.8  1.7 ± 0.8  0.075  0.010 
  Estimated blood 

loss (ml) 
 150 [50, 

300] 
 150 [50, 300]  150 [50, 

250] 
 200 [50, 

300] 
 150 [50, 

300] 
 0.067  0.014 

  Anesthesia type 
(%)# 

                0.172  0.017 

 General  1,450 (51)  340 (47)  319 (50)  442 (55)  349 (50)       
 General + regional  1,410 (49)  387 (53)  316 (50)  357 (45)  350 (50)       
  Transfusion (%)  223 (7.8)  48 (7)  50 (8)  75 (9)  50 (7)  0.103  0.023 
  Surgery type                 0.048  0.019 
 Arthroplasty  1,522 (53)  391 (54)  331 (52)  419 (52)  381 (55)       
 −Others  1,338 (47)  336 (46)  304 (48)  380 (48)  318 (45)       

   Summary statistics are presented as N (%) for categorical variables, and mean ± SD or median [quartile 1‚ quartile 3] for continuous variables.  
  *Absolute standard difference is the maximum absolute standard difference of pairwise comparisons. Variables with absolute standardized difference greater than 0.1 are considered 
to be imbalanced. †42 missing data points; ‡8 missing data points; §40 missing data points; ||56 missing data points. #Totals not equal to 100% due to rounding error.  
  ASA, American Society of Anesthesiologists; COPD, chronic obstructive pulmonary disease; PEEP, positive end-expiratory pressure; V T , tidal volume.   
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independently. The time-weighted average of Sp o  
2 
/F io  

2 

ratio was not di� erent in patients assigned to high and low 
tidal volume, and for those assigned to high and low PEEP, 
as shown in     tables 2 and 3 and in  � gure 2   . We also summa-
rized he minimum, maximum, and range of Sp o  

2 
/F io  

2 
 ratio 

per group (Supplemental Digital table 7,  http://links.lww.
com/ALN/C890 ). Neither tidal volume nor PEEP signi� -
cantly altered the time-weighted average Sp o  

2 
/F io  

2 
 ratio in 

PACU. The estimated di� erence of time-weighted average 
Sp o  

2 
/F io  

2 
 ratio between tidal volume groups (6  vs.  10 ml/

kg) was just 3.5% (97.5% CI, –0.4 to 7.3;  P  = 0.042, with 
<0.025 required for signi� cance), and the estimated di� er-
ence of time-weighted average Sp o  

2 
/F io  

2 
 ratio between 

PEEP groups (5  vs.  8 cm H 
2 
O) was only –0.2% (97.5% CI, 

–4.0 to 3.6;  P  =0.906;   tables 2 and 3). In the sensitivity anal-
ysis, we included the 621 surgeries that were excluded based 
on decisions from a surgeon or anesthesiologist. The results 
were consistent with the primary analysis, with the esti-
mated di� erence of time-weighted average Sp o  

2 
/F io  

2 
 ratio 

being 2.5% (97.5% CI, –1.0 to 6.0;  P  = 0.117) for tidal vol-
ume (6  vs.  10 ml/kg) and –1.2% (97.5% CI, –4.7 to 2.3;  P  = 
0.430) for PEEP (5  vs.  8 cm H 

2 
O). Of note‚ the percentage 

of patients who required supplemental oxygen on the ward 
and the duration was not di� erent between groups. Neither 
was the length of PACU stay (Supplemental Digital table 8, 
 http://links.lww.com/ALN/C891 ).  
Post Hoc  Analysis Results .    Additionally, we performed het-
erogeneity tests to evaluate whether the treatment e� ects of 
tidal volume and PEEP were modi� ed by age, body mass 
index, smoking status, obstructive sleep apnea, or type of 
anesthesia. As shown in  � gure 3   , A and B, we did not � nd 
signi� cant evidence of heterogeneity for any factors. Age 
was considered as a continuous factor, and also had no sig-
ni� cant impact on modifying the treatment e� ect of tidal 
volume and PEEP (interaction  P  = 0.838 for tidal volume, 
and  P  = 0.914 for PEEP).    
S econdary Analyses Results .    Among 2,340 inpatient surger-
ies, we compared the secondary outcomes among patients 
assigned to various tidal volumes and PEEP levels. We did 
not � nd signi� cant di� erences in any of these outcomes, 
either by tidal volume or PEEP. The estimated di� erence in 
ward Sp o  

2 
/F io  

2 
 ratio for patients assigned to tidal volumes 

of 6 and 10 ml/kg was just –2.3% (99.2% CI, –6.8 to 2.2; 
P  = 0.172). 

The di� erence for patients assigned to PEEP of 5  versus 
8 cm H 

2 
O was only 1.1% (99.2% CI, –3.4 to 5.6;  P  = 0.522). 

The median length of hospital stay was 3 days (quartile 1 = 2‚ 
quartile 3 = 5) in each treatment group. The overall inci-
dence of pulmonary complications was 3.1%. The odds 
ratio was 1.00 (99.2% CI, 0.53 to 1.87;  P  = 0.992) compar-
ing low to high tidal volume, and was 0.87 (99.2% CI, 0.46 
to 1.63;  P  = 0.553) comparing low to high PEEP.   
E xploratory Analysis .    Exploratory outcomes are summarized 
in Supplemental Digital table 8 ( http://links.lww.com/ALN/

C891 ) by treatment. Based on a limited number of events, there 
were fewer deaths in patients assigned to tidal volume of 10 ml/
kg and PEEP of 8 cm H 

2 
O, presumably a spurious signal.    

  Discussion 
 In this factorial multiple crossover cluster trial of 2,860 
adults having orthopedic surgery, intraoperative mechani-
cal ventilation with tidal volumes of 6  versus  10 ml/kg of 
predicted body weight and PEEP of 5  versus  8 cm H 

2 
O did 

not have any clinical meaningful or statistically signi� cant 
e� ect on the Sp o  

2 
/F io  

2 
 ratio in the PACU. There was also 

no interaction between tidal volume and PEEP. Secondary 
outcomes also did not di� er signi� cantly, including the 
Sp o  

2 
/F io  

2 
 ratio on surgical wards, a composite of respira-

tory events, and duration of hospitalization. 
 Our primary outcome was the Sp o  

2 
/F io  

2 
 ratio, a val-

idated measure of oxygenation that presumably detects 
more subtle lung injury than overt complications. In previ-
ous studies, for example, the ratio was shown to be a reliable 
marker of impaired oxygenation, lung injury, and predic-
tor for early development of acute respiratory distress syn-
drome and hospital mortality.  14 , 17 , 18   As expected, the need 
for oxygen decreased over time after surgery. However, 
there were no statistically signi� cant or clinically meaning-
ful di� erences in the Sp o  

2 
/F io  

2 
 ratio either just after sur-

gery or subsequently on surgical wards. Lack of di� erence 
is consistent with a previous study reporting that intraop-
erative tidal volumes of 6 and 10 ml/kg of predicted body 
weight do not cause atelectasis as assessed by computerized 
tomography.  19  

 Even small amounts of PEEP undoubtedly improve 
oxygenation during mechanical ventilation,  20   but our 
results indicate that there is no persistent bene� t (or harm), 
at least over the range of 5  versus  8 cm H 

2 
O. Our � ndings 

are consistent with those of Yakaitis  et al .,  21   who reported 
with only 15 patients that intraoperative Pa o  

2 
 improved 

with PEEP, but that improvement was not sustained in the 
PACU.  21  

 The initial major trials of mechanical ventilation were 
conducted in critical care patients, and protective lung ven-
tilation with low tidal volumes, a moderate level of PEEP, 
and recruitment maneuvers decreased lung injury and 
reduced morbidity and mortality. However, most ventilated 
critical care patients have serious pre-existing or acquired 
lung disease, requiring high levels of ventilatory support 
that often continues for days. Surgical patients di� er in usu-
ally having good lung function and requiring mechanical 
ventilation for a matter of hours. It therefore seems unlikely 
that results of studies of mechanically ventilated intensive 
care patients will extrapolate to surgical patients. 

 The initial studies on intraoperative optimization of 
mechanical ventilation were inconclusive and inconsistent. 
For example, the Intraoperative Protective Ventilation trial 
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(IMPROVE; N = 400 patients) compared protective ven-
tilation with tidal volume of 6 to 8 ml/kg predicted body 
weight and PEEP of 6 to 8 cm H 

2 
O,  versus  tidal volume of 

10 to 12 ml/kg without PEEP.  22   In contrast to our � nd-
ings, the researchers reported that protective lung ventila-
tion decreased a composite of pulmonary complications 
(17%  vs.  36%).  22   The results were somewhat fragile because 
sample size was limited. More importantly, the reference 
treatment was a tidal volume 10 ml/kg or greater without 
PEEP, which possibly caused overdistension and volume-
related trauma. Better outcomes in the protective ventilation 
groups may therefore have partially resulted from deleteri-
ous nonstandard ventilation in the reference group. 

 Two recent randomized trials support our � ndings, 
each demonstrating similar outcomes with various 
intraoperative ventilation strategies. For example, the 
PROVHILO trial (N = 900) used a tidal volume of 
8 ml of predicted body weight in all patients, and com-
pared 2 cm H 

2 
O PEEP without recruitment maneuvers 

to 12 cm H 
2 
O PEEP with recruitment maneuvers.  23  

Despite the high PEEP level, there were no di� erences 
in pulmonary complications—as in our patients. A recent 
trial by Karalapillai  et al.  (N = 1,236) compared 6  ver-
sus  10 ml predicted body weight of tidal volume. All 
patients had PEEP set at 5 cm H 

2 
O without recruitment 

maneuvers. The incidence of pulmonary complications 
was similar in each group, which is consistent with our 
� ndings, although we tested di� erent tidal volumes and 
PEEP levels, and allowed recruitment maneuvers.  24  

 The incidence of complications in our patients was gen-
erally lower than reported previously, presumably because 
our patients all had orthopedic rather than abdominal sur-
gery. Since oxygenation was comparable with each com-
bination of tidal volume and PEEP, as was the incidence 
of complications, it is unsurprising that the duration of 
hospitalization was also similar across our groups. 

  Limitations 

 Our trial was not randomized, with allocation instead based 
on sequential weeks. It seems highly unlikely that surgical 

 Fig. 1.      Flow chart. PACU, postanesthesia care unit; PEEP, positive end-expiratory pressure.    

ALN_V137N4_Text.indb   412ALN_V137N4_Text.indb   412 20-Sep-22   14:42:1820-Sep-22   14:42:18

D
ow

nloaded from
 /anesthesiology/issue/137/4 by guest on 19 April 2024



 Anesthesiology 2022; 137:406–17 413

 Tidal Volume and PEEP and Postoperative Hypoxemia

 Turan  et al.

scheduling over a period of years was based on tidal volume 
and PEEP allocations. However, previous awareness of the 
ventilation allocation could have led to biased exclusion of 
otherwise eligible patients. In fact, though, the characteris-
tics of patients across groups were well balanced after pro-
pensity score and inverse probability treatment weighting. 
Inverse probability treatment weighting helps to create a syn-
thetic sample in which the distribution of measured baseline 
characteristics would be independent of treatment assign-
ment. Furthermore, we performed a sensitivity analysis that 
included all patients, whether or not allocated to assigned 
treatments; the results were consistent with the primary anal-
ysis, suggesting no substantive selection bias or confounding. 

 Because of our cluster design, there were slight imbal-
ances in the number of patients in each group because fewer 
patients had surgery during holiday weeks. However, di� er-
ences in allocation were presumably unrelated to exposures 
and unlikely to in� uence the results. Pulmonary compli-
cations were abstracted from the Cleveland Clinic regis-
try and billing system rather than individual evaluation of 

patients. It is therefore likely misclassi� cation of outcome/
exposures/covariates due to International Classi� cation of 
Diseases, Tenth Revision, coding, or we missed some, pre-
sumably less serious, complications. Again, there is no rea-
son to expect detection bias. 

 As usual for cluster trials, the current study was not 
blinded, which could have contributed to measurement 
bias. However, our outcomes were abstracted from elec-
tronic records and seem unlikely to have been in� uenced 
by treatment allocation. There are, of course, many other 
factors that can cause hypoxemia after surgery, including 
opioids, residual muscle relaxants, � uids, and pain—factors 
we did not adjust for. However, there is no reason to believe 
that the contribution of any of these factors di� ered by 
group.  

  Conclusions 
 Among adults having orthopedic surgery, intraoperative 
ventilation with 6  versus  10 ml/kg tidal volume and PEEP of 
5  versus  8 ml cm H 

2 
O did not signi� cantly a� ect the Sp o  

2 
/

 Table 2.      Treatment Effect of Tidal Volume on Primary and Secondary Outcomes   

      V T   =  6 ml/kg    V T  = 10 ml/kg    Effect Estimate   P  Value*   

 Primary outcome  (N = 1,362)  (N = 1,498)  Mean difference (97.5% CI)    
  Time-weighted average Sp O  2 /F IO  2  in PACU†  355 ± 46  350 ± 47  3.5 (–0.4 to 7.3)  0.042 
 Secondary outcomes  (N = 1,112)  (N = 1,228)  Mean difference (99.2% CI)    
  Time-weighted average Sp O  2 /F IO  2  in ward†  428 ± 42 36  430 ± 41 60  –2.3 (–6.8 to 2.2)  0.172 
          Odds ratio (99.2% CI)    
  Pulmonary complications‡  34 (3.1%)  39 (3.2%)  1.00 (0.53 to 1.87)  0.992 
          Mean ratio (99.2%)    
  Length of hospital stay§  3 [2, 5]  3 [2, 5]  1.03 (0.97 to 1.10)  0.154 

   Superscripts of summary statistics represent the number of missing.  
  *Signifi cant if  P  < 0.025 for the primary outcome and  P  < 0.0083 for all secondary outcomes. †The mean difference was estimated from a linear mixed regression model with surger-
ies from the same patient as repeated measures, after propensity score weighting. ‡The odds ratio was estimated from a logistic regression model after propensity score weighting. 
§The ratio of geometric means was estimated from a linear mixed model for log-transformed length of hospital stay, with surgeries from same patient as repeated measures, after 
propensity score weighting.  
  F IO  2 , fraction of inspired oxygen; PACU, postanesthesia care unit; PEEP, positive end-expiratory pressure; Sp O  2 , oxygen saturation measured by pulse oximetry; V T , tidal volume.   

 Table 3.      Treatment Effect of Positive End-expiratory Pressure on Primary and Secondary Outcomes   

      PEEP = 5 cm H 2 O    PEEP = 8 cm H 2 O    Effect estimate   P  Value*   

 Primary outcome  (N = 1,526)  (N = 1,334)  Mean difference (97.5% CI)    
  Time-weighted average Sp O2 /FiO 2  in PACU†  353 ± 46  352 ± 47  –0.2 (–4.0 to 3.6)  0.906 
 Secondary outcomes  (N = 1,250)  (N = 1,090)  Mean difference (99.2% CI)    
  Time-weighted average Sp O2 /F IO2  in ward†  429 ± 41 49  429 ± 41 47  1.1 (–3.4 to 5.6)  0.522 
          Odds ratio (99.2% CI)    
  Pulmonary complications‡  36 (2.9%)  37 (3.4%)  0.87 (0.46 to 1.63)  0.553 
          Mean ratio (99.2%)    
  Length of hospital stay§  3 [2, 5]  3 [2, 5]  0.99 (0.94 to 1.05)  0.794 

   Superscripts of summary statistics represent the number of missing.  
  *Signifi cant if  P  < 0.025 for the primary outcome and  P  < 0.0083 for all secondary outcomes. †The mean difference was estimated from a linear mixed regression model with surgeries 
from the same patient as repeated measures, after propensity score weighting. ‡The odds ratio was estimated from a logistic regression model after propensity score weighting. §The 
ratio of geometric means was estimated from a linear mixed model for log-transformed length of hospital stay, with surgeries from same patient as repeated measures, after propensity 
score weighting.  
  F IO2 , fraction of inspired oxygen; PACU, postanesthesia care unit; PEEP, positive end-expiratory pressure; Sp O2 , oxygen saturation measured by pulse oximetry.   
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F io  
2 
 ratio during the initial hour of recovery. Furthermore, 

the Sp o  
2 
/F io  

2 
 ratio on surgical wards was similar, as was 

the incidence of pulmonary complications and the duration 
of hospitalization. Our results suggest that combination of 
tidal volumes between 6 and 10 ml/kg and PEEP between 
5  versus  8 ml cm H 

2 
O can be used safely for orthopedic 

surgery.  
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 Fig. 2.   Box plot  of time-weighted average of oxygen saturation measured by pulse oximetry (Sp O  2 )/fractional inspired oxygen tension (F IO  2 ) 
ratio in postanesthesia care unit (PACU) and ward by tidal volume and positive end-expiratory pressure (PEEP).    

 Fig. 3.   A , Subgroup analysis on tidal volume.  B , Subgroup analysis on positive end-expiratory pressure (PEEP). OSA, obstructive sleep apnea.    
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  ABSTRACT 
 Background:     Sedated and awake tracheal intubation approaches are 
considered safest in adults with diffi cult airways, but little is known about 
the outcomes of sedated intubations in children. The primary aim of this 
study was to compare the fi rst-attempt success rate of tracheal intubation 
during sedated tracheal intubation  versus  tracheal intubation under general 
anesthesia. The hypothesis was that sedated intubation would be associated 
with a lower fi rst-attempt success rate and more complications than general 
anesthesia.  

 Methods:     This study used data from an international observational registry, 
the Pediatric Diffi cult Intubation Registry, which prospectively collects data 
about tracheal intubation in children with diffi cult airways. The use of sedation 
versus  general anesthesia for tracheal intubation were compared. The primary 
outcome was the fi rst-attempt success of tracheal intubation. Secondary out-
comes included the number of intubation attempts and nonsevere and severe 
complications. Propensity score matching was used with a matching ratio up 
to 1:15 to reduce bias due to measured confounders.  

 Results:     Between 2017 and 2020, 34 hospitals submitted 1,839 antic-
ipated diffi cult airway cases that met inclusion criteria for the study. Of 
these, 75 patients received sedation, and 1,764 patients received general 
anesthesia. Propensity score matching resulted in 58 patients in the seda-
tion group and 522 patients in the general anesthesia group. The rate of 
fi rst-attempt success of tracheal intubation was 28 of 58 (48.3%) in the 
sedation group and 250 of 522 (47.9%) in the general anesthesia group 
(odds ratio, 1.06; 95% CI, 0.60 to 1.87;  P  = 0.846). The median number 
of intubations attempts was 2 (interquartile range, 1 to 3) in the sedation 
group and 2 (interquartile range, 1, 2) in the general anesthesia group. The 
general anesthesia group had 6 of 522 (1.1%) intubation failures  versus 
0 of 58 in the sedation group. However, 16 of 58 (27.6%) sedation cases 
had to be converted to general anesthesia for successful tracheal intuba-
tion. Complications were similar between the groups, and the rate of severe 
complications was low.  

  Conclusions:     Sedation and general anesthesia had a similar rate of 
fi rst-attempt success of tracheal intubation in children with diffi cult airways; 
however, 27.6% of the sedation cases needed to be converted to general 
anesthesia to complete tracheal intubation. Complications overall were simi-
lar between the groups, and the rate of severe complications was low. 

 (A nesthesiology  2022; 137:418–33)   
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    EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   The incidence of difficult intubation is about 1.5% in children  
•   In most cases of anticipated difficult intubation, general anes-

thesia is used rather than sedation    

  What This Article Tells Us That Is New  

•   In a retrospective study using the Pediatric Difficult Airway 
Registry, intubation under sedation had a similar rate of first-at-
tempt success compared to intubation with general anesthesia  

•   Nevertheless, 28% of the sedation cases needed to be con-
verted to general anesthesia to complete tracheal intubation, 
and 1% in the general anesthesia group had failed intubations  

•   Complications overall were similar between the groups, and 
the rate of severe complications was low       
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 The incidence of di�  cult mask ventilation is approxi-
mately 6.6%, and the incidence of di�  cult tracheal intu-

bation is close to 1.5% in the general pediatric population.  1  

Di�  cult tracheal intubation has been estimated to be three 
times higher in neonates in a recent European multicenter 
international study.  2   Di�  cult intubation can be associated 
with signi� cant complications including hypoxemia, airway 
trauma, cardiac arrhythmias, and cardiac arrest.  2 , 3   Anesthetic 
strategies to perform tracheal intubation in children with 
an anticipated di�  cult airway may di� er depending on 
patient factors, institutional resources, and clinician experi-
ence. General anesthesia with volatile or intravenous agents 
remains the most common approach to perform tracheal 
intubation in children with di�  cult airways. However, some 
anesthesia clinicians prefer intravenous sedation for tracheal 
intubation.  3   Proponents of sedated intubation tout the 
maintenance of spontaneous ventilation and the ability to 
emerge the patient if intubation is impossible as advantages 
over intubation under general anesthesia. Previous data sug-
gest that controlled ventilation with or without neuromus-
cular blockade is associated with fewer complications than 
spontaneous ventilation. A sensitivity analysis in that study 
suggested that the increased complications were related to 
airway reactivity during tracheal intubation, suggesting that 
the anesthetic depth may play a role in complications.  4  

 Because sedation for airway management is not a com-
mon practice, there remains a knowledge gap about its 
e�  cacy and related complications in patients with di�  cult 
airways. It is unlikely that any single center would have 
enough sedated cases to perform a comparative analysis. The 
Pediatric Di�  cult Airway (PeDI) Registry is an international 
registry that prospectively collects data from pediatric patients 
with di�  cult airways.  3 , 5 , 6   Our study aimed to use data in the 
Pediatric Di�  cult Airway Registry to determine whether 
sedation for tracheal intubation in children with di�  cult 
tracheal intubation is associated with a lower � rst-attempt 
success rate and more complications than general anesthesia. 
We hypothesized that sedated intubation would be associ-
ated with lower � rst-attempt success and more complications 
than general anesthesia. Our study primary outcome was the 
� rst-attempt success rate of tracheal intubation. 

  Materials and Methods 

  The Pediatric Diffi cult Airway Registry 

 This observational study adheres to the Strengthening 
the Reporting of Observational Studies in Epidemiology 
guidelines.  7   The Pediatric Di�  cult Intubation Registry is 
an international, multicenter, web-based registry created in 
2012 by a special interest group of the Society for Pediatric 

Anesthesia. The Pediatric Di�  cult Airway Registry collab-
orative aims to improve the quality of airway management 
in children with di�  cult intubation.  3   The registry collects 
observational data prospectively from 34 international hos-
pitals. The registry collects patient demographics, physi-
cal assessment, airway management techniques including 
devices, pharmacologic and ventilation strategies, and rel-
evant outcomes from children under 18 yr old cared for 
by anesthesiologists in di� erent hospital locations such 
as the operating room, the intensive care unit, and the 
emergency department. Each center was granted institu-
tional review board approval for standardized data collec-
tion with the requirement for written informed consent 
waived. Each participant hospital enters data  via  a secure, 
password-protected web-based data entry portal using a 
centralized Research Electronic Data Capture. Data com-
pliance is ensured by a pediatric anesthesiology attending 
physician identi� ed as project coordinator at each center, 
and compliance and data accuracy are audited monthly 
at the central level, by the data-coordinating center, The 
Children’s Hospital of Philadelphia. Pediatric Di�  cult 
Airway Registry data from a similar time period has been 
previously reported in a study analyzing standard  versus 
nonstandard videolaryngoscopy blades. That study only 
examined patients in whom videolaryngoscopy was used, 
while this current study examines all patients enrolled in 
the registry.  6  

  Selection of Patients and Variables 

 Patients included in the study were children under 18 yr 
old in whom tracheal intubation is di�  cult as de� ned by at 
least one of the following criteria:  

  1.     Children with di�  cult laryngeal exposure as directly 
assessed by the attending anesthesiologist with direct 
laryngoscopy (Cormak and Lehane Classi� cation of 3 
or higher).  8  

  2.     Children in whom direct laryngoscopy was physically 
impossible because of anatomical reasons ( e.g. , severely 
limited mouth opening).  

  3.     Children who failed direct laryngoscopy within the pre-
ceding 6 months.  

  4.     Children in whom the attending anesthesiologist 
deferred direct laryngoscopy because of a low chance of 
success or a perceived increased risk of harm.   

 Intubation encounters from consecutive patients 
in the registry that occurred from September 2017 to 
December 2020 were included in the study. Patients 
with missing demographic data, type of planned anes-
thesia technique, or reporting awake or no anesthesia 
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technique planned and patients with unanticipated di�  -
cult airway were excluded.  

  Defi nitions 

 Planned anesthesia technique was de� ned as the technique 
that the anesthesia provider initially attempted to establish 
successful tracheal intubation. Final anesthesia technique was 
the anesthesia modality used to achieve successful tracheal 
intubation. Anesthesia technique refers to the approach 
used by the anesthesia provider to obtain appropriate con-
ditions for tracheal intubation, including sedation, general 
anesthesia, and awake or no anesthesia. The technique was 
determined by the anesthesia attending physician. Failed 
intubation was de� ned as the inability to intubate the tra-
chea despite multiple intubation attempts. All decisions on 
how to manage the airway were made by the attending 
anesthesiologist and were not dictated by the study design. 
The groups were categorized based on the planned anes-
thesia technique between sedation and general anesthesia. 

 We de� ned complications as nonsevere and severe 
using modi� ed operational de� nitions from the 
National Emergency Airway Registry for Children 
(NEAR4KIDS).  9 , 10   Nonsevere complications were hypox-
emia (de� ned as an oxygen saturation of less than 90% 
for more than 60 s or a 10% decrease in baseline satura-
tion for more than 60 s), minor airway trauma (lips or den-
tal), esophageal intubation with immediate recognition, 
laryngospasm, bronchospasm, pharyngeal bleed, epistaxis, 
arrhythmia, and emesis without aspiration. Severe com-
plications included cardiac arrest, severe airway trauma 
(glottis, subglottis, palatoglossal arch, intraoral), esophageal 
intubation with delayed recognition, death, aspiration, and 
pneumothorax.  

  Propensity Score Matching 

 We used the nearest-neighbor matching method with 
the logit of propensity scores as the distance measure to 
balance baseline characteristics and avoid selection bias 
between patients who received general anesthesia and 
those who were sedated. Propensity scores estimated from 
the logistic regression model represent individual probabil-
ities for being in the sedation group. Twenty-one baseline 
variables including patients’ demographics ( i.e. , age, weight, 
sex, history of prematurity) and medical characteristics data 
( i.e. , American Society of Anesthesiologists [ASA] status, 
entry criteria, physical exam � ndings, diagnosed syn-
drome, � rst-attempt provider’s role, anticipated di�  cul-
ties, intubating location), together with the site variable, 
were assessed for matching. Correlations between match-
ing variables were assessed using variance in� ation factor 
and Spearman correlation coe�  cient matrix: weight, entry 
criteria 4 (deferred direct laryngoscopy because of a low 
chance of success and a perceived increased risk of harm), 
and physical exam � nding (yes/no) were not included 

for matching because they were highly correlated with 
age, other entry criteria, types of physical exam � ndings, 
respectively (but were included for pre- and postmatch-
ing balance assessment). To assess whether the association 
between age and use of sedation was linear, we divided age 
into 10 equal-length intervals and plotted log odds of use 
of sedation over the intervals. The association was found to 
be nonlinear, and we therefore grouped the patients into 
� ve age groups according to developmental classi� cation 
( i.e. , neonates, less than 1 month old; infants, 1 month to 1 
yr old; toddlers, 1 to 5 yr old; school-aged, 5 to 13 yr old; 
and teenagers, 13 to 18 yr old). All variables were included 
as categorical variables for matching. Type of ventilation 
was considered a posttreatment variable related to the 
anesthetic technique and was not included for matching. 
We used R package MatchIt  11   to implement the match-
ing. Before matching, the ratio of the number of patients 
managed with sedation to general anesthesia was 75:1,764 
(~1:23), so we allowed 15 matching iterations to reach the 
matching ratios from 1 to 1 to 1 to 15 ( i.e. , up to 15 gen-
eral anesthesia patients can be matched to each sedated 
patient). The matching algorithm allowed sedated patients 
with highest propensity score ( i.e. , presumably the hardest 
to � nd a match for in the general anesthesia group) to be 
matched � rst for each iteration. Each iteration paired the 
general anesthesia patients with the highest digit match to 
the sedated patient. Once the general anesthesia patient 
was matched, it was not reconsidered. We also set the cali-
per width to be 0.1 of the SD of the logit of the propen-
sity score to only allow patients within this distance to be 
paired. If no general anesthesia patient was found to be 
within the caliper width of a sedated patient, that sedated 
patient was left unmatched. On the other hand, if a general 
anesthesia patient could not be matched to a sedated patient 
within the speci� ed caliper width within 15 iterations, that 
general anesthesia patient was left unmatched. To assess the 
e� ectiveness of matching, the balance in baseline charac-
teristics between the treatment groups was assessed using 
absolute standardized mean di� erence (Cobalt: Covariate 
Balance Tables and Plots, R package version 4.3.0;  https://
CRAN.R-project.org/package=cobalt ) before and after 
matching, with the absolute value greater than 0.1 consid-
ered imbalanced.  

  Study Endpoints 

 The primary outcome was � rst-attempt success of tra-
cheal intubation. A tracheal intubation attempt was 
de� ned as the act of inserting an airway device into the 
pharynx or naris with the intent to perform tracheal 
intubation. 

 Secondary outcomes included number of intubation 
attempts, severe and nonsevere complications throughout 
all attempts, and complications during the � rst attempt 
of tracheal intubation. We also assessed devices used 
during � rst attempt to intubate the trachea and technical 
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di�  culties encountered between the sedation and the 
general anesthesia groups.  

  Statistical Analysis 

 Descriptive analyses were conducted by treatment groups 
(sedation  vs . general anesthesia). The frequencies and per-
centages were presented for categorical variables, while 
median and interquartile ranges were used for numeric 
variables. To account for the clustering within site and 
within matching pairs, we used marginal models ( i.e. , gen-
eralized estimating equation) with exchangeable working 
correlation structure to establish the association between 
treatment (sedation  vs . general anesthesia) and outcomes. 
Interaction of site and matching pair was included as the 
cluster variable. Binomial distribution and logit link func-
tion were speci� ed for binary outcomes ( i.e. , � rst-attempt 
success, failed intubation, and complications), and odds 
ratios and 95% CIs were computed where the model con-
verged. For rare outcomes, de� ned as incidence being less 
than 5% in total, Gaussian distribution and identity link 
function were also speci� ed, and absolute risk di� erence 
and 95% CIs were computed as a  post hoc  sensitivity anal-
ysis.  12   Incidence rate ratios with 95% CI (instead of odds 
ratios) were used to establish relations between treatment 
and count outcomes ( i.e. , number of attempts) when a 
Poisson distribution and a log-link function were speci� ed 
in the generalized estimating equation model. Generalized 
estimating equation models incorporating matching 
weights were conducted for matched data, and baseline 
characteristics found to be imbalanced after matching were 
included as covariates in postmatching models (except site 
since it was included as cluster variable). To assess di� er-
ence in devices used between treatment groups, use of 
supplemental oxygenation, and use of nasal devices, a chi-
square test or Fisher’s exact test was used, as appropriate. 
Since these variables were decided after the anesthesia 
technique was chosen (posttreatment variable), the anal-
ysis was conducted for prematched data only. No  a priori 
power calculations were conducted. The analysis was con-
ducted using Statistical Analysis Software version 9.4 (SAS 
Institute Inc, USA) and R software version 3.5.1 (R Core 
Team, Vienna, Austria), and propensity score matching was 
performed with the MatchIt package.  11   A two-tailed test 
was conducted for all hypothesis testing, and a  P  value less 
than 0.05 was considered statistically signi� cant.   

  Results 
 We collected data from di�  cult airway encounters in 34 
hospitals between January 2017 and December 2020. We 
assessed 2,649 patients, of which 1,839 patients with antic-
ipated di�  cult airway met the inclusion criteria for the 
study ( � g. 1   ). Of those 1,839 patients, 75 received sedation, 
and 1,764 patients received general anesthesia for tracheal 
intubation. Compared to the general anesthesia group, 

patients receiving sedation included a higher percentage 
of teenagers, ASA status E, anticipated di�  cult mask venti-
lation, and di�  cult intubation, and a higher percentage of 
them were intubated in the intensive care unit ( table 1   ). The 
matching resulted in 58 sedated patients matched to at least 
one general anesthesia patient, with a total number of 522 
general anesthesia patients being matched. Each sedated 
patient was matched to a median number of 10 (interquar-
tile range, 2 to 15) general anesthesia patients. Among 58 
sedated patients, 21 (36.2%) were matched to 1 to 5 general 
anesthesia patients, 13 (22.4%) were matched to 6 to 14 
general anesthesia patients, and 24 (41.4%) were matched 
to 15 general anesthesia patients. Matched sedation patients 
were more likely to be older (toddlers, school-aged, and 
teenagers), heavier, ASA classi� cation I or II, less likely to 
have a diagnosed syndrome or airway-related diagnosis, 
and more frequently intubated in the operating room than 
the intensive care unit compared to unmatched sedation 
patients. Additionally, there were 34 sites in the prematched 
data set and 16 sites left after matching. Postmatching abso-
lute standardized mean di� erences were greater than 0.1 
for type of provider ( i.e. , trainee, attending) during the � rst 
intubation attempt (absolute standardized mean di� erence 
= 0.104), and this variable was added as a covariate in post-
matching generalized estimating equation models ( � g. 2   ). 
The patient characteristics and case data are presented in 
 table 1 .       

 The rate of � rst-attempt success of tracheal intuba-
tion after applying propensity score matching was 28 of 
58 (48.3%) in patients who had sedation and 250 of 522 
(47.9%) in patients with general anesthesia (odds ratio, 
1.06; 95% CI, 0.60 to 1.87;  P  = 0.846). The number of 
attempts was not signi� cantly di� erent between the groups 
with a calculated incidence rate ratio of 0.86 (95% CI, 
0.58 to 1.28;  P  = 0.460;  table  2   ). No intubation failures 
were reported in the sedation group, while 6 of 522 (1.1%) 
patients in the general anesthesia group had intubation fail-
ure. In 2 patients, the planned procedure was performed 
with a supraglottic airway, while 4 patients were awakened 
and their planned procedures were canceled. The rate of 
conversion from sedation to general anesthesia was 16 of 58 
(27.6%; 18 of 75 [24.0%] in prematched data); all of these 
patients were eventually intubated using general anesthesia 
with no failed intubations reported.  

 The complications encountered and comparisons 
between the sedation and general anesthesia groups before 
and after propensity score matching are presented in  table 2 . 
The complications overall were similar between the seda-
tion group and the general anesthesia group: 15 of 58 
(25.9%)  versus  90 of 521 (17.3%; odds ratio, 1.41; 95% CI, 
0.72 to 2.76;  P  = 0.323). Nonsevere complications alto-
gether in the sedation group and the general anesthesia 
group were not signi� cantly di� erent: 14 of 58 (24.1%)  ver-
sus  90 of 521 (17.3%; odds ratio, 1.28; 95% CI, 0.65 to 2.55; 
P  = 0.478). The most common nonsevere complication 
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was hypoxemia, but it did not signi� cantly di� er between 
the groups ( � g. 3   ). Severe complications were not di� erent 
between the groups ( table  2 ). When analyzing complica-
tions only during the � rst attempt, no signi� cant di� er-
ences were encountered between the sedation group and 
the general anesthesia group.  

Post hoc  sensitivity analysis for rare events showed that 
patients in the sedation group had lower risk of epistaxis 
(0 of 58 [0%]  vs.  13 of 521 [2.5%]; risk di� erence,  ̠ 2.2%; 
95% CI,  ̠  3.9% to  ̠ 0.5%;  P  = 0.012) than the general 
anesthesia group. When analyzing complications only 
during the � rst attempt, patients in the sedation group 
had a lower risk of minor airway trauma (0 of 58 [0%]  vs. 
14 of 521 [2.7%]; risk di� erence,  − 3.5%; 95% CI,  − 5.8% 
to  − 1.2%;  P  = 0.002), esophageal intubation with imme-
diate recognition (0 of 58 [0%]  vs.  5 of 521 [1.0%]; risk 
di� erence,  − 0.6%; 95% CI,  − 1.1% to  − 0.1%;  P  = 0.026), 
and epistaxis (0 of 58 [0%]  vs.  9 of 521 [1.7%]; risk di� er-
ence,  − 1.1%; 95% CI,  − 1.8% to  − 0.3%;  P  = 0.003) than 
the general anesthesia group. 

Table 3    presents descriptive data about airway devices, 
anesthetic technique, and technical di�  culties between 
the groups using prematched data. Additionally,  post hoc 

comparison of techniques for supplemental oxygenation, 
nasal endotracheal intubation, and use of nasopharyngeal 
airway during the � rst attempt are presented in  table 3 . A 
variety of drugs were used for sedation, the most common 
being midazolam, ketamine, dexmedetomidine, fentanyl, 
and propofol; common combinations of drugs used included 
opioids and propofol ± midazolam, dexmedetomidine and 
ketamine ± midazolam, and fentanyl and ketamine ± mid-
azolam. Sevo� urane was the most common agent used for 
general anesthesia. Glycopyrrolate was used in 23 (30.7%) 
patients in the sedation group and 192 (10.9%) patients in 
the general anesthesia group. Topical lidocaine was used in 
28 (37.3%) of the sedated patients and 121 (6.9%) of the 
general anesthesia patients. In the general anesthesia group, 
48.0% (847 of 1,764) of the patients received neuromus-
cular blockade, and 5 of 18 of the patients in the seda-
tion group that were converted to general anesthesia also 
received a neuromuscular blocking drug.   

  Discussion 
 In this propensity score–matched cohort of pediatric 
patients receiving sedation  versus  general anesthesia to 

 Fig. 1.      Flow diagram of patients in the Pediatric Diffi cult Intubation (PeDI) Registry included in the study.    
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 Table 1.      Demographic Data and Standardized Mean Difference of the Cohort by Anesthesia Technique (Sedation  vs.  General Anesthesia) 
for Tracheal Intubation   

 Characteristics     
 Total 

(n = 1,839)     

 Before Propensity Score Matching (n = 1,839)  After Propensity Score Matching (n = 580) 

 Sedation 
(n = 75)   

 General Anesthesia 
(n = 1,764)   

 Absolute 
Standardized 

Mean Difference    
 Sedation 
(n = 58)   

 General 
Anesthesia 
(n = 522)   

 Absolute 
Standardized 

Mean Difference    

 Age group *                       
  Neonates  80 (4.4)  5 (6.7)  75 (4.3)  0.1  3 (5.2)  22 (4.2)  0.01 
  Infants  356 (19.4)  14 (18.7)  342 (19.4)  0.02  7 (12.1)  70 (13.4)  0.03 
  Toddlers  382 (20.8)  9 (12.0)  373 (21.1)  0.28 †   8 (13.8)  74 (14.2)  0.02 
  School-aged  572 (31.1)  17 (22.7)  555 (31.5)  0.21 †   17 (29.3)  179 (34.3)  0.03 
  Teenagers  449 (24.4)  30 (40.0)  419 (23.8)  0.33 †   23 (39.7)  177 (33.9)  0.01 
 Weight, median 

[interquartile 
range], kg ‡  

 18.8 [8.2, 36.2]  26.0 [6.1, 
42.4] 

 18.5 [8.3, 36.0]  0.16 †   29.0 [11.7, 
47.2] 

 25.0 [11.5, 41.2]  0 

 Sex (male), n (%)  1,002 (54.5)  41 (54.7)  961 (54.5)  0  30 (51.7)  279 (53.4)  0.06 
 Prematurity, n (%) §                       
  Yes  377 (20.5)  9 (12.0)    368 (20.9)  0.27 †   9 (15.5)  82 (15.7)  0.05 
  No  1,264 (68.7)  57 (76.0)  1,207 (68.4)  0.18 †   44 (75.1)  392 (75.1)  0.01 
  Unknown  198 (10.8)  9 (12.0)  189 (10.7)  0.04  5 (8.6)  48 (9.2)  0.07 
 ASA physical 

status   
  I to II  425 (23.1)  17 (22.7)  408 (23.1)  0.01  17 (29.3)  147 (28.2)  0.03 
  III to V  1,262 (68.9)  43 (57.3)    1,219 (69.1)    0.24 †     31 (53.4)  322 (61.7)  0.06 
  E  152 (8.3)  15 (20.0)  137 (7.8)  0.31 †   10 (17.2)  53 (10.2)  0.04 
 Criteria for entry  ∥   #      
  1  321 (17.5)  10 (13.3)  311 (17.6)  0.13 †     8 (13.8)    74 (14.2)  0.04 
  2  233 (12.7)  26 (34.7)  207 (11.7)  0.48 †     20 (34.5)  111 (21.3)  0.04 
  3  181 (9.8)  4 (5.3)  177 (10.0)  0.21 †     2 (3.4)    34 (6.5)  0.06 
  4  1,189 (64.7)  42 (56.0)  1,147 (65.0)  0.18 †   32 (55.2)  325 (62.3)  0.08 
 Normal physical 

exam, n (%) 
 276 (15.0)  2 (2.7)  274 (15.5)  0.8 †   2 (3.4)  20 (3.8))  0.01 

 Physical exam 
fi ndings, n (%)  ∥ 

                     

  Limited neck 
mobility 

 630 (34.3)  31 (41.3)  599 (34.0)  0.15 †   25 (43.1)  224 (42.9)  0.01 

   Facial 
asymmetry or 
dysmorphism 

 672 (36.5)  33 (44.0)  639 (36.2)  0.16 †   25 (43.1)  214 (41.0)  0 

   Micrognathia or 
limited mouth 
opening 

 1,260 (68.5)  63 (84.0)  1,197 (67.9)  0.44 †   48 (82.8)  417 (79.9)  0.05 

   Other fi ndings  319 (17.3)  21 (28.0)  298 (16.9)  0.25 †   14 (24.1)  117 (22.4)  0.01 
 Syndromic diagno-

sis, n (%) 
                     

  Yes  1,296 (70.5)  53 (70.7)  1,243 (70.5)  0  37 (63.8)  371 (71.1)  0.03 
  No  436 (23.7)  19 (25.3)  417 (23.6)  0.04  18 (31.0)  117 (22.4)  0.05 
  Unidentifi ed  107 (5.8)  3 (4.0)  104 (5.9)  0.1  3 (5.2)  34 (6.5)  0.03 
 Specifi c syndrome, 

n (%) 
                     

  Pierre Robin 
sequence 

 222 (12.1)  12 (16.0)  210 (11.9)  0.11 †   6 (10.3)  68 (13.0)  0 

   Goldenhar  147 (8.0)  3 (4.0)  144 (8.2)  0.21 †   3 (5.2)  30 (5.7)  0.08 
 Type of provider, 

n (%)   
                     

   Attending  543 (29.5)  19 (25.3)  524 (29.7)  0.1 †   15 (25.9)  122 (23.4)  0.1 †  
   Trainee  1,296 (70.5)  56 (74.7)  1,240 (70.3)  0.1 †   43 (74.1)  400 (76.6)  0.1 †  
 Anticipated 

diffi culty 
                     

   With face mask 
ventilation 

 23 (1.3)  1 (1.3)  22 (1.2)  0.01  1 (1.7)  8 (1.5)  0.02 

(Continued)
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facilitate tracheal intubation, there was no di� erence in � rst-
attempt tracheal intubation success between the two groups. 
The complications overall were low and similar between 
the groups.  Post hoc  sensitivity analysis showed that patients 
in the general anesthesia group had an increased risk of 
minor airway trauma, epistaxis, and esophageal intubation 
with immediate recognition. 

 Previous reports from the Pediatric Di�  cult Airway col-
laborative have shown a higher proportion of complications 
as the number of intubation attempts increases, leading to 
guidance to limit the number of intubation attempts.  3   A 
previous study from the Pediatric Di�  cult Airway col-
laborative analyzing ventilation techniques found that 
spontaneous ventilation was associated with more com-
plications in children with di�  cult airway, but sensitiv-
ity analysis suggested that the relationship was mediated 
by airway reactivity rather than the ventilation technique 
itself.  4   This � nding implied a possible relationship between 
lighter anesthetic depth and complications. The de� nitive 
e� ect of neuromuscular blockade and ventilation tech-
nique on complications is challenging to evaluate due to 
the overlap between the two techniques and the retrospec-
tive nature of our study; certainly, the general anesthesia 
group includes patients paralyzed during the � rst attempt, 
while none of the sedation group patients were paralyzed. 
The type of ventilation was dependent on the anesthetic 
technique, and our study speci� cally compares the out-
comes of the two di� erent anesthetic techniques (sedation 
vs.  general anesthesia) using propensity score matching to 
account for such confounding variables. It is possible that 
complications in the sedated patients were related to air-
way reactivity, which is more likely in spontaneously ven-
tilating patients. In this propensity score–matched cohort, 

there was no di� erence in the median number of tracheal 
intubation attempts between the sedation and general anes-
thesia groups. Although the rate of complications in our 
study was low, there were some interesting � ndings. There 
were no reported intubation failures (0 of 58) in the seda-
tion group  versus  6 of 522 in the general anesthesia group. 
The patients with failed intubation either were rescued and 
successfully oxygenated and ventilated with a supraglottic 
airway or emerged from anesthesia and the surgical case was 
canceled ( table  2 ), but no emergent front-of-neck access 
was performed in this cohort. In the sedation group, 16 
of 58 (27.5%) of patients had to be converted to general 
anesthesia before they were successfully intubated. Factors 
that could explain this need to convert to general anesthe-
sia include the inability of some pediatric patients to fol-
low commands during sedation and the quality of airway 
topicalization with local anesthetics; as mentioned before, 
previous work from our group identi� ed airway reactivity 
as a contributor to complications in this population. In our 
study, the number of sedated patients that received topi-
cal local anesthetic was rather low (37.3%), and that may 
have in� uenced our results. Interestingly, the general anes-
thesia group had an increased risk of esophageal intuba-
tion with immediate recognition, minor airway trauma, and 
epistaxis, which seems remarkable since the sedation group 
had a higher rate of nasotracheal intubations and use of a 
nasopharyngeal airway as an adjunct. The causes for these 
associations are likely multifactorial; unfortunately, we can 
only hypothesize about possible contributing factors. There 
is limited data regarding sedation for tracheal intubation in 
children with di�  cult airways. Péan  et al.   13   studied the use 
of sevo� urane  versus  propofol in adults with di�  cult airway 
and found similar success rates during intubation attempts 

   With direct 
laryngoscopy 

 1,469 (79.9)  38 (50.7)  1,431 (81.1)  0.61 †   33 (56.9)  355 (68.0)  0.04 

   With mask 
ventilation and 
direct laryngos-
copy 

 347 (18.9)  36 (48.0)  311 (17.6)  0.61 †   24 (41.1)  159 (30.5)  0.03 

 Location                        
  Operating room  1,786 (97.1)  57 (76.0)  1,729 (98.0)  0.52 †   53 (91.4)  507 (97.1)  0.06 
  ICU  38 (2.1)  14 (18.7)  24 (1.4)  0.44 †   4 (6.9)  11 (2.1)  0.08 
  Other  15 (0.8)  4 (5.3)  11 (0.6)  0.21 †   1 (1.7)    4 (0.8)  0.02 

   *The reported ages are chronological age not gestationally corrected age: neonates are less than 1 month old, infants are 1 month to 1 yr old, toddlers are 1 to 5 yr old, school-aged 
children are 5 to 12 yr old, and teenagers are 13 to 18 yr old.      †Absolute standardized mean difference > 0.1.      ‡Weight measured, not corrected for gestational age.      §Less than or 
equal to 37 weeks of gestational age at birth.       ∥  One patient can have more than one entry criteria.      #Criteria for entry 1, diffi cult laryngeal exposure with direct laryngoscopy (Cormak 
and Lehane Classifi cation of 3 or higher); criteria for entry 2, impossible direct laryngoscopy; criteria for entry 3, failed direct laryngoscopy within 6 months; and criteria for entry 4, 
deferred direct laryngoscopy because of a low chance of success and a perceived increased risk of harm.  
  ASA, American Society of Anesthesiologists; ICU, intensive care unit.   

 Table 1.      (Continued)   

 Characteristics     
 Total 

(n = 1,839)     

 Before Propensity Score Matching (n = 1,839)  After Propensity Score Matching (n = 580) 

 Sedation 
(n = 75)   

 General Anesthesia 
(n = 1,764)   

 Absolute 
Standardized 

Mean Difference    
 Sedation 
(n = 58)   

 General 
Anesthesia 
(n = 522)   

 Absolute 
Standardized 

Mean Difference    
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and similar technical di�  culties but higher incidence of 
tachycardia and hypertension in the sevo� urane group. Our 
study does not support a preferred approach for tracheal 
intubation in children with di�  cult airway based on the 
� rst-attempt success rate and the rate of complications. 
Clinicians should select an approach based on their skill 
and patient factors. 

 We did not include the use of neuromuscular blockade 
as a matching variable since only the patients in the general 

anesthesia and failed sedation groups received it. Previous 
work from the Pediatric Di�  cult Airway Registry has 
reported on the e� ect of neuromuscular blockade,  4   but 
no signi� cant di� erences in outcomes have been related 
to neuromuscular blockade. Sedation is a continuum that 
can be di�  cult to clearly establish, even by experienced 
clinicians.  14   Unlike in adults, infants and children may be 
unable to follow directions during stressful situations such 
as an awake or sedated tracheal intubation, making the use 

 Fig. 2.      Absolute standardized mean difference for patients of variables between patients receiving sedation  versus  general anesthesia 
before and after propensity score matching. Nearest neighbor matching with caliper width equal to 0.1 of the standard deviation of the logit 
of the propensity score was performed. To account for the clustering within site and within matching pairs, we used marginal models with 
exchangeable working correlation structure to establish the association between treatment (sedation  vs.  general anesthesia) and outcomes. 
Interaction of site and matching pair was included as the cluster variable. ASA, American Society of Anesthesiologists; ICU, intensive care unit.    
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of sedation challenging. Several sedation scales have been 
developed to assess the level of the sedation by clinicians 
such as the Observer’s Assessment of Alertness/Sedation,  15  

the Pediatric Sedation State Scale,  16   the Vancouver Sedative 
Recovery Scale,  17   and the University of Michigan Sedation 
Scale.  18   Nonetheless, some of these scales may present lim-
ited ability to di� erentiate deeper states of sedation, and 
interprovider variability remains a problem. In this study, 
there was signi� cant variability in the frequency of the use 

of sedation to facilitate tracheal intubation by center. It is 
possible that providers who do not use sedation often may 
have more complications than those providers with more 
familiarity with the technique. Additionally, this cohort 
had a signi� cant number of trainees as the � rst-attempt cli-
nician, and this variable remained imbalanced after match-
ing, which may have a� ected our results. We added the 
type of clinician as a covariate to the � nal analysis to best 
control for this issue. Patients in the sedation group were 

 Table 2.      Outcomes before and after Propensity Score Matching: Tracheal Intubation First-attempt Success, Complications, and Num-
ber of Attempts   

 Outcomes   
 Total 

(n = 1,839)   

 Before Propensity Score 
Matching (n = 1,839)  After Propensity Score Matching (n = 580) 

 Sedation 
(n = 75)   

 General Anesthesia 
(n = 1,764)   

 Sedation 
(n = 58)   

 General Anesthesia 
(n = 522)   

 Generalized Estimating 
Equation Model *  

 Odds Ratio  
(95% CI)   P  Value   

 First-attempt success, n (%) †   889 (48.3)  34 (45.3)  855 (48.3)  28 (48.3)  250 (47.9)  1.06 (0.60, 
1.87) 

 0.846 

 No. of attempts, median [inter-
quartile range] ‡  

 2 [1, 2]  2 [1, 3]  2 [1, 2]  2 [1, 3]  2 [1, 2]  0.86 (0.58, 
1.28) ‡  

 0.460 

 Failed intubation  15 (0.8) §   0 (0.0)  15 (0.8)  0 (0.0)  6 (1.2)  NA  NA 
 Complications                      
  Overall  ∥  302 (16.5)  22 (29.3)  280 (16.0)  15 (25.9)  90 (17.3)  1.41 (0.72, 

2.76) 
 0.323 

  Nonsevere  295 (16.1)  20 (26.7)  275 (15.7)  14 (24.1)  90 (17.3)  1.28 (0.65, 
2.55) 

 0.478 

   Minor airway trauma  40 (2.2)  2 (2.7)  38 (2.2)  1 (1.7)  20 (3.8)  0.40 
(0.062, 
2.61) 

 0.340 

    ES intubation #   32 (1.7)  3 (4.0)  29 (1.7)  0 (0.0)  7 (1.3)  NA  NA 
    Epistaxis  28 (1.5)  0 (0.0)  28 (1.6)  0 (0.0)  13 (2.5)  NA  NA 
    Pharyngeal bleeding  56 (3.1)  8 (10.7)  48 (2.7)  8 (13.8)  21 (4.0)  2.03 (0.78, 

5.3) 
 0.146 

    Hypoxemia  166 (9.1)  11 (14.7)  155 (8.8)  6 (10.3)  36 (6.9)  0.99 (0.36, 
2.71) 

 0.977 

    Bronchospasm  19 (1)  4 (5.3)  15 (0.9)  3 (5.2)  3 (0.6)  5.0 (0.81, 
31.5) 

 0.083 

    Laryngospasm  29 (1.6)  3 (4.0)  26 (1.5)  2 (3.4)  12 (2.3)  2.29 (0.50, 
10.5) 

 0.283 

    Vomiting  2 (0.1)  0 (0.0)  2 (0.1)  0 (0.0)  2 (0.4)  NA  NA 
    Arrhythmia  5 (0.3)  1 (1.3)  4 (0.2)  1 (1.7)  1 (0.2)  NA  NA 
  Severe  24 (1.3)  4 (5.3)  20 (1.1)  2 (3.4)  4 (0.8)  2.48 

(0.33, 18.9) 
 0.381 

   Major airway trauma  8 (0.4)  1 (1.3)  7 (0.4)  1 (1.7)  2 (0.4)  NA  NA 
   ES intubation **   3 (0.2)  1 (1.3)  2 (0.1)  0 (0.0)  0 (0.0)  NA  NA 
   Aspiration  3 (0.2)  0 (0.0)  3 (0.3)  0 (0.0)  0 (0.0)  NA  NA 
   Pneumothorax  2 (0.1)  0 (0.0)  2 (0.1)  0 (0.0)  0 (0.0)  NA  NA 
   Cardiac arrest  9 (0.5)  2 (2.7)  7 (0.4)  1 (1.7)  2 (0.4)  NA  NA 
   Death  2 (0.1)  1 (1.3)  1 (0.1)  0 (0.0)  0 (0.0)  NA  NA 

   *To account for within-site and within-matching-pairs clustering, the generalized estimating equation method was used to establish the association between planned anesthesia 
technique and outcomes. The generalized estimating equation model was not fi tted for outcomes with less than fi ve cases total or with no cases in one of the groups.     †Attempt to 
intubate the trachea.      ‡The incidence rate ratio is reported for the model of number of attempts.      §Fifteen patients were reported as “failed intubation.” Of these, seven patients 
were successfully ventilated and oxygenated using a supraglottic airway and the planned surgical or diagnostic procedure was performed, and eight patients were emerged from 
anesthesia and the planned surgical procedure was abandoned. No emergent front-of-neck access was performed in this group.        ∥  Any complication during all attempts (n = 12 
missing).     #Immediately recognized.      **Delayed recognition.  
  NA, generalized estimating equation model did not converge, or total number of patients was less than fi ve.   
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more likely to receive supplemental oxygenation during 
intubation than those under general anesthesia, yet there 
was no signi� cant di� erence in the incidence of hypox-
emia between the groups. 

 Our study has to be considered in the context of its 
limitations. First, although sedation is one of the options 
for induction of anesthesia and airway management, the 
registry does not capture the level of sedation used by the 
anesthesia provider, which precludes our ability to classify 
according to the level of sedation. Additionally, sedation 
was not a commonly used technique in this cohort, lead-
ing to only a small number of sedation cases. Because 
our study is retrospective, we lose some granularity about 
why clinicians chose general anesthesia  versus  sedation. 
Although we matched physical exam � ndings, it is impos-
sible to know all the factors that may have in� uenced 
the decision to choose one technique over another. It 
is possible that the patients who were sedated had more 
concerning physical exam � ndings and were anticipated 
to be more challenging to intubate. We also lack details 
about the timing and dosages of the various drugs used 
for sedation. The degree and duration of hypoxemia is not 
captured in detail by the registry, nor is the duration of 
supplemental oxygenation. We did not include this as part 
of the analysis of the complications that may have under-
scored the e� ect of supplemental oxygenation on hypox-
emia in this cohort. Additionally, we cannot account for 

the di� erent degrees of anticipated di�  culty that were 
perceived by clinicians in these patients; it is possible 
that those patients with more severe syndromic features/
anatomical abnormalities were planned for sedation, and 
we are unable to adjust for this. Despite these limitations, 
this study provides further insight to a small but challeng-
ing population that is di�  cult to study. Propensity score 
matching was used to minimize selection bias and the 
e� ect of baseline characteristics in the selected outcome 
but only accounts for measured variables. It is possible 
that unmeasured variables still may have in� uenced the 
studied outcomes. 

 In conclusion, the rate of � rst-attempt success of tra-
cheal intubation was similar in children with di�  cult air-
ways intubated under general anesthesia  versus  sedation. 
However, 27.6% of sedation cases needed to be converted 
to general anesthesia to complete tracheal intubation. The 
rate of nonsevere and severe complications were low and 
similar in both groups.  Post hoc  sensitivity analysis demon-
strated that sedation was associated with a lower risk of 
minor airway trauma, esophageal intubation with imme-
diate recognition, and epistaxis. 
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 EDITOR’S PERSPECTIVE 

 What We Already Know about This Topic  
•   There is a high incidence of perioperative stroke in some patients  
•   Hypotension may lead to cerebral ischemia, and the impact on 

cerebral perfusion may be greater in the setting of hypercapnia or 
hypocapnia    

 What This Article Tells Us That Is New  

•   In a case–control study using the Multicenter Perioperative 
Outcomes Group data, hypocarbia, hypercarbia, and hypotension 
were each independently associated with postoperative stroke    
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 ABSTRACT 
 Background:    The relationship between intraoperative physiology 
and postoperative stroke is incompletely understood. Preliminary data 
suggest that either hypo- or hypercapnia coupled with reduced cere-
brovascular inflow ( e.g. , due to hypotension) can lead to ischemia. 
This study tested the hypothesis that the combination of intraopera-
tive hypotension and either hypo- or hypercarbia is associated with 
postoperative ischemic stroke. 

 Methods:    We conducted a retrospective, case–control study  via 
the Multicenter Perioperative Outcomes Group. Noncardiac, non-
intracranial, and nonmajor vascular surgical cases (18 yr or older) 
were extracted from five major academic centers between January 
2004 and December 2015. Ischemic stroke cases were identified via 
manual chart review and matched to controls (1:4). Time and reduc-
tion below key mean arterial blood pressure thresholds (less than 
55 mmHg, less than 60 mmHg, less than 65 mmHg) and outside of 
specific end-tidal carbon dioxide thresholds (30 mmHg or less, 35 
mmHg or less, 45 mmHg or greater) were calculated based on total 
area under the curve. The association between stroke and total area 
under the curve values was then tested while adjusting for relevant 
confounders. 

 Results:    In total, 1,244,881 cases were analyzed. Among the cases 
that screened positive for stroke (n = 1,702), 126 were confirmed 
and successfully matched with 500 corresponding controls. Total area 
under the curve was significantly associated with stroke for all thresh-
olds tested, with the strongest combination observed with mean arterial 
pressure less than 55 mmHg (adjusted odds ratio per 10 mmHg-min, 
1.17 [95% CI, 1.10 to 1.23],  P  < 0.0001) and end-tidal carbon dioxide 
45 mmHg or greater (adjusted odds ratio per 10 mmHg-min, 1.11 
[95% CI, 1.10 to 1.11], P  < 0.0001). There was no interaction effect 
observed between blood pressure and carbon dioxide. 

  Conclusions:     Intraoperative hypotension and carbon dioxide dysregu-
lation may each independently increase postoperative stroke risk.   

(ANESTHESIOLOGY  2022 ;  137 : 434 – 45 )   

10.1097/ALN.0000000000004354
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   Stroke is a potentially devastating surgical complication, 
with an incidence of up to 3% in high-risk noncar-

diac surgery populations.  1 , 2   Recent observational data also 
indicate that the risk of perioperative stroke, as detected by 
magnetic resonance imaging rather than clinical criteria, 
may be as high as 7% for older patients after noncardiac sur-
gery.  3   Furthermore, postoperative stroke recognition is often 
delayed, and thrombolytic interventions are less commonly 
performed for surgical patients compared with stroke patients 
in the community setting.  4 , 5   Given the increased mortality, 
major disability, delayed diagnosis and treatment, and pro-
longed hospitalization,  1 , 4 , 5   identi� cation of modi� able risk 
factors for perioperative stroke is of paramount importance. 

 Although several comorbidity-based preoperative risk 
factors have been identi� ed,  1 , 6   there is a paucity of known 
intraoperative risk factors that may be modi� able. One such 
candidate risk factor is cerebral malperfusion. Emerging 
data suggest that intraoperative mean arterial pressure 
(MAP) may commonly fall below autoregulatory thresh-
olds that maintain cerebral blood � ow.  7 , 8   The combination 
of reduced cerebral perfusion ( e.g. , due to hypotension and 
compromised autoregulation) and impaired vasodilatory 
reserve ( e.g. , mediated by hypo- and hypercapnia) creates 
conditions for cerebral ischemia.  9   Indeed, functional mag-
netic resonance imaging data demonstrate that such vascular 
malperfusion can occur in watershed regions during peri-
ods of carbon dioxide dysregulation.  10   However, these data 
have been derived primarily from human volunteers, and it 
remains unclear whether the combination of hypotension 
and either hypo- or hypercarbia contributes to stroke risk in 
a surgical setting. 

 The primary objective of this study was therefore to 
determine the relationship between major perturbations 
in end-tidal carbon dioxide (ET co  

2 
), intraoperative hypo-

tension, and postoperative ischemic stroke. Speci� cally, 
this study tested the hypothesis that the combination of 
intraoperative hypo- or hypercarbia and intraoperative 
hypotension—de� ned by speci� ed total area under the 
curve thresholds—is associated with postoperative stroke. A 

multicenter electronic health record registry—with detailed 
intraoperative physiologic data—was used for retrospec-
tive data extraction.  11   A secondary objective was to iden-
tify stroke characteristics such as etiology, vascular territory 
a� ected, severity, management strategy, and outcomes. 

  Materials and Methods 

  Study Design and Overview 

 This was a multicenter, retrospective, observational case–
control study. Institutional review board exemption approval 
(HUM00176953) was obtained from the University of 
Michigan Medical School (Ann Arbor, Michigan), which 
served as the coordinating study site. The institutional 
review board of each member organization also approved 
aggregation of this limited data set into the Multicenter 
Perioperative Outcomes Group centralized data reposi-
tory. Written informed consent by the human participants 
was waived. The study protocol, which included a data and 
statistical analysis plan, was approved by the Multicenter 
Perioperative Outcomes Group Perioperative Clinical 
Research Committee and posted on a publicly accessible 
server before any data analysis.  12   The study was conducted 
in accordance with the Strengthening the Reporting of 
Observational Studies in Epidemiology guidelines  13   and 
Reporting of studies Conducted using Observational 
Routinely-collected health data statement extension 
(Supplemental Digital Content 1,  http://links.lww.com/
ALN/C908) .  14  

  Study Population  

Inclusion Criteria  .    This study included adult (18 yr or older) 
patients presenting for noncardiac, nonintracranial, and 
nonmajor vascular surgeries at � ve large academic medical 
centers from January 1, 2004, through December 31, 2015. 
Cases from one institution were included only after June 31, 
2009, because of a published study that included postoper-
ative stroke data before this date.  15   Procedures requiring an 
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inpatient stay were included, as were emergency and out-
patient cases.   

  Exclusion Criteria.   All intracranial neurosurgical cases were 
excluded, as were major cardiac and vascular procedures 
( e.g. , proximal aortic), based on intrinsic procedural risk 
of stroke. Oral–maxillofacial cases involving penetrating 
trauma and gunshot wounds to the face and skull were also 
excluded. All trauma cases involving multiple organ injury, 
traumatic brain injury, closed head injuries, and penetrating 
trauma to the neck were also excluded. Last, patients with 
an American Society of Anesthesiologists (Schaumburg, 
Illinois) Physical Status classi� cation of VI were excluded. 
Speci� c procedural exclusions were performed upon the 
basis of anesthesia Current Procedural Terminology codes 
(Supplemental Digital Content 2,  http://links.lww.com/
ALN/C909 ).  

  Primary Outcome 

 The primary outcome of this study was perioperative 
ischemic stroke, de� ned as any new-onset cerebrovascu-
lar infarction that occurred within 30 days after surgery. 
Stroke outcomes were screened using billing code data 
for the following International Classi� cation of Diseases, 
Ninth Revision codes: 433.01, 433.11, 433.21, 433.31, 
433.81, 433.91, 434.01, 434.11, 434.91, and 997.02 (with-
out a diagnostic code indicative of hemorrhage, 430 to 432; 
see Supplemental Digital Content 2 for code de� nitions, 
 http://links.lww.com/ALN/C909 ). Cases that screened 
positively for stroke then underwent manual chart review 
to con� rm stroke diagnosis based on clinical notes and 
neuroimaging. For performing the chart review, a physician 
representative from each site reviewed the medical record. 
Neurology consultation notes and neuroradiologic reports 
were reviewed � rst, and then primary service and other con-
sultation notes were reviewed. Stroke cases were recorded 
based on a stroke diagnosis reported in these records within 
30 days after surgery. A subset of controls (25% from each 
institution) also underwent manual chart review to con� rm 
the absence of perioperative stroke.  

  Data Source 

 Surgical case data were extracted from the Multicenter 
Perioperative Outcomes Group Database (an electronic 
health record–derived registry with detailed physio-
logic and billing code data  11  ) and from electronic medi-
cal record systems at each respective institution. Data from 
each Multicenter Perioperative Outcomes Group site 
are routinely uploaded to a secure, centralized database. 
Standardized methods used for data input, storage, quality 
assurance, and extraction have been described previously.  11  

Of note, the initial count of 1,244,881 cases ( � g. 1   ) rep-
resents all cases available at the � nal stages of study analysis. 
The total number of cases available from all study sites was 

lower in the earlier stages of the study when stroke cases 
were initially screened and identi� ed (see  � g. 1  legend for 
additional detail). For intraoperative data extraction, the 
intraoperative time period was de� ned from anesthesia start 
to anesthesia end. Last, stroke characteristics were identi� ed 
by manual extraction from the electronic medical record 
from each site. These data include etiology (when available), 
vascular territory, management, and outcomes as available.   

  Exposure Variables 

 The primary exposure variables of interest were the total area 
under the curve of intraoperative ET co  

2 
 and MAP thresh-

olds. The total area under the curve is a continuous measure 
of the area between the empirical cumulative “curve” of a 
physiologic measure and the speci� ed threshold.  16  

 Speci� c thresholds were chosen and calculated using 
a previously described methodology.  16   The lower ET co  

2 

limit was 30 mmHg or less because cerebrovascular resis-
tance is maximally increased (and thus, cerebral blood 
� ow is impaired) with ET co  

2 
 values of approximately 30 

mmHg.  17 , 18   Conversely, high ET co  
2 
 may lead to steal phe-

nomenon, particularly in patients with cerebral arterioscle-
rosis.  9   Thus, associations with high ET co  

2 
 were also tested 

for stroke risk. ET co  
2 
 values in the mid-40s (mmHg) and 

greater are associated with maximally reduced cerebrovas-
cular resistance and increased blood � ow.  18   Duration of 
time that intraoperative MAP is less than 55 mmHg is asso-
ciated with end-organ injury  19   and was thus chosen as the 
threshold for the primary blood pressure analysis. Overall, 
total area under the curve was chosen to determine both 
the time and degree to which ET co  

2 
 and MAP values were 

below (or outside of) these thresholds. Details for calculat-
ing total area under the curve, along with artifact reductions 
strategies, are available in Supplemental Digital Content 3 
( http://links.lww.com/ALN/C910 ).  

  Case–Control Matching 

 A case–control matching approach was taken for the cur-
rent study because of the following advantages. First, 
case–control studies permit e�  cient resource allocation to 
re� ning exposure assessment and obtaining data on poten-
tial confounding factors, particularly for low-incidence 
outcomes.  20   Second, matching can be used to increase 
e� ect-size precision with measures of interest.  21   Last, match-
ing provides marginal estimation, which is often the same 
technique used for reporting clinical trial treatment e� ects 
and is appropriate for population-level estimates.  22  

 Stroke cases were matched 1:4 to controls using an opti-
mal matching approach. First, the Mahalanobis distance 
was assessed between stroke cases and controls, considering 
each stroke case as a reference point. Mahalanobis distance 
pairs cases based on a scale-free Euclidean distance, whereby 
the distance between cases is reduced with increasing 
covariate similarity. This represents an optimized approach 
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for continuous exposure variables ( e.g. , MAP, ET co  
2 
).  23  

Principal component scores for each point (stroke and con-
trols) were calculated using original scoring coe�  cients. 

Then Euclidean distance from each transformed control to 
the reference point (stroke case) was estimated. Once the 
distance measure was selected, the k-means nearest neighbor 

  Fig. 1.     Study fl ow diagram presented. Of note, this fl ow diagram is not meant to accurately depict stroke incidence, as stroke cases were 
initially screened and identifi ed before control cases, when there were fewer cases overall in the Multicenter Perioperative Outcomes Group 
Database. Additional cases were then added to the database when control cases were later identifi ed and matched.    
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matching algorithm was used without replacement to iden-
tify the closest control to each case. All matched controls 
were then removed from the available matching pool, and the 
nearest neighbor matching algorithm was conducted again 
using the controls remaining. Matching continued in this 
manner until up to four controls were matched. The match-
ing process was performed within each institution based 
on joint distribution of age, height, weight, sex, and blood 
loss (given the e� ect of hemorrhage and hemodilution on 
cerebrovascular ischemia risk  24  ). The following comorbidi-
ties were also incorporated into the matching process based 
on associations with stroke and determined using Elixhauser 
coding algorithms: atrial � brillation, coronary artery dis-
ease, chronic heart failure, chronic kidney disease, chronic 
pulmonary disease, diabetes, hypertension, and neurologic 
disorders.  1 , 6 , 25 , 26   Neurologic disorders incorporated within 
these coding algorithms ( e.g. , neurodegenerative disorders, 
multiple sclerosis, epilepsy) have been previously associated 
with stroke.  27–29   Last, the matched sample was compared on 
variable distributions using absolute standardized di� erences.  

  Statistical Analysis 

 Exploratory data analysis techniques were � rst used to assess 
the distribution of dependent and independent measures. 
Descriptive statistics were used for comparing stroke cases 
and controls in the matched cohort. Means ± SDs, medi-
ans (interquartile ranges), and frequencies with percentages 
were reported as appropriate. 

 Next, a technique termed seemingly unrelated regression 
modeling  30   was used to test the relationship between stroke 
and physiologic variables of interest ( e.g. , MAP, ET co  

2 
). 

These models are designed speci� cally for analysis of vari-
ables that may be related, such as MAP and ET co  

2 
 ( i.e. , in 

the setting of reduced cardiac output), through contem-
poraneous cross-equation error correlation, whereby the 
error terms in the regression equations are correlated. This 
approach allows the modeling of both exposures in two 
separate simultaneous equations while avoiding estimation 
problems relating to multicollinearity. These models can also 
detect associations too weak to detect with standard logistic 
models, which are highly sensitive to multicollinearity.  30–32  

Seemingly unrelated models were thus constructed with 
stroke as the dependent variable, and the primary variables 
of interest—MAP and ET co  

2 
 total area under the curve—

as continuous independent variables. The primary analysis 
included total area under the curve with MAP less than 55 
mmHg and ET co  

2 
 30 mmHg or less followed by ET co  

2 
 35 

mmHg or less and ET co  
2 
 45 mmHg or greater as a separate, 

secondary analysis. An additional secondary analysis included 
the following: total area under the curve of MAP less than 
60 mmHg and MAP less than 65 mmHg, both with the 
same ET co  

2 
 thresholds. These variables were assessed for 

nonlinearity using splines, as appropriate. Last, models were 
adjusted for the same variables mentioned in the matching 
process and time (year). MAP and ET co  

2 
 thresholds were 

then tested for interaction e� ects by including the expo-
sure combination in one model and comparing the results 
to a second model without the combination.  33   Marginal 
estimates were then assessed using the Wald test with cross-
model covariance structure. 

 Model measures of e� ect were reported as adjusted odds 
ratios and 95% Wald CIs. Quasi-likelihood under the inde-
pendence model criterion was the statistic of choice for 
goodness-of-� t.  34 , 35    P  values less than 0.05 and 95% CI that 
excluded 1 denoted statistical signi� cance. Analyses were 
conducted with SAS version 9.4 (SAS Institute, USA).   

  Results 
 The study � ow is presented in  � gure 1 . In total, 126 eligi-
ble stroke cases were identi� ed and successfully matched 
to controls. Four cases were then removed because they 
did not have adequate intraoperative data for analysis. This 
left 122 � nal stroke cases for the � nal primary analysis. 
Baseline characteristics are presented in  table  1   . Cohort 
imbalances were observed for race and American Society of 
Anesthesiologists Physical Status.  

  Carbon Dioxide, Blood Pressure, and Stroke 

 Descriptive statistics are presented for each ET co  
2 
 and MAP 

threshold in  table 2   . After adjusting for pertinent demographic 
and comorbidity confounders, there were signi� cant associa-
tions between stroke and all MAP and ET co  

2 
 thresholds tested 

( table 3   ). The strongest associations were observed with total 
area under the curve thresholds less than MAP 55 mmHg, 
which conferred an approximately 10 to 17% increased rela-
tive risk of stroke per 10 units (mmHg-min) ( table 3 ). Similar 
associations were present for ET co  

2 
 30 or less and 45 mmHg 

or greater, which conferred an approximately 7% and 10% 
increased relative risk of stroke per 10 units (mmHg-min), 
respectively. There was no interaction e� ect observed between 
MAP and ET co  

2 
 in relation to stroke (Supplemental Digital 

Content 4,  http://links.lww.com/ALN/C911 ).    

  Stroke Characteristics 

 Descriptive characteristics are presented for all 133 stroke 
cases that were identi� ed through manually review ( table 4   ), 
including 3 that could not be matched and 4 that did not 
involve general anesthesia ( � g. 1 ). The majority of strokes 
(n = 77, 58%) occurred within the � rst 3 postoperative 
days. All patients received neuroimaging, and most received 
a neurology consultation during admission. Suspected eti-
ologies varied, with embolism, large-vessel occlusion, and 
small-vessel occlusion all implicated, although cause was 
either not reported or documented as cryptogenic for 
31 (23%) cases. Stroke was most common in the middle 
cerebral artery territory, and intravenous and endovascular 
interventions were uncommon. Documentation was poor 
at discharge, with no modi� ed Rankin Scale documenta-
tion for 118 (89%) patients. Overall, 20 of 133 (15%) stroke 
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patients died, and less than 30% of patients (39 of 133) were 
discharged home after the index hospitalization.    

  Discussion 
 In this multicenter, retrospective case–control study, intra-
operative hypotension and both hypo- and hypercar-
bia were associated with postoperative ischemic stroke. 
While there did not appear to be a synergistic interaction 
between hypotension and either hypo- or hypercarbia, 
they were each associated with stroke risk in an additive 
manner. Upon manual review of stroke cases, embolic eti-
ologies were commonly reported, although there was no 

documented etiology for many cases encountered. The 
location of most strokes appeared to be in the middle cere-
bral artery territory. Therapeutic interventions ( e.g. , endo-
vascular thrombectomy) were uncommon, and less than 
30% of stroke patients were ultimately discharged home. 

 It is biologically plausible that the combination of intra-
operative hypotension and dyscarbia ( i.e. , either hypocar-
bia or hypercarbia) could lead to ischemic stroke. Reduced 
cerebral blood � ow,  via  hypotension and carbon dioxide 
dysregulation, can cause watershed infarction directly by 
hypoperfusion and indirectly through impaired clearance 
of microemboli.  36   Indeed, functional magnetic resonance 

  Table 1.     Baseline Characteristics   

      All (n = 626)    Stroke (n = 126)    Controls (n = 500)    Absolute Standardized Difference   

 Age, yr, mean ± SD   n = 626  69 ± 10  69 ± 11  69 ± 10  0.10 
 Height, cm, mean ± SD   n = 451  167 ± 12  165 ± 15  167 ± 11  0.16 
 Weight, kg, mean ± SD   n = 533  83 ± 22  83 ± 20  83 ± 22  0.01 
 Body mass index, kg/m 2 , mean ± SD  
n = 445 

 29 ± 7  30 ± 7  29 ± 7  0.08 

 Sex, male, n (%)   n = 626  276 (44)  54 (43)  222 (44)  0.03 
 Race, n (%)   n = 625           1.03 
  White  497 (79)  67 (53)  430 (86)    
  Black  72 (12)  18 (14)  54 (11)    
  Asian or Pacifi c Islander  8 (1.3)  1 (0.8)  7 (1.4)    
  Native American  8 (1.3)  0 (0)  8 (1.6)    
  Unknown  40 (6.4)  40 (32)  0 (0)    
 ASA Physical Status, n (%)   n = 626           0.27 
  Class I  15 (2)  4 (3)  11 (2)    
  Class II  142 (23)  19 (15)  123 (25)    
  Class III  348 (56)  76 (60)  272 (54)    
  Class IV  118 (19)  27 (21)  91 (18)    
  Class V  3 (0.5)  0 (0)  3 (0.6)    
 Comorbidities, n (%)             
  Cardiac arrhythmias  185 (30)  37 (29)  148 (30)  0.01 
  Cardiac valvular disease  92 (15)  19 (15)  73 (15)  0.01 
  Chronic pulmonary disease  187 (30)  39 (31)  148 (30)  0.03 
  Coronary artery disease  126 (22)  31 (26)  95 (21)  0.12 
  Congestive heart failure  146 (23)  30 (24)  116 (23)  0.02 
  Diabetes  155 (25)  32 (25)  123 (25)  0.02 
  Hypertension  492 (79)  100 (79)  392 (78)  0.02 
  Neurologic disease  232 (37)  47 (37)  185 (37)  0.01 
 Surgical subtype, n (%)           0.09 
  Dentistry  2 (0.3)  1 (0.8)  1 (0.2)    
  General  123 (20)  29 (23)  94 (19)    
  Gastrointestinal radiology  21 (3)  4 (3)  17 (3)    
  Gynecologic  29 (5)  5 (4)  24 (5)    
  Interventional radiology  11 (2)  0 (0)  11 (2)    
  Nonintracranial neurosurgery  66 (11)  11 (9)  55 (11)    
  Ophthalmologic  9 (1)  0 (0)  9 (2)    
  Oral/maxillofacial  4 (0.6)  0 (0)  4 (0.8)    
  Orthopedics  162 (26)  27 (21)  135 (27)    
  Otolaryngological  31 (5)  5 (4)  26 (5)    
  Plastics  13 (2)  1 (0.8)  12 (2)    
  Thoracic  44 (7)  14 (11)  30 (6)    
  Transplant  19 (3)  1 (0.8)  18 (4)    
  Trauma  12 (2)  2 (1.6)  10 (2)    
  Urology  56 (9)  13 (10)  43 (9)    
   Vascular  24 (4)  13 (10)  11 (2)    

   Surgical subtype is based on the surgical service that cared for the patient, as indicated in the Multicenter Perioperative Outcomes Group database.   
  ASA, American Society of Anesthesiologists.    
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imaging data in human volunteers demonstrate that the 
combination of reduced cerebrovascular in� ow and increased 
cerebrovascular resistance, induced by hypocapnia, can create 
conditions for cerebral ischemia, particularly in those with 
pre-existing cerebrovascular disease.  9 , 18   Hyperventilation is 
also associated with reduced cerebral oxygenation across dif-
ferent surgical populations,  37–39   and low ET co  

2 
 during endo-

vascular thrombectomy is associated with poor functional 
outcomes.  40   Conversely, hypoventilation and hypercapnia 
can also increase ischemia risk  via  the so-called “steal phe-
nomenon,” whereby cerebral blood � ow is shifted away from 
vulnerable cerebrovascular territories where compensatory 
vasodilation is already maximized ( i.e. , in the setting of ath-
erosclerotic disease).  9   In this unselected, noncardiac surgery 
population, pre-peci� ed MAP and ET co  

2 
 thresholds demon-

strated an association with postoperative ischemic stroke after 
adjustments for key confounders. These associations could 
conceivably be even stronger for patients with pre-existing 

cerebrovascular disease, and for the more insidious outcome 
of clinically silent, radiographically detected stroke,  3   but this 
requires testing with a prospective trial design. 

 Alternative explanations are also possible for the associ-
ations identi� ed. Patients inherently at high risk for stroke 
may be more likely to experience intraoperative hypotension 
and carbon dioxide derangements. In fact, a large-scale, retro-
spective observational study revealed that patients with high 
baseline risk for stroke were more likely to experience pro-
longed intraoperative hypotension.  41   In this same study, there 
was no association between any intraoperative blood pressure 
threshold tested and postoperative stroke, although depth 
below thresholds was not tested. These � ndings align with a 
retrospective single-center study demonstrating no association 
between time and depth below a MAP of 70 mmHg and 
risk of stroke, although the median time and depth below 
a MAP of 70 in stroke cases could be considered mild (19 
mmHg-min).  42   Conversely, a single-center retrospective study 

  Table 2.     Bivariable Associations   

 Threshold    All   n = 618    Stroke   n = 122    Controls   n = 496   P  Value   

 AUC MAP < 55 mmHg, mean ± SD  5 ± 9  6 ± 11  5 ± 9  0.537 
 AUC MAP < 60 mmHg, mean ± SD  15 ± 21  15 ± 21  14 ± 21  0.811 
 AUC MAP < 65 mmHg, mean ± SD  33 ± 41  35 ± 38  33 ± 42  0.669 
 AUC ET CO  2  ≤ 30 mmHg, mean ± SD  6 ± 12  8 ± 13  6 ± 12  0.147 
 AUC ET CO  2  ≤ 35 mmHg, mean ± SD  44 ± 48  51 ± 51  42 ± 47  0.094 
 AUC ET CO  2  ≥ 45 mmHg, mean ± SD  9 ± 17  11 ± 21  8 ± 16  0.184 

   AUC, area under curve; ET CO  2 , end-tidal carbon dioxide; MAP, mean arterial pressure.    

  Table 3.     Adjusted Analysis—Seemingly Unrelated Regression Models   

 Model    Equation    Threshold    Adjusted Odds Ratio    95% CI   P  Value   

 1*  1  AUC MAP < 55 mmHg  1.10  1.07–1.14  < 0.0001 
 2  AUC ET CO  2  ≤ 30 mmHg  1.07  1.04–1.10  < 0.0001 

 2  1  AUC MAP < 60 mmHg  1.04  1.02–1.06  < 0.0001 
 2  AUC ET CO  2  ≤ 30 mmHg  1.07  1.04–1.10  < 0.0001 

 3  1  AUC MAP < 65 mmHg  1.02  1.01–1.03  0.001 
 2  AUC ET CO  2  ≤ 30 mmHg  1.07  1.03–1.12  0.0007 

 4  1  AUC MAP < 55 mmHg  1.17  1.10–1.23  < 0.0001 
 2  AUC ET CO  2  ≤ 35 mmHg  1.02  1.01–1.03  < 0.0001 

 5  1  AUC MAP < 60 mmHg  1.07  1.04–1.10  < 0.0001 
 2  AUC ET CO  2  ≤ 35 mmHg  1.02  1.01–1.03  < 0.0001 

 6  1  AUC MAP < 65 mmHg  1.04  1.03–1.05  < 0.0001 
 2  AUC ET CO  2  ≤ 35 mmHg  1.03  1.02–1.04  < 0.0001 

 7  1  AUC MAP < 55 mmHg  1.15  1.13–1.17  < 0.0001 
 2  AUC ET CO  2  ≥ 45 mmHg  1.10  1.08–1.11  < 0.0001 

 8  1  AUC MAP < 60 mmHg  1.06  1.05–1.07  < 0.0001 
 2  AUC ET CO  2  ≥ 45 mmHg  1.10  1.09–1.11  < 0.0001 

 9  1  AUC MAP < 65 mmHg  1.03  1.03–1.03  < 0.0001 
 2  AUC ET CO  2  ≥ 45 mmHg  1.11  1.10–1.11  < 0.0001 

   *Primary pre-specifi ed analysis. The adjusted odds ratios are per unit (mmHg-min) scaled to 10 units below (or outside of) each threshold. Seemingly unrelated regression models 
adjusted for age, sex, race (white  vs . nonwhite), year, estimated blood loss, cardiac arrhythmia history, chronic pulmonary disease, coronary artery disease, congestive heart failure, 
diabetes, hypertension, neurologic disorders, and valvular heart disease.  
  AUC, area under the curve; ET CO  2 , end-tidal carbon dioxide; MAP, mean arterial pressure.   
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that focused on relative hypotension from preoperative base-
line revealed an association between stroke and duration of 
time more than 30% below preoperative baseline.  43   Of note, 
this association was not statistically signi� cant with duration 
of time more than 40% below baseline. The authors acknowl-
edged that intraoperative hypotension could contribute 
to stroke risk, although other factors may play a larger role. 
Intraoperative derangements in blood pressure and carbon 
dioxide may, at the least, serve as warning signs for increased 
stroke risk and suggest the possible need for close postopera-
tive monitoring. 

 The embolic etiologies reported in this study might fur-
ther weigh against the likelihood of intraoperative malper-
fusion as a primary driver of stroke. Forty of the stroke cases 
in this series also occurred on postoperative day 5 or later. 
As such, thromboembolic events and hemodynamic pertur-
bations in the postoperative period may also cause postopera-
tive stroke. Prospective trials will be required to determine the 
causal relevance and e� ect size of these intraoperative phys-
iologic associations with stroke, because retrospective studies 
are not designed to detect clinically silent stroke.  3   To provide 
a quantitative example of e� ect size from this study, 10 min 
with a MAP of 50 mmHg and ET co  

2 
 of 28 mmHg would 

confer an approximate adjusted 2.02 (202%) increased relative 
risk of stroke based on these results (see Supplemental Digital 
Content 3 for calculations,  http://links.lww.com/ALN/
C910 ). These associations may be much higher for covert 
stroke. 

 Stroke characteristics and outcomes in this study are 
consistent with previously reported � ndings. The major-
ity of strokes tend to occur within the � rst few days after 
surgery,  15 , 44   which may re� ect hemodynamic perturbations 
and thromboembolic events in the early postoperative set-
ting. Indeed, anticoagulants and antiplatelet agents are often 
held perioperatively, and surgical interventions induce proin-
� ammatory and thrombotic cascades.  45   In fact, discontinuing 
aspirin therapy can lead to increased stroke risk for up to 4 
weeks.  46   It remains unclear which patients may have high risk 
for such cerebrovascular thromboembolic events, although 
in� ammatory genetic predisposition may play a role.  47   Stroke 
interventions were also uncommon in this study, with less 
than 10% of patients receiving intravenous or endovascu-
lar therapy. A previous large-scale registry study similarly 
demonstrated that less than 5% of identi� ed surgical stroke 
patients received thrombolytic therapy.  5   Reasons for infre-
quent therapy are unclear but may relate to delayed stroke 
identi� cation and/or guideline recommendations. In terms 
of the latter, it is often unrecognized that many surgeries do 
not represent an absolute contraindication to the use of intra-
venous alteplase after major surgery.  48   Thus, interventional 
therapy is likely underutilized, and outcomes associated with 
postoperative stroke tend to be quite poor. Discharges to 
skilled care facilities were common in our study and previous 
investigations.  4 , 5   Mortality ranges between 15 and 30%.  4 , 5  

 This study has important limitations. As this was a ret-
rospective analysis, causality cannot be determined from 

  Table 4.     Stroke Characteristics   

      Stroke Cases (n = 133)   

 Age, yr, median (interquartile range)  70 (63–77) 
 Sex, male, n (%)  57 (43) 
 Race, n, (%)    
  White  71 (53) 
  Black  19 (14) 
  Asian or Pacifi c Islander  1 (0.8) 
  Unknown  42 (32) 
 Weight, kg, mean ± SD*  83 ± 20 
 Body mass index, kg/m 2 , mean (standard deviation)*  30 (7) 
 Neuroimaging, n (%)    
 Computed tomography only  33 (25) 
 Magnetic resonance imaging only  9 (7) 
 Both computed tomography and 

magnetic resonance imaging 
 91 (68) 

 Neurology consultation, n (%)  129 (97) 
 Postoperative day, n (%)    
 Day of surgery  11 (8) 
  1  32 (24) 
  2  17 (13) 
  3  17 (13) 
  4  12 (9) 
  5–10  19 (14) 
  11–15  12 (9) 
  16–20  4 (3) 
  21–30  5 (4) 
  Not reported  4 (3) 
 Initial National Institutes of Health Stroke Scale, n 

(%) 
   

  1–4  24 (18) 
  5–15  23 (17) 
  16–20  5 (4) 
  ≥ 21  11 (8) 
  Not documented  70 (53) 
 Etiology, n (%)    
  Large-artery atherosclerosis  9 (7) 
  Cardioembolic  44 (33) 
  Embolic (noncardiac)  28 (21) 
  Small-vessel occlusion (lacune)  9 (7) 
  Watershed infarct  9 (7) 
  Cryptogenic  3 (2) 
  Other  3 (2) 
  Not documented  28 (21) 
 Vascular territory, n (%)†    
  Middle cerebral artery  64 (48) 
  Posterior cerebral artery  32 (24) 
  Anterior cerebral artery  13 (10) 
  Internal carotid artery  8 (6) 
  Deep/small vessel ( e.g. , thalamic, pontine)  17 (13) 
  Basilar  9 (7) 
  Vertebral  8 (6) 
  Not specifi ed in medical record  22 (17) 
 Interventions, n (%)    
  Intravenous alteplase  8 (6) 
  Endovascular thrombectomy  6 (5) 
 Modifi ed Rankin Scale at discharge, n (%)    
  0–2  3 (2) 
  3–6  12 (9) 
  Not documented  118 (89) 
 Disposition, n (%)    
  Home  39 (29) 
  Inpatient rehabilitation facility  32 (24) 
  Skilled nursing facility  41 (31) 
  Hospice  1 (0.8) 
  Death  20 (15) 

   *Weight data are available from only 103 cases, and body mass index data are avail-
able for 80 cases. Of note, the 133 cases in this table include 3 stroke cases that were 
unable to be matched, and 4 cases where the surgical patients underwent monitored 
anesthesia care (see  fi g. 1 ). †All territories affected by a given stroke are reported.    
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statistical inferences generated. Many patients did not have 
arterial lines, precluding analysis of arterial partial pressure 
of carbon dioxide and ET co  

2 
 gradients. Data for certain risk 

factors, such as  β -blockade, were not available from most 
sites and were not included in the analysis. Since  β -block-
ade can reduce cerebral perfusion and oxygen delivery,  49  

β -blockade may further increase stroke risk in the set-
ting of hypotension and/or carbon dioxide dysregulation. 
Additionally, the confounding e� ects of blood pressure and 
ET co  

2 
 from the pre- and postoperative periods could not 

be determined. For example, postoperative hypotension and 
hypo- or hyperventilation may also lead to cerebrovascular 
ischemia and stroke after surgery. Additionally, biologic sys-
tems are complex, and intraoperative physiologic perturba-
tions can synergistically interact with other factors, such as 
hemorrhage and cerebrovascular disease, to increase stroke 
risk. Thus, adjusting for these covariates may not have been 
appropriate given the possibility of an interaction e� ect. 
While multilevel interactions can be challenging to inter-
pret statistically, the relationships among blood pressure, 
carbon dioxide, blood loss, and pre-existing cerebrovascu-
lar disease can be tested prospectively through interaction 
analyses and with prespeci� ed subgroups ( i.e. , those with 
and without cerebrovascular disease history). As this study 
was reliant on billing code data for stroke case inclusion, 
we were unable to test the relationship between intraoper-
ative physiologic variables and clinically undetected stroke. 
Additional overt stroke cases may have been missed due to 
billing code error. Likewise, the sole reliance on cerebrovas-
cular-based International Classi� cation of Diseases billing 
codes may have limited the ability to detect stroke cases. In 
addition, these data should not be interpreted to establish 
an incidence of stroke given the limitations of discharge 
diagnosis codes for this purpose. Stroke data are also from 
2015 and earlier. Temporal patterns in stroke care have since 
changed.  50   Last, postdischarge data were not collected for 
control cases. As such, the impact of hypotension, hypo-
carbia, or hypercarbia was not tested in relation to postdis-
charge outcomes. 

 Overall, this study demonstrated that intraoperative 
hypocarbia, hypercarbia, and hypotension are each inde-
pendently associated with postoperative stroke. These phys-
iologic perturbations may serve as risk factors that can be 
modi� ed to reduce the incidence of postoperative stroke. 
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 EDITOR’S PERSPECTIVE 

 What We Already Know about This Topic  

•   Tianeptine is an atypical antidepressant and cognitive enhancer 
that can be administered orally or intravenously  
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  ABSTRACT 
 Background:     Animal data suggest that the antidepressant and 
α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor modula-
tor tianeptine is able to prevent opioid-induced respiratory depression. The 
hypothesis was that oral or intravenous tianeptine can effectively prevent or 
counteract opioid-induced respiratory depression in humans.  

 Methods:     Healthy male and female volunteers participated in two studies 
that had a randomized, double blind, placebo-controlled, crossover design. 
First, oral tianeptine (37.5-, 50-, and 100-mg doses with 8 subjects) 
pretreatment followed by induction of alfentanil-induced respiratory depres-
sion (alfentanil target concentration, 100 ng/ml) was tested. Primary endpoint 
was ventilation at an extrapolated end-tidal carbon dioxide concentration of 
55 mmHg (V ̇  

E 
55). Next, the ability of four subsequent and increasing infusions 

of intravenous tianeptine (target tianeptine plasma concentrations 400, 1,000, 
1,500, and 2,000 ng/ml, each given over 15 min) to counteract remifentan-
il-induced respiratory depression was determined in 15 volunteers. Ventilation 
was measured at isohypercpania (baseline ventilation 20 ± 2 l/min). The 
primary endpoint was minute ventilation during the 60 min of tianeptine 
versus  placebo infusion.  

 Results:     Alfentanil reduced V ̇
E 
55 to 13.7 (95% CI, 8.6 to 18.8) l/min after 

placebo pretreatment and to 17.9 (10.2 to 25.7) l/min after 50-mg tianeptine 
pretreatment (mean difference between treatments 4.2 (–11.5 to 3.0) l/min, 
P  = 0.070). Intravenous tianeptine in the measured concentration range 
of 500 to 2,000 ng/ml did not stimulate ventilation but instead worsened 
remifentanil-induced respiratory depression: tianeptine, 9.6 ± 0.8 l/min 
versus  placebo 15.0 ± 0.9 l/min; mean difference, 5.3 l/min; 95% CI, 
2.5 to 8.2 l/min;  P  = 0.001, after 1 h of treatment.  

  Conclusions:     Neither oral nor intravenous tianeptine were respiratory 
stimulants. Intravenous tianeptine over the concentration range of 500 
to 2000 ng/ml worsened respiratory depression induced by remifentanil.   

(ANESTHESIOLOGY  2022 ;  137 : 446 – 58 )   
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• Tianeptine may cause respiratory stimulation during opioid-induced 
respiratory depression by enhancing  α -amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor-mediated transmission and 
reducing glutamatergic transmission at  N -methyl- D -aspartate 
receptors 

•   However, tianeptine also acts as a µ-opioid receptor agonist, which 
may reduce its respiratory stimulatory capabilities    

 What This Article Tells Us That Is New  

•   The hypothesis that tianeptine is able to cause effective reversal of 
opioid-induced respiratory depression was tested in 15 male and 
female subjects in a double-blind, randomized, placebo-controlled 
crossover study by determining the effect of tianeptine at four 
increasing target plasma concentrations on remifentanil-induced 
respiratory depression at isohypercapnia  

•   Over the plasma tianeptine concentration range tested (500 to 
2,000 ng/ml), it did not produce respiratory stimulation during 
remifentanil-induced respiratory depression but instead worsened 
respiratory depression with a further decline in ventilation at an 
extrapolated end-tidal carbon dioxide concentration of 55 mmHg 
by 5 l/min    

Modern medicine relies heavily on opioids for sup-
pression of moderate to severe pain. Strong opioids 

are used during anesthesia to suppress autonomic responses 
and are given for treatment of acute (postoperative) pain, 
chronic cancer pain and noncancer pain.  1   However, the use 
of opioids comes with adverse e� ects, of which opioid-
induced respiratory depression is most problematic, as it is 
potentially lethal.  2   Opioid-induced respiratory depression is 
related to depression or inactivation of respiratory rhythm 
generation within the brainstem due to activation of  µ -opioid 
receptors predominantly in the pre-Bötzinger complex and 
Kölliker–Fuse nucleus.  3–5   One way of treating or preventing 
opioid-induced respiratory depression without compro-
mising analgesia is by administration of respiratory stimu-
lants that do not interfere with the opioid receptor system.  6  

Many such stimulants are currently being developed; how-
ever, none seem adequate for therapeutic use, and all need 
further study of e�  cacy and toxicity.  6  

A possible novel option for respiratory stimulation 
could be the administration of tianeptine.  7   Tianeptine is an 
atypical antidepressant and cognitive enhancer that can be 
administered orally or intravenously. It induces neuroplastic 
changes and modulates noradrenergic, dopaminergic, and 
glutamatergic pathways.  8–10   For example, tianeptine facili-
tates  α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor-mediated glutamatergic transmis-
sion and reduces AMPA receptor surface di� usion. AMPA 
receptors are present in key brainstem centers involved in 
respiratory drive, such as the pre-Bötzinger complex, where 
they play an important role in the maintenance of respira-
tory rhythmogenesis and inspiratory drive, as well as sites 

outside the pre-Bötzinger complex.  2–6   One animal study 
that investigated the respiratory e� ects of tianeptine on mor-
phine-induced respiratory depression showed that tianep-
tine pretreatment prevented opioid-induced respiratory 
depression without a� ecting antinociception.  7   Tianeptine 
is marketed currently in a number of countries, primarily 
as an antidepressant,  11   and consequently is a practical target 
for study as a reversal agent of opioid-induced respiratory 
depression. Moreover, the ampakines are among the most 
e� ective respiratory stimulants.  6   An important additional 
observation is that tianeptine is an agonist at the  µ -opioid 
receptor,  12   making it an even more attractive candidate as 
a respiratory stimulant drug, because it may enhance pain 
relief while stimulating respiration. 

 The current study explored a possible therapeutic role 
for tianeptine in mitigating opioid-induced respiratory 
depression. In a � rst proof-of-concept study (study 1), 
we tested oral tianeptine on alfentanil-induced respira-
tory depression by measuring the hypercapnic ventilatory 
response. Next, we chose to further study intravenous 
tianeptine, as the intravenous route was deemed more clin-
ically relevant when aiming at reversal of opioid-induced 
respiratory depression in the perioperative setting (study 2). 
In study 2, we � rst studied the pharmacokinetics of intrave-
nous tianeptine in six healthy volunteers (study 2a). Using 
data from this initial population pharmacokinetic model-
ing study, we designed a tianeptine dose-escalating study to 
determine the e� ect of tianeptine on top of remifentanil-
induced respiratory depression (study 2b). Both studies 1 
and 2b had double-blind, randomized, placebo-controlled 
crossover designs. Our hypothesis was that in study 1, we 
would detect a signal that tianeptine is able to counter-
act opioid-induced respiratory depression and that study 2 
would show that tianeptine is able to cause e� ective reversal 
of opioid-induced respiratory depression. 

 Materials and Methods 
 Ethics, Registration, and Changes in Study Protocol 

The study protocols were approved by the insti-
tutional review board  (METC  [Medisch Ethische 
Toetsingscommissie] Leiden-Den Haag-Delft) in Leiden 
and the Central Committee on Research Involving Human 
Subjects (CCMO  [Centrale Commissie Mensgebonden 
Onderzoek], competent authority) in The Hague, both in 
The Netherlands. All study procedures were conducted 
according to good clinical practice guidelines and adhered 
to the tenets of the Declaration of Helsinki. Before enroll-
ment, all subjects gave written informed consent, after which 
their medical history was taken and a physical examination 
was performed. Study 1 was performed from January to July 
2014, and the pharmacokinetic studies 2a and 2b started in 
June 2019 and were completed in January 2021. All studies 
were registered in the trial register of the Dutch Cochrane 
Center ( www.trialregister.nl ) under identi� ers NL3849 
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(study 1) and NL7907 (study 2) with principle investiga-
tor Albert Dahan, M.D., Ph.D., and registration dates August 
21, 2013 and July 26, 2019 for studies 1 and 2, respectively. 
Study 1 was exploratory and served to detect a clinically 
relevant reduction in alfentanil-induced respiratory depres-
sion (tianeptine e� ect is greater than the placebo e� ect; no 
a priori  signi� cance level was de� ned). Once an increase in 
minute ventilation was detected with 50 mg of tianeptine, 
we proceeded with a second study that determined the 
pharmacokinetics of intravenous tianeptine and the e� ect of 
escalating tianeptine doses on remifentanil-induced respira-
tory depression.

Study 1 initially had four dosing groups: 37.5, 50, and 
100 mg of oral tianeptine to counteract alfentanil-induced 
respiratory depression at a target plasma concentration of 
100 ng/ml and 100 mg of oral tianeptine to counter alfen-
tanil respiratory e� ect at an alfentanil target plasma con-
centration of 50 ng/ml. After completion of three doses 
(37.5 mg of tianeptine + 100 ng/ml alfentanil, 50 mg of 
tianeptine + 100 ng/ml of alfentanil, and 100 mg of tianep-
tine + 50 ng/ml alfentanil), the study was prematurely 
ended. After the oral tianeptine study had demonstrated 
a clinically relevant e� ect, we developed an intravenous 
administration form of the drug as the intravenous route 
was considered more clinically relevant when aiming at 
reversal of opioid-induced respiratory depression in the 
perioperative setting. The second study had two parts: 
an initial population pharmacokinetic modeling study to 
obtain pharmacokinetic data to design an infusion scheme 
for study 2b, in which the e� ect of four sequential increases 
in tianeptine doses were given on top of remifentanil-in-
duced respiratory depression and minute ventilation (V ̇  

E 
) 

was measured at isohypercapnia. 

 Participants 

Male and female participants were recruited by advertise-
ments in the local newspaper and � yers posted on the cam-
pus of Leiden University. Inclusion criteria were: age 18 
to 40 yr; body mass index of less than 30 kg·m –2 ; and the 
ability to communicate with the investigators. Exclusion 
criteria were: clinically relevant history or current physical 
or mental disease; systolic blood pressure greater than 160 
mmHg or diastolic blood pressure greater than 95 mmHg 
at screening; history of alcohol or substance abuse within 
3 yr before screening; use of more than 20 units of alco-
hol per week; a positive alcohol breath test at screening or 
on the morning of the dosing days; use of any medication 
except oral contraceptives; not using contraceptives or not 
surgically sterilized when sexually active; positive preg-
nancy test at screening or on the morning of the study; 
history of allergic reaction to study medication; participa-
tion in an investigational drug trial in the 2 months before 
screening; or any other condition that in the opinion of the 
investigator would complicate or compromise the study or 
the well-being of the subject. 

 Study Design 

To measure V ̇
E 
 and induce isohypercapnia in studies 1 and 

2b, we used the dynamic end-tidal forcing technique.  13 , 14  

This technique allows rapid changes in end-tidal carbon 
dioxide concentration while maintaining the end-tidal 
oxygen concentration constant. The technique has been 
described extensively before. In brief, subjects breathed 
through a facemask connected to a pneumotachograph 
(catalog no. 4813; Hans Rudolph Inc., USA) to measure 
respiratory � ow and volume, which was connected to 
three mass � ow controllers (Bronkhorst High Tech, The 
Netherlands) for the delivery of oxygen, carbon dioxide, 
and nitrogen. The mass � ow controllers were controlled 
by a computer running the custom-made RESREG/
ACQ software (Leiden University Medical Center, The 
Netherlands), allowing the manipulation of the end-tidal 
gas concentrations by varying the inspired concentration, 
breath-to-breath data acquisition and real-time visualiza-
tion of the data. The inspired and expired oxygen and car-
bon dioxide partial pressures were measured at the mouth 
using a capnograph (Datex Capnomac, Finland). Heart 
rate, blood pressure, and arterial oxygen saturation were 
continuously measured from the arterial cannula (Datex 
Cardiocap, Finland), and by pulse oximetry (Masimo 
Corporation, USA), respectively.  
Study 1  .  For study 1, a total of 24 subjects received 
alfentanil/tianeptine or alfentanil/placebo in a double-blind, 
randomized, crossover design with eight subjects receiving 
each tianeptine dose. The steady-state respiratory response 
to hypercapnia was measured using four 7-min steps in 
end-tidal carbon dioxide concentration were applied with 
step sizes of 4.5 mmHg (0.6 kPa), 9 mmHg (1.2 kPa), 13.5 
mmHg (1.8 kPa), and 18.0 mmHg (2.4 kPa) above rest-
ing end-tidal carbon dioxide concentration.  14   Throughout 
the test, the end-tidal P o  

2 
 was kept at normoxia (105 

mmHg or 14 kPa). The hypercapnic ventilatory response 
was obtained before any drug administration and 15 min 
after ingestion of the tianeptine or placebo tablets; alfen-
tanil target-controlled infusion (targets 100 or 50 ng/ml) 
started 45 min after tianeptine or placebo tablets, and sub-
sequent hypercapnic ventilatory responses were obtained 
at 30, 90, and 150 min during alfentanil administration. A 
� nal hypercapnic ventilatory response was obtained 30 min 
after discontinuation of the alfentanil infusion. The design 
of the study considered the kinetics of oral tianeptine with 
rapid absorption (maximum concentration occurs after 
approximately 1 h), systemic availability of 99%, and an 
elimination half-life of 2.5 h.  15   The primary endpoint for 
analysis was the change from baseline of V  ̇

E 
 at an extrap-

olated end-tidal carbon dioxide concentration of 7.3 kPa 
or 55 mmHg (V ̇ 

E 
55). Since bioavailability may vary due 

to alfentanil-induced delayed gastric emptying, a pragmatic 
approach was adopted for data analysis. In the analysis, we 
used the maximum change in V ̇ 

E 
55 value (relative to base-

line) of the three measurements during alfentanil infusion 
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observed in the tianeptine group and compared this mea-
surement to the corresponding measurement during the 
placebo experiment. 
The Hypercapnic Ventilatory Response  .  The ventilatory 
response to hypercapnia ( � g. 1   ) has a “dog leg” or hockey 
stick appearance with an initial � at part, where ventilation 
is independent of the carbon dioxide concentration, and, 
beginning at the so-called ventilatory recruitment threshold, 
a linear increasing part.  14 , 16   The linear increase is described by 
a slope (S) and an “apneic threshold” (B) or the extrapolated 
carbon dioxide concentration at which ventilation theoret-
ically would be 0, de� ned by the following equation: venti-
lation = S × (end-tidal carbon dioxide concentration – B). 
Only during anesthesia does ventilation reach 0 at the 
apneic threshold; hence, the � at part is considered the 
wakefulness drive to breathe. Upon administration of an 
opioid, the linear part of the curve often shifts to the right, 
causing a prolongation of the � at part of the curve. This is 
apparent in  � gure 1A  and  B , which show that ventilation 
does not increase going from 5 to 6 kPa ( � g. 1A ) or from 6 
to 7 kPa ( � g. 1B ).  
Pharmacokinetic Study (Study 2a)  .  The pharmacokinet-
ics of intravenous tianeptine (AMO Pharma Ltd., United 
Kingdom) was measured in six subjects.  In silico  simulations 
were performed based on the pharmacokinetic data set of 
Salvadori  et al.   15   to obtain four 15-min steps in tianeptine 
plasma concentration with escalation concentrations: 100, 
200, 400, and 800 ng/ml. The simulations led to a speci� c 
dosing scheme in the pharmacokinetic study: a bolus dose 
given over 1 min followed by a 14-min continuous infusion. 

The � rst dose (t = 0) was 2 mg followed by an infusion 
of 0.7 mg given over 14 min (rate = 0.05 mg/min). After 
15 min, a 2-mg bolus dose was followed by 1.4 mg over 
14 min (0.10 mg/min). After 30 min, a 4-mg bolus was fol-
lowed by 2.8 mg given over 14 min (0.2 mg/min). Finally, a 
bolus dose of 8 mg at t = 45 min was followed by an infusion 
of 5.6 mg over 14 min (0.4 mg/min). The total dose given 
was 26.5 mg. All doses were based on a 70-kg individual. 
Study 2b  .  In study 2b, 15 subjects participated in a double-
blind, randomized, crossover design receiving remifentanil/
placebo or remifentanil/tianeptine. The e� ect of an intra-
venous tianeptine dose escalation on remifentanil-induced 
respiratory depression at isohypercapnia was measured. To 
that end, the end-expired end-tidal carbon dioxide con-
centration was increased such that V  ̇

E 
 was 20 ± 2 l/min. 

Thereafter, remifentanil was infused by target-controlled 
infusion, such that isohypercapnic V ̇ 

E 
 decreased by approx-

imately 40% of baseline. After steady-state V  ̇
E 
 was reached, 

tianeptine or placebo was infused at four distinct target lev-
els for 15 min each (total duration of infusion = 60 min) 
with target steady-state tianeptine plasma concentrations of 
400, 1,000, 1,500, and 2,000 ng/ml. Breath-to-breath min-
ute V  ̇

E 
 was measured (in min) and analyzed. 

Blinding, Dispensing, and Randomization  .   Both studies were 
fully blinded and randomized. Randomization was per-
formed by the trial pharmacy using computer-generated 
randomization lists. After subject allocation, the Leiden 
University Medical Center trial pharmacy prepared the 
medication on the morning of the study. For study 1, all 
tablets were reencapsulated, with all capsules identical in 

 Fig. 1.      Effect in study 1 of 50 mg of oral tianeptine ( A ) and placebo ( B ) on the steady-state ventilatory response to carbon dioxide in a single 
subject from a single run 90 min after the ingestion of tianeptine or placebo. The  arrow  indicates ventilation at an extrapolated end-expiratory 
concentration of 7.3 kPa or 55 mmHg (V ̇ E 55). The  dots  represent 1-min averages of ventilation data obtained at rest (no added carbon dioxide; 
horizontal part of the  red curve ) or at elevated end-expiratory carbon dioxide concentration. The  black broken curve  is the fi tted hypercapnic 
ventilatory response curve. The data at ventilation levels above resting ventilation are fi tted to the following equation: Ventilation = slope × 
(end-tidal carbon dioxide concentration – B). ( C ) Pooled data of the primary endpoint of study 1: V ̇ E 55. The  red bars  show the effects of either 
alfentanil plus placebo (P) or alfentanil plus tianeptine (T) for each of the three dosing groups. The mean differences are given in green. The 
data are means ± 95% CI.    
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size and color. For study 2b, the intravenous tianeptine or 
placebo were delivered in an opaque syringe for intravenous 
administration. The study drugs were packed in numbered 
(subject number) but otherwise unmarked containers or 
syringes and dispensed to the study team just before dosing. 
The study was independently monitored, and data analyses 
were performed after database lock.   
Drug Development, Opioid, and Tianeptine Administration  .  In 
study 1, alfentanil (Jansen Cilag BV, The Netherlands; alfen-
tanil HCl in 0.9% NaCl in water) was administered  via  an 
infusion cannula placed in the left or right cubital vein. The 
drug was administered by target-controlled infusion with 
a target plasma concentration of 50 or 100 ng/ml (on dif-
ferent occasions) using the pharmacokinetic data set from 
Maitre  et al.   17   At 45 min after the ingestion of the tianeptine/
placebo (37.5, 50, or 100 mg), the alfentanil infusion started 
and lasted for 2 h. Over this time range, we estimated that 
the plasma concentrations after the 37.5-mg oral tianeptine 
dose rapidly decrease from 500 to 180 ng/ml and after the 
50-mg oral tianeptine dose decrease from 700 to 260 ng/
ml.  15   Tianeptine was ingested with 100 ml of noncar-
bonated water. Tianeptine tablets (Stablon, 12.5 mg) were 
obtained from Laboratories Servier SA (France). 

 For studies 2a and 2b, a sterile tianeptine sodium intra-
venous formulation (sodium; 7-[(3-chloro-6-methyl-5,5-
dioxo-11Hbenzo[c][2,1] benzothiazepin-11-yl)amino]
heptanoate; 1 mg/ml) was developed by AMO Pharma Ltd. 
Tianeptine is a drug with two pKa values. Formulation 
approaches therefore sought to optimize the pH where 
ionization would a� ord physical stability at the target drug 
loading, without pH-mediated chemical instability. Drug 
loading optimization also addressed hydrophobic stacking 
instability concerns. The resulting formulation was manu-
factured under current Good Manufacturing Practice con-
ditions by KABS Pharmaceuticals Inc. (Canada) with AMO 
Pharma Ltd. oversight. Sterility and bacterial endotoxin 
testing were performed by Nucro-Technics Inc. (Canada). 
Full current Good Manufacturing Practice release testing 
was performed by KABS Pharmaceuticals Inc. (Canada) 
using validated methods. Clinical labeling, packaging, and 
quali� ed person release were performed by the Leiden 
University Medical Center pharmacy, which is current 
Good Manufacturing Practice-certi� ed. 

In study 2b, remifentanil (Sandoz NV, Belgium) was 
infused by target-controlled infusion, using the pharma-
cokinetic set of Minto  et al ,  18   after V  ̇

E 
 had stabilized at its 

isohypercapnic level of 20 ± 2 l/min. Remifentanil infu-
sion was started at a target concentration of 1 ng/ml and 
was adjusted in steps of 0.1 ng/ml to reach a ventilatory 
depression level of 40% of baseline. Only when remifen-
tanil-depressed V  ̇

E 
 had reached its target steady-state level, 

did the tianeptine infusion start. Four consecutive dose 
escalations in tianeptine were performed at 15-min inter-
vals to reach estimated steady-state tianeptine target con-
centrations of 400, 1,000, 1,500, and 2,000 ng/ml. This was 

done by administration of a bolus dose given over 1-min 
followed by a 14-min continuous infusion. The doses were 
determined based on the results of the pharmacokinetic 
study. The � rst dose was made up of a 4-mg bolus, given 
over 1 min, followed by 2.8 mg given over 14 min, with a 
subsequent dose increment of an 8-mg bolus, followed by 
5.6 mg given over 14 min; the next incremental bolus dose 
was 9 mg, followed by 6.3 mg given over 15 min and � nally 
a 10-mg bolus followed by 7 mg given over 14 min. Each 
bolus infusion lasted 1 min, and all doses are per 70 kg. 
Blood Samples and Measurement of Tianeptine and MC5  .   In 
study 2a and 2b, blood samples were obtained from an arte-
rial line, placed in the radial artery of the nondominant 
arm, to measure plasma concentrations of tianeptine and 
its metabolite MC5. Blood samples were obtained at t = 0 
(pre-tianeptine baseline), and 1, 2, 9, 15, 16, 17, 24, 30, 31, 
32, 39, 45, 46, 47, 54, 60, 61, 62, 70, 80, and 90 min after the 
start of tianeptine infusion. Plasma samples were shipped 
to Charles River Laboratories Montreal ULC (Canada), 
where the concentrations were measured by liquid 
chromatography-tandem mass spectrometry. The analytical 
range for both parent and metabolite was 1 to 1,000 ng/
ml. The intraassay precision and bias were no greater than 
6 and –11%, respectively, while the interassay precision and 
bias were no greater than 5 and – 6%, respectively, over the 
concentration range of 1 to 1,000 ng/ml for tianeptine and 
MC5.   
Adverse Events  .   All adverse events were noted in the case 
report forms. Despite the fact that the literature indicates 
that tianeptine, even at high doses, is well tolerated, all sub-
jects were closely monitored during tianeptine exposure 
and queried after � nalizing the experiment with special 
focus on dry mouth, dizziness, drowsiness, and postural 
hypotension.  

 Sample Size and Data Analysis  

Sample Size Determination  .  Because study 1 was a proof-
of-concept study, the number of subjects was somewhat 
arbitrarily set at  n  = 8 per dose arm. The aim of this part 
of the project was to detect a clinically relevant reduction 
in alfentanil-induced respiratory depression after the inges-
tion of tianeptine with  a priori  de� nition of e� ects size or 
signi� cance level. In study 2b, no data were available on the 
e� ect of intravenous tianeptine on remifentanil-induced 
respiratory depression. We therefore relied on earlier studies 
from our laboratory on the e� ect of the intravenous infu-
sion of the experimental drug GAL021 (currently known 
as ENA001) and  S -ketamine on reversal of opioid respira-
tory e� ects.  19 , 20   In those randomized controlled trials that 
used a crossover design, 12 subjects were su�  cient to detect 
a signi� cant reversal e� ect from the interventions. To con-
sider the uncertainties in our assumptions, we performed 
the randomized controlled trial in 15 subjects using a cross-
over design (placebo  vs.  tianeptine; each subject underwent 
two experiments with at least 1 week between visits). 

ALN_V137N4_Text.indb   450ALN_V137N4_Text.indb   450 20-Sep-22   14:42:2620-Sep-22   14:42:26

D
ow

nloaded from
 /anesthesiology/issue/137/4 by guest on 19 April 2024



 Anesthesiology 2022; 137:446–58 451

 Tianeptine Respiratory Effects

 Algera  et al.

Data Analysis of Study 1  .  The slope of the hypercapnic venti-
latory response was estimated in R (The R Foundation for 
Statistical Computing,  www.r-project.org ). Within R, data 
analysis was automated: (1) from the raw data, the medians 
of the 1-min breath-to-breath minute V̇ 

E 
 were calculated; (2) 

all measurements obtained without carbon dioxide stimula-
tion (baseline V̇ 

E 
) and measurements during the � nal 2-min of 

each hypercapnic step of the hypercapnic ventilatory response, 
representing steady-state hypercapnic V̇ 

E 
, were selected for 

further analysis; and (3) the linear increasing parts of the 
hypercapnic ventilatory response curves beyond the ventila-
tory recruitment threshold were � tted (V̇ 

E 
  vs.  end-tidal carbon 

dioxide concentration) to obtain the slope of the hypercapnic 
ventilatory response curve and the extrapolated V̇ 

E 
55.  14  

A two-way repeated-measures analysis of variance (with 
factors treatment, time, and time × treatment) was run for 
each tianeptine dose to determine the e� ect of tianeptine 
versus  placebo on V  ̇

E 
55. Since this was a proof-of-concept 

trial aimed to detect an exploratory study, no  P  value was 
determined  a priori  for statistical signi� cance. Statistical 
analysis was performed in R. 
Data Analysis of the Pharmacokinetic Study (Study 2a)  .   The 
pharmacokinetic data were analyzed with a two-compartment 
pharmacokinetic model using a population analysis in 
NONMEM version 7.5.0 (ICON Development Solutions, 
USA). The pharmacokinetic model estimates were used to 
design the dosing scheme used in study 2.   
Data Analysis of Study 2b.    Eight 1-min timepoints were 
de� ned: timepoint A = baseline, before hypercapnia and 
drug administration; timepoint B = isohypercapnia, before 
any drug administration); timepoint C = remifentanil at 
steady-state, before tianeptine administration; timepoint 
D = 15 min into tianeptine administration,  i.e.,  end of 
� rst tianeptine step with target concentration of 400 ng/
ml; E = 30 min into tianeptine administration,  i.e.  end of 
second tianeptine step with target steady-state concentra-
tion 1,000 ng/ml; F= 45 min into tianeptine administration, 
i.e.  end of third tianeptine step with target concentration 
1,500 ng/ml; G = 60 min into tianeptine administration, 
i.e.  end of last tianeptine step with target concentration 
2,000 ng/ml; and H = 15 min after the end of tianeptine 
infusion. At each time point, 1-min averages were obtained 
of minute V ̇

E 
, tidal volume, and respiratory rate for data pre-

sentation. The minute V̇ 
E 
 data (tianeptine  vs.  placebo over 

time) were analyzed by a two-way repeated-measures anal-
ysis of variance (with factors treatment, time, and time × 
treatment) in R with  P  values < 0.01 considered signi� cant 
to correct for multiple comparisons (5).  Post hoc  tests were 
by two-tailed paired  t  tests. The data are means ± SD unless 
otherwise stated. 

 Results 
All subjects completed the experimental sessions without 
serious adverse events. Apart from sedation, no adverse 

events were detected. Altogether, 45 healthy subjects (22 
men and 23 women) participated with a mean age of 23 yr 
(range, 20 to 26 yr) and a mean body mass index of 23 kg/
m 2  (range, 20 to 26 kg/m 2 ). 

 Study 1 

An example of a placebo and tianeptine experiment after 
the oral ingestion of 50 mg of tianeptine or placebo in a 
single subject is shown in  � gure 1 . It shows that alfentanil 
e 50-V ̇

E 
55 after thmg tianeptine pretreatment was greater 

than that after placebo pretreatment (26.4 l/min  vs.  5.8 l/
min) due to an increase in the slope of the hypercapnic ven-
tilatory response curve and a leftward shift of the hypercap-
nic ventilatory response curve. The placebo curve is typical 
for an opioid e� ect,  i.e.  a rightward shift of the ventilatory 
response curve and a decrease of the slope (see � g. 1).  14  

Population analysis of the studentized residuals showed 
that there was normality, as assessed by the Shapiro–Wilk test 
of normality and no outliers, as assessed by nonstudentized 
residuals greater than 3 standard deviations. There was sphe-
ricity for the interaction term, as assessed by Mauchly’s test 
of sphericity for each of the analyzed tianeptine doses. There 
was no statistically signi� cant interaction between tianep-
tine or placebo and time on alfentanil-induced decrease in 
V̇ 

E 
55 for 37.5 mg of tianeptine ( n  = 8; mean di� erence, –0.1 

l/min; 95% CI, –1.7 to 1.5 l/min;  P  = 0.974). Tianeptine 
(50 mg) had a more pronounced e� ect on V̇ 

E 
55: alfentanil 

reduced V̇ 
E 
55 to 13.7 l/min (95% CI, 8.6 to 18.8 l/min) 

after placebo pretreatment and to 17.9 l/min (95% CI, 10.2 
to 25.7 l/min) after 50-mg tianeptine pretreatment ( n  = 8; 
mean di� erence, 4.2 l/min; 95% CI, –11.5 to 3.0 l/min; 
P  = 0.070;  � g. 1C ). We considered this ventilatory e� ect to 
be the signal that we were looking for. For the group treated 
with 100 mg of tianeptine and 50 ng/ml alfentanil, no e� ect 
on V̇ 

E 
55 was observed; the interaction between tianeptine 

and alfentanil was not signi� cant ( n  = 8; mean di� erence, 1.5 
l/min; 95% CI, –1.8 to 4.8 l/min;  P  = 0.934). 

 Pharmacokinetic Study 2a 

The mean plasma concentration of tianeptine and its 
metabolite TMC5 are given in  � gure  2A   . On average, 
the measured steady-state tianeptine concentrations were 
within the target ranges as determined by the  in silico  sim-
ulation studies based on the pharmacokinetic data set of 
Salvadori  et al.   15   The data � ts are given in  � gure 3   . They 
show the measured concentrations (closed circles) and 
data � t (continuous lines). Population parameter estimates 
derived from the NONMEM analysis were as follows: vol-
ume of compartment 1 (V 

1 
) ± standard error of the esti-

mate 1.5 ± 0.5 l,   ω 2  (with between-subject variability in 
the log domain) = 0.17 ± 0.26; volume of compartment 2 
(V 

2 
) = 13.2 ± 1.2 l, with   ω 2  = 0.02 ± 0.01; elimination 

clearance (CL 
1 
) = 16.0 ± 1.0 l/h, with   ω 2  = 0.002 ± 0.006; 

and intercompartmental clearance (CL 
2 
) = 68.5 ± 25.3 l/h, 
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with   ω 2  = 0.14 ± 0.15. Finally,   σ 2  (with in-subject variabil-
ity in the log domain) = 0.014 ± 0.003. Using these data, 
a new infusion scheme was designed starting with an ini-
tial 15-min target steady-state tianeptine concentration of 
400 ng/ml, followed by 1,000, 1,500, and 2,000 ng/ml.   

 Study 2b.  

The mean plasma concentration of tianeptine and its metab-
olite TMC5 are given in  � gure 2B . Average measured steady-
state tianeptine plasma concentrations were 530, 917, 1,440, 
and 2,000 ng/ml. Baseline end-tidal carbon dioxide con-
centration did not di� er between treatment arms: placebo 
(mean ± SD), 5.2 ± 0.6 kPa (39 ± 4 mmHg)  versus  tianeptine, 
5.2 ± 0.8 kPa (39 ± 6 mmHg). The end-tidal carbon dioxide 
concentration values at the initiation of the isohypercapnic 
clamp were: placebo, 6.7 ± 0.6 kPa (50 ± 5 mmHg)  versus 
tianeptine, 6.6 ± 0.6 kPa (49 ± 5 mmHg); at the end of the 
experiment, the equivalent values were as follows: placebo, 
6.7 ± 0.6 kPa (50 ± 5 mmHg)  versus  tianeptine, 6.7 ± 0.7 kPa 
(50 ± 5 mmHg). To get an indication of end-tidal carbon 
dioxide concentration control, we calculated the SD of end-
tidal carbon dioxide concentration during a random 10-min 
period of the isohypercapnic clamp. These SD values were, 
on average, 0.06 and 0.08 kPa (0.45 and 0.60 mmHg) in 
the placebo and tianeptine arms of the study or 1 and 1.2% 
of the target end-tidal CO 

2 
 concentrations, respectively. The 

remifentanil target concentrations did not di� er between 
the placebo and tianeptine arms of the study and ranged 
from 0.7 to 2.0 ng/ml in the two arms. 

Examples of placebo and tianeptine experiments in 
one subject (subject 001) are given in  � gure 4   . The � gure 

shows the breath-to-breath data (black dots). The di� er-
ence between the two treatments is evident, with a slow 
tianeptine-induced further decline in V  ̇

E 
 relative to placebo 

data. The mean ventilatory data are presented in  � gure 5   . 
It shows that (1) isohypercapnia increased V  ̇

E 
 to 23.2 ± 3.0 

l/min (placebo) and 21.6 ± 2.6 l/min (tianeptine); (2) 
remifentanil decreased V ̇ 

E 
 by 40% in both groups; (3) pla-

cebo had no e� ect on V ̇ 
E 
 that remained constant at approx-

imately 15 l/min throughout the last hour of the study 
(periods C through G: from 14.9 ± 0.5 to 15.0 ± 0.9 l/min); 
and (4) tianeptine infusion caused a further decrease in V ̇ 

E 

from period C to G, from 14.2 ± 0.4 to 9.6 ± 0.8 l/min, a 
35% decrease ( � g. 5 ).   

Analysis of the studentized residuals showed that there 
was normality as assessed by the Shapiro–Wilk test of nor-
mality and no outliers, as assessed by no studentized resid-
uals greater than ± 3 SDs. There was sphericity for the 
interaction term, as assessed by Mauchly’s test of spheric-
ity. There was a statistically signi� cant interaction between 
treatment and time on V ̇

E 
 ( P  < 0.001). Therefore, simple 

main e� ects were run. At the end of the 15-min remifen-
tanil infusion, V ̇

E 
 was not statistically signi� cantly di� erent 

for the placebo condition (14.9 ± 0.5 l/min) compared 
to the tianeptine condition (14.2 ± 0.4 l/min) just before 
tianeptine or placebo infusion (mean di� erence, 0.6 l/min, 
95% CI, –0.5 to 1.6 l/min;  P  = 0.262;  � g. 5B , timepoint 
C). Next, V ̇

E 
 decreased after 15 min of tianeptine infusion 

(13.9 ± 0.4 l/min) compared to the placebo (15.4 ± 0.5 l/
min; mean di� erence, 1.4 l/min; 95% CI, 0.1 to 2.8 l/
min;  P  = 0.040;  � g. 5B , timepoint D) and after 30 min of 
tianeptine infusion (12.1 ± 0.6 l/min) compared to pla-
cebo (14.5 ± 0.6 l/min; mean di� erence, 2.4 l/min; 95% 

 Fig. 2.      Results of study 2a and 2b. ( A ) Study 2a. Plasma concentrations of tianeptine and its metabolite TMC5 in the pharmacokinetic 
study were obtained in six subjects with a dosing regimen based on the pharmacokinetic data from Salvadori  et al .  15   ( B ) Study 2b. Plasma 
concentrations of tianeptine and its metabolite TMC5 observed during the randomized placebo-controlled trial in 15 subjects. The data are 
means ± 95% CI.    
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CI, 0.5 to 4.2 l/min;  P  = 0.016;  � g.  5B , timepoint E). 
When correction for multiple comparisons was applied 
( P  values < 0.01 = 0.05/5), V ̇

E 
 was signi� cantly decreased 

after 45 min of tianeptine infusion (11.3 ± 0.5 l/min) com-
pared to the placebo (14.4 ± 0.5 l/min; mean di� erence, 
3.1 l/min; 95% CI, 1.8 to 4.4 l/min;  P  < 0.001;  � g. 5B , 
timepoint F), 60 min of tianeptine infusion (9.6 ± 0.8 l/
min) compared to the placebo (15.0 ± 0.9 l/min; mean 
di� erence, 5.3 l/min; 95% CI, 2.5 to 8.2 l/min;  P  = 0.001; 
 � g. 5B , timepoint G) and remained decreased at 15 min 
after discontinuation of tianeptine infusion (10.3 ± 0.7 l/
min) compared to the placebo (15.5 ± 0.7 l/min; mean 
di� erence, 5.2 l/min; 95% CI, 3.7 to 6.7 l/min;  P  < 0.001; 
 � g.  5B , timepoint H). V ̇

E 
 did not change over time in 

the placebo condition ( P  = 0.391), whereas V ̇
E 
 did sig-

ni� cantly decrease over time for the tianeptine condition 
from the start of infusion ( P  < 0.001). 

 Discussion 
The main � nding of our randomized controlled trial (study 
2b) is that over the concentration range tested (500 to 
2,000 ng/ml), tianeptine did not produce respiratory stim-
ulation during remifentanil-induced respiratory depression 
but instead worsened respiratory depression with a fur-
ther decline in V̇ 

E 
 by 5 l/min ( � g. 5 ). The rejection of our 

hypothesis deserves in-depth scrutiny of the drug, the ani-
mal data, and the various steps taken in our project. 

 Pharmacology of Tianeptine 

Tianeptine has structural similarities to the tricyclic antide-
pressants but has no a�  nity for neurotransmitter receptors 
and does not interfere with monoaminergic modulators in 
the brain.  8 , 9 , 11   It has two metabolites: MC5, which is the 
main metabolite in plasma, and MC3, which is the main 

 Fig. 3.      NONMEM data fi ts of the pharmacokinetic study in six subjects ( A–F ) treated with a tianeptine infusion scheme based on the phar-
macokinetic data set of Salvadori  et al .  15   (study 2a). The estimated pharmacokinetic model parameters were used to design the infusion 
scheme of study 2b.    
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metabolite in urine.  11   Both tianeptine and MC5 possess 
antidepressant activity.  11   Tianeptine induces mood improve-
ment and antianxiety e� ects by modi� cation of synaptic 
plasticity and improving the performance of brain networks 
involved in mood and a� ective functioning.  8–10   Relevant to 
opioid-induced respiratory depression, tianeptine enhances 
AMPA receptor-mediated transmission by acting at 
allosteric sites; it increases AMPA receptor currents through 
kinase phosphorylation; and at the same time, glutamatergic 
transmission at  N -methyl- d -aspartate receptors is reduced 
by tianeptine.  8–10   Both mechanisms may cause respiratory 
stimulation during opioid-induced respiratory depression. 
For example, the ampakines, that are able to counteract 
opioid-induced respiratory depression, do so by facilitating 
AMPA receptor-mediated glutamatergic transmission,  2 , 21  

while ketamine, another drug, that is able to alleviate 
opioid-induced respiratory depression at subanes-
thetic doses, reduces  N -methyl- d -aspartate–mediated 

 Fig. 5.      Results of study 2b performed in 15 subjects. T = 0 min 
is the start of tianeptine ( green symbols ) or placebo ( black 
symbols ) infusion; T = 60 min is the end of tianeptine infusion. 
Timepoint  A  shows the baseline. Timepoint  B  shows isohyper-
capnia. Timepoints  C  to G show the 15-min intervals correspond-
ing to tianeptine dose escalation. Timepoint  H  is 15 min following 
the end of tianeptine infusion. * P  < 0.001  versus  placebo; ** P  = 
0.001  versus  placebo. The data are means ± SD. No statistical 
analysis was performed on tidal volume and respiratory rate. ( A ) 
Tianeptine concentration. ( B ) Ventilation. ( C ) Tidal volume. ( D ) 
Respiratory rate.    

 Fig. 4.      Examples of the ventilatory effect of intravenous pla-
cebo ( A ) and tianeptine ( B ) on remifentanil-induced respiratory 
depression (study 2b). The  dots  show ventilation, with each dot 
representing one breath. The  red line  represents remifentanil 
infusion, the  black line  represents the four placebo or tianeptine 
steps, and the  green line  represents the isohypercapnic period. 
The data are from subject 001.    
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glutamatergic neurotransmission.  20   Hence, from a theoreti-
cal point of view, tianeptine is a valid candidate to counter-
act or prevent respiratory depression induced by opioids in 
ways similar to the ampakines and ketamine. Finally, tianep-
tine does act as an agonist on  µ -opioid receptors, which 
may reduce its respiratory stimulatory capabilities.  12  

 Animal Study 

Cavalla  et al.   7   studied the e� ect of tianeptine in conscious 
rats. The animals were pretreated with tianeptine 2 and 
10 mg/kg, given intraperitoneally, 5 min before 10 mg/
kg morphine, given intraperitoneally; V ̇

E 
 was measured 

by whole body plethysmography. Control arms consisted 
of pretreatment with placebo, the ampakine CX-546, and 
the tianeptine analog DP-201. Low-dose tianeptine, CX-5
46, and DP-201 but not high-dose tianeptine e� ectively 
increased respiratory activity before any morphine admin-
istration. In contrast to placebo, both tianeptine doses, 
CX-546, and DP-201 e� ectively prevented morphine-
induced respiratory depression for at least 60 min after mor-
phine injection. These results support the theoretical notion 
that tianeptine is a viable drug to be used in the treatment 
of opioid-induced respiratory depression. 

 Study 1 

In the initial proof-of-concept trial, we tested the e� ect of 
pretreatment with oral tianeptine (37.5, 50, and 100 mg) 
and placebo on alfentanil-induced respiratory depression 
in healthy male and female volunteers. Our approach was 
similar to that of Oertel  et al. ,  21   who tested the e� ect of the 
ampakine CX717 on alfentanil-induced respiratory depres-
sion (alfentanil target concentration of 100 ng/ml) on the 
V ̇

E 
55 of the hypercapnic ventilatory response in 15 healthy 

volunteers and observed an increase in V̇ 
E 
55 of 5.2 l/min 

from alfentanil/placebo to alfentanil/CX717 (p = 0.02). 
After the intake of 50 mg tianeptine, we observed that alfen-
tanil V̇ 

E 
55 was greater by 4.2 l/min compared to placebo 

( P  = 0.070). We considered this the signal that we were 
searching for and subsequently initiated the development 
of an intravenous tianeptine formulation. Interestingly, no 
e� ect was observed when the tianeptine dose was increased 
to 100 mg and the alfentanil target concentration was low-
ered to 50 ng/ml. At the time, we related this to the small 
sample size ( n  = 8/group). 

 Study 2 

After the development of intravenous tianeptine, we per-
formed a pharmacokinetic study that allowed the design of 
the randomized controlled trial. The trial itself was mod-
eled according to an earlier protocol that showed that intra-
venous  S -ketamine partly restored remifentanil-induced 
respiratory depression.  20   The target remifentanil concen-
tration, the magnitude of the remifentanil-induced respi-
ratory depression, and the isohypercapnic levels were all 

comparable between the two studies. In contrast to expec-
tation, we observed a slow decline in isohypercapnic V̇ 

E 
 by 

approximately 5 l/min during the 1-h tianeptine infusion. 
These data are in sharp contrast to the animal study but 
also to study 1, which did not show a decrease in V ̇

E 
55 at 

any time period after tianeptine pretreatment. Several non-
mutually exclusive mechanisms may be responsible for our 
� ndings. There are suggestions in the animal study, as well 
as in study 1, that tianeptine has a bell-shaped dose-response 
curve.  7   This then suggests that the excitatory e� ects of 
tianeptine on respiration wane at higher brain concentra-
tions. This may well be related to the opioid receptor e� ects 
of tianeptine.  12 , 22 , 23   Gassaway  et al.   12   showed that tianeptine 
is a full agonist at  µ - and  δ -opioid receptors, while Samuels 
et al.   23   showed opioid e� ects induced by tianeptine’s metab-
olite MC5. It was speculated that these opioid e� ects could 
be responsible for triggering many of the e� ects attributed 
to tianeptine, including antidepression and anxiolysis.  12 , 22 , 23  

Animal studies did � nd that tianeptine is an e� ective analgesic 
in acute and chronic in� ammatory pain, related to  µ -opioid 
receptor activation but also to activated adrenergic neuro-
transmission.  24 , 25   Finally, intoxication with tianeptine, often 
combined with other substances, is well treated with nalox-
one,  26 , 27   although there are case reports that describe acute 
and chronic high-dose tianeptine abuse (750 to 3,000 mg/
day) without any cardiorespiratory side e� ects.  28 , 29   These 
latter observations suggest the absence of a clinically rel-
evant opioid e� ect in humans. Given all of the above, we 
conclude that tianeptine over the concentration range of 
500 to 2,000 ng/ml worsened the respiratory depression 
induced by remifentanil, possibly related to its  µ -opioid 
agonistic e� ect, although we cannot exclude other causes. 
To determine the dose dependency of tianeptine’s respira-
tory e� ects, it is necessary to study the e� ect of di� erent 
doses on baseline ventilation and the hypercapnic ventila-
tory response without concomitant opioid infusion. 

Another cause of the respiratory depression induced 
by tianeptine may be its sedative e� ects. In study 2b, 
when queried, all subjects indicated an increase in the 
level of sedation; however, we did not quantify this 
e� ect. Increase in sedation from any cause may worsen 
opioid-induced respiratory depression.  30   Our and other 
data indicate that sedatives such as alcohol, benzodiaz-
epines, and also antidepressants worsen opioid-induced 
respiratory depression.  14 , 29   We considered some other 
issues that might have di� ered between the placebo and 
tianeptine arms of our randomized trial, such as dif-
ferences in sensations that may have occurred during 
infusion of tianeptine  versus  placebo or unintentional 
di� erences in end-tidal CO 

2 
 between study arms. Still, 

the study was fully blinded, and there were no di� er-
ences in baseline V ̇ 

E 
, isohypercapnic level, and end-

expired CO 
2 
 control between study arms, and also no order 

e� ect was present in the data. In addition, none of the sub-
jects complained of pain upon injection. Hence, there are 
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no methodologic issues or any imbalance between study 
arms that can explain the enhancement of remifentanil-
induced respiratory depression in our study. Studies 1 
and 2b, however, di� ered in the timing of treatment with 
tianeptine, pretreatment in study 1 (replicating the ani-
mal study of Cavalla et al.  7  ), and tianeptine infusion after 
the establishment of respiratory depression in study 2. 
Still, it seems improbable that a � xed respiratory depres-
sant e� ect precluded a clinical e� ect from tianeptine as 
a respiratory stimulant, since the animal data show that 
ampakines given before or after fentanyl both e� ectively 
reduce ventilatory depression.  31   Finally, we induced respi-
ratory depression by two distinct phenylpiperidine deriv-
atives with very di� erent pharmacokinetics but similar 
pharmacodynamics. This was done to replicate earlier 
studies with these two opioids.  20 , 21   Whether the use of 
remifentanil contributed to the rejection of our hypoth-
esis is questionable, as an earlier study showed that its 
respiratory e� ects are successfully counteracted by low-
dose ketamine.  20  

 Future Perspectives 

We recently reviewed all current nonnaloxone reversal 
strategies currently applied or under development.  6   These 
included partial opioid agonists, cannabinoid 2 receptor 
agonists, ketamine, thyrotropin-releasing hormone, oxy-
tocin, nicotinic acetylcholine receptor agonists, ampak-
ines, serotonin receptor agonists, antioxidants, background 
potassium channel blockers, and opioid sequestration tech-
niques. We argued that currently none of these often-still-
experimental therapies are su�  ciently examined with 
respect to e� ect and safety, and many of the compounds 
have little e� ect at deeper levels of respiratory depression 
or come with many side e� ects.  6   We therefore suggest 
development of reversal strategies that combine respiratory 
stimulants with, for example, naloxone. Possibly low-dose 
tianeptine combined with low-dose naloxone will attenu-
ate any clinically relevant opioid e� ect, and consequently 
this combination will be able to e� ectively counteract opi-
oid-induced respiratory depression. 

Finally, we argue that our stepwise approach,  i.e. , review 
of pharmacologic and animal data followed by a proof-of-
concept study and � nally a phase 1 randomized controlled 
trial (both studies were performed in established models 
of respiratory depression in human volunteers), exempli-
� es how we envision that nonopioid respiratory stimulants 
should be tested. Our project therefore serves as a model for 
studies that attempt to develop reversal strategies for potent 
opioid-related respiratory toxicity. 
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 Anesthesiology Refl ections from the Wood 
Library-Museum*  
    Jane S.     Moon    ,   M.D.   , 

  The Leech Airway: A Flute for Your “Champagne”? 

     In 1937, Canadian anesthesiologist Beverley Leech, M.D. (1898 to 1960), patented an early precursor to the 
laryngeal mask airway (LMA,  lower left ). His “pharyngeal bulb gasway,” also called the Leech airway, featured 
a soft, detachable rubber bulb around a tough metal core ( upper left ). Leech’s love for cyclopropane ( right ), 
dubbed the “champagne” of volatile anesthetics, inspired the airway’s design. Although rapid and smooth 
in onset, cyclopropane was expensive and explosive, mandating closed-circuit delivery. However, leak-free 
ventilation was challenging to achieve, as endotracheal intubation had yet to become routine. Laryngoscopes 
and tubes were still being re� ned, and prolonged laryngospasm easily occurred pre-curare. To avoid the risk 
of intubation, Leech envisioned a supraglottic airway that would optimize cyclopropane delivery through a 
closed circuit. For more than a year, he painstakingly examined the wax casts of cadaver throats to design a 
malleable bulb that conformed to the average adult pharynx. Once manufactured, the Leech airway gained 
favor. Its bulb, lubricated with Vaseline, could be advanced gently into the oropharynx of a mask-induced 
patient. However, when succinylcholine arrived in 1952, wondrously facilitating tracheal intubation, the Leech 
airway became obsolete. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of 
Anesthesiology.  www.woodlibrarymuseum.org )         

 Jane S.    Moon   ,  M.D., Assistant Clinical Professor, Department of Anesthesiology and Perioperative Medicine, University 
of California ,  Los Angeles, California .
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 EDITOR’S PERSPECTIVE 

  What We Already Know about This Topic  

•   Multimodal analgesic strategies are effective in reducing postop-
erative pain  

•   It is unclear how many analgesic elements are required in a multi-
modal strategy to achieve optimal results    

  What This Article Tells Us That Is New  

•   A randomized trial design compared analgesic requirements after 
total knee replacement surgery for patients receiving a standard 
multimodal regime  versus  one with additional analgesics  

•   Compared to the combination of intrathecal morphine, periarticular 
anesthetic infiltration, dexamethasone, and adductor canal block, 
additional intravenous analgesics and nerve blocks provided no 
incremental benefit           

 Severe pain after total knee arthroplasty can delay reha-
bilitation and hospital discharge, and patients commonly 

require opioid medication to obtain adequate postoperative 
analgesia. However excessive postoperative opioid use can 
increase adverse events and prolong hospital length of stay.  1 

Furthermore, prolonged prescription use is the strongest 
predictor of long-term dependence and misuse, and stud-
ies show that approximately 8% of opioid-naive total knee 

  ABSTRACT 
  Background:     An optimal opioid-sparing multimodal analgesic regimen to 
treat severe pain can enhance recovery after total knee arthroplasty. The hypoth-
esis was that adding fi ve recently described intravenous and regional interven-
tions to multimodal analgesic regimen can further reduce opioid consumption.  

  Methods:     In a double-blinded fashion, 78 patients undergoing elective total 
knee arthroplasty were randomized to either (1) a control group (n = 39) that 
received spinal anesthesia with intrathecal morphine, periarticular local anes-
thesia infi ltration, intravenous dexamethasone, and a single injection adductor 
canal block or (2) a study group (n = 39) that received the same set of anal-
gesic treatments plus fi ve additional interventions: local anesthetic infi ltration 
between the popliteal artery and capsule of the posterior knee, intraoperative 
intravenous dexmedetomidine and ketamine, and postoperatively, one addi-
tional intravenous dexamethasone bolus and two additional adductor canal 
block injections. The primary outcome measure was 24-h cumulative opioid 
consumption after surgery and secondary outcomes were other analgesics, 
patient recovery, functional outcomes, and adverse events.  

  Results:     Opioid consumption was not different between groups at 24 h 
(oral morphine equivalents, mean ± SD; study: 23.7 ± 18.0 mg  vs . control: 
29.3 ± 18.7 mg; mean difference [95% CI], –5.6 mg [–2.7 to 13.9];  P  = 
0.189) and all other time points after surgery. There were no major differences 
in pain scores, quality of recovery, or time to reach rehabilitation milestones. 
Hypotensive episodes occurred more frequently in the study group (25 of 39 
[64.1%]  vs . 13 of 39 [33.3%];  P  = 0.010).  

  Conclusions:     In the presence of periarticular local anesthesia infi ltration, 
intrathecal morphine, single-shot adductor canal block and dexamethasone, 
the addition of fi ve analgesic interventions—local anesthetic infi ltration 
between the popliteal artery and capsule of the posterior knee, intravenous 
dexmedetomidine, intravenous ketamine, an additional intravenous dexa-
methasone dose, and repeated adductor canal block injections—failed to 
further reduce opioid consumption or pain scores or to improve functional 
outcomes after total knee arthroplasty.   

(ANESTHESIOLOGY  2022 ;  137 : 459 – 70 )   

 No Benefi ts of Adding 
Dexmedetomidine, 
Ketamine, 
Dexamethasone, and 
Nerve Blocks to an 
Established Multimodal 
Analgesic Regimen after 
Total Knee Arthroplasty      
    Felipe     Muñoz-Leyva    ,   M.D.   ,       James M.     Jack    ,   M.B.B.S.   ,            
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arthroplasty patients are chronic opioid users at 6 months 
after surgery.  2   Designing an optimal perioperative analgesic 
strategy that minimizes postoperative opioid requirements 
is thus a critical part of an enhanced recovery total knee 
arthroplasty program. 

 Contemporary multimodal analgesic treatment for total 
knee arthroplasty consisting of oral nonopioid drugs ( e.g. , 
acetaminophen, nonsteroidal anti-in� ammatory agents, gab-
apentinoids) and surgical periarticular local anesthesia in� l-
tration is only partially e� ective in regard to opioid sparing.  3 

Several new options for multimodal analgesia have recently 
emerged. They include intraoperative administration of 
intravenous (IV) dexamethasone (steroid),  4   dexmedetomi-
dine ( α -2 agonist),  5   and ketamine ( N -methyl- d -aspartate 
antagonist),  6   as well as peripheral nerve block procedures 
such as continuous adductor canal block  7   and iPACK block 
(in� ltration between popliteal artery and posterior capsule 
of the knee).  8   While each of these individual interventions 
has demonstrable analgesic bene� t after total knee arthro-
plasty when compared to placebo or no intervention, the 
impact of incorporating these treatments simultaneously 
into contemporary multimodal analgesic regimen for total 
knee arthroplasty remains unknown. In this randomized, 
double-blind, controlled trial, we hypothesized that adding 
� ve novel analgesic interventions to our institutional stan-
dard multimodal treatments would further decrease postop-
erative opioid requirements after total knee arthroplasty. 

  Materials and Methods 
 This prospective, randomized, double-blinded study was reg-
istered on  www.clinicaltrials.gov  (NCT03954379; princi-
pal investigator, Vincent Chan, M.D.; registration date April 
16, 2019) and received approval from the University Health 
Network Research and Ethics Board (18-5920, approval date 
May 28, 2019). This study was conducted at Toronto Western 
Hospital between June 2019 and December 2020 in accor-
dance with the Declaration of Helsinki principles and followed 
the Consolidated Standards of Reporting Trials guidelines.  9 

  Participants 

 Patients aged 18 to 85 yr, with a body mass index of 38 kg/
m 2  or lower, who were having elective primary, unilateral 

knee arthroplasty were included. Exclusion criteria were 
revision/bilateral arthroplasty procedures, contraindications 
to spinal anesthesia, allergy to any of the study medications, 
neuropathy in the operative extremity, inability or refusal 
to provide informed consent, uncontrolled cardiac, blood 
pressure and respiratory diseases, and history of chronic pain 
unrelated to knee pathology requiring more than 50 mg 
of oral morphine equivalents per day. All patients were 
informed about the study procedures and provided written 
informed consent before randomization.  

  Randomization and Blinding 

 Patients were randomized into either the control group 
or study group with a 1:1 allocation ratio using a 
computer-generated block randomization technique 
( www.randomization.com ) and a block size of 6 patients 
per block. The investigator who generated the ran-
dom allocation sequence was the one who enrolled and 
assigned study patients to the study group per the ran-
domization list. Group allocation was concealed until the 
day of surgery using numbered sealed opaque envelopes. 
Each envelope was opened by an attending anesthesiol-
ogist, who then prepared the study medications accord-
ingly; this anesthesiologist did not participate further in 
the study or care of the patient. The patient, surgeon, 
physiotherapists, acute pain nurses, and investigators per-
forming patient assessment after surgery were blinded to 
treatment group allocation.  

  Preoperative Management 

 Preoperatively, all patients were administered 650 to 
1,000 mg of acetaminophen and 100 to 200 mg of celecoxib 
orally. Regional anesthesia procedures were performed by 
attending anesthesiologists or fellows and residents under 
supervision before surgery in a dedicated block room where 
noninvasive blood pressure, electrocardiogram, pulse oxim-
etry, supplemental oxygen  via  face mask, and IV access were 
established ( table 1   ). Titrated doses of 1 to 2 mg of IV mid-
azolam and 25 to 50   μ g of IV fentanyl were administered 
as needed to provide anxiolysis and analgesia during block 
performance.   

  Continuous Adductor Canal Block 

 An adductor canal block catheter was inserted in all 
patients at the level of the midthigh. The adductor canal 
was identi� ed using a linear 5 to 12 MHz ultrasound 
probe (Sonosite Edge, USA). The probe was rotated to 
obtain an oblique view of the super� cial femoral artery 
and adductor canal to allow for a more proximal needle 
insertion site. After skin sterilization and in� ltration with 
1 to 2 ml of 2% lidocaine, an 80-mm, 17-gauge Tuohy 
needle (Arrow StimuCath kit, Tele� ex Medical, USA) was 
advanced in plane in an anterolateral to posteromedial 
direction until the needle tip was positioned within the 
adductor canal deep to the vastoadductor membrane using 
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a hydrodissection technique with up to 10 ml of 5% dex-
trose solution. A 19-gauge catheter was advanced 2 to 3 cm 
into this � uid “pocket” within the adductor canal and then 
tunneled subcutaneously to exit the skin proximal to the 
site of the surgical thigh tourniquet and secured in place 
with adhesive dressings. After negative aspiration for blood, 
a bolus of 15 ml of 0.5% ropivacaine (75 mg) in 1:200,000 
epinephrine was injected through the tunneled catheter 
for all patients preoperatively.  

  Spinal Anesthesia 

 After insertion of the adductor canal block catheter, spinal 
anesthesia was administered with patients in the sitting posi-
tion. All patients received 2 to 3 ml of 0.5% preservative-
free isobaric bupivacaine (total 10 to 15 mg) and 100  μg of 
intrathecal morphine injected through a 25-gauge Whitacre 
needle (CHS MED-RX, Canada) at an appropriate space 
between the L2 and L5 vertebrae. The patients were then 
placed in a lateral decubitus position with the operative side 
uppermost, and adequacy of motor and sensory blockade 
was con� rmed before surgery.  

  Intraoperative Management 

 The surgical procedures were performed by a group of four 
experienced surgeons with patients in the supine position, 
using a standard medial parapatellar surgical approach and a 
thigh tourniquet. All patients received IV antibiotics and 1 g 
of tranexamic acid before surgical incision. The patients were 
sedated using IV propofol infusion (25 to 75  μg kg –1  min –1 ) 
and supplemented with 1 to 2 mg of IV midazolam or 25 to 

50  μg of fentanyl at the discretion of the anesthetic provider, 
in line with routine institutional practice. The surgeons, 
but not the anesthetic provider, were blinded to group 
allocation. 

 Periarticular local anesthetic in� ltration was performed 
by the surgeon under direct vision using a mixture of 100 ml 
of 0.2% ropivacaine (total 200 mg) + 0.6 mg epinephrine + 
30 mg ketorolac. The posterior capsule was in� ltrated using 
half of the solution before placement of the prosthesis, and 
the periarticular and super� cial soft tissues were in� ltrated 
after the prosthesis was in place using the remaining vol-
ume. At wound closure, 3 g of topical tranexamic acid was 
applied to the surgical site, and all patients received 8 mg of 
IV dexamethasone and 4 mg of ondansetron for postopera-
tive nausea and vomiting prophylaxis.  

  Postoperative Management 

 After surgery, the patients were managed in the postanes-
thetic care unit (PACU) by a nurse blinded to group alloca-
tion. Opioid analgesia was administered as required to treat 
pain scores of 4 or higher on an 11-point numerical rat-
ing scale (0 to 10 points) and 25 mg of IV dimenhydrinate 
and/or 4 mg of ondansetron for postoperative nausea and 
vomiting. The patients were discharged to the ward once 
they achieved an Aldrete score of 9. Multimodal analge-
sia on the ward comprised 650 to 1,000 mg of oral acet-
aminophen every 6 h and 100 to 200 mg of celecoxib every 
12 h, supplemented by immediate-release oral oxycodone 
(5 to 10 mg) or hydromorphone (1 to 2 mg) every 2 h as 
needed. If oral analgesia was insu�  cient to control pain, 

 Table 1.      Summary of Analgesic Interventions   

 Intervention   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   
 Administration  
Time    Dose   

 IV Analgesic Interventions             
  Dexmedetomidine    +  Intraoperative  1 μg/kg (single dose) 
  Ketamine    +  Intraoperative  0.5 mg/kg (single dose) 
  Dexamethasone + +  Intraoperative  8 mg (fi rst dose) 

   +  Postoperative day 1,  AM  8 mg (second dose) 
 Regional analgesic interventions             
  iPACK block    +  Preoperative  15 ml of 0.5% ropivacaine

  + 1:200,000 epinephrine 
  Spinal anesthesia + +  Preoperative  2-3 ml of 0.5% isobaric bupivacaine  

+ 0.1 ml, 0.1% intrathecal morphine (100 μg) 
   Adductor canal block catheter bolus *  + +  Preoperative  Bolus 1 = 15 ml of 0.5% ropivacaine  

+ 1:200,000 epinephrine 
   +  Postoperative day 0,  PM  Bolus 2 = 10 ml of 0.5% ropivacaine  

+ 1:200,000 epinephrine 
   +  Postoperative day 1,  AM  Bolus 3 = 10 ml of 0.5% ropivacaine  

+ 1:200,000 epinephrine 
   Periarticular infi ltration + +  Intraoperative  100 ml, 0.2% ropivacaine (200 mg)  

+ epinephrine 0.6 mg + ketorolac 30 mg 

   *The control group received a 2-ml normal saline bolus for blinding purposes.  
   + , administration of a given intervention; iPACK, infi ltration between the popliteal artery and capsule of the knee; IV, intravenous.   
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IV patient-controlled analgesia with hydromorphone or 
morphine was o� ered for rescue. Patients were followed-up 
twice daily by the acute pain service team, who titrated 
opioid dose ranges and transitioned opioids from IV to oral 
when needed.  

  Perioperative Management: Study Group Interventions 

 The study group received � ve additional analgesic inter-
ventions ( table 1 ).  
Preoperative iPACK Block  .    An ultrasound guided iPACK 
block in the lateral decubitus position was performed after 
spinal anesthesia. Thus, the sedated patient was unaware of 
the procedure. A bolus of 15 ml of 0.5% ropivacaine (75 mg) 
in 1/200,000 epinephrine was injected through an 80-mm 
22-gauge block needle (SonoPlex, Pajunk, Germany) just 
proximal to the femoral intercondylar fossa.   
Intraoperative IV Analgesic Adjuncts – Dexmedetomidine 
and Ketamine  .    Patients in the study group received an IV 
admixture containing 1   μ g/kg dexmedetomidine (to a max-
imum dose of 100   μ g) and 0.5 mg/kg ketamine (to a max-
imum dose of 50 mg) diluted with normal saline to a total 
volume of 20 ml. The solution was infused over 15 to 
20 min without a loading bolus. Supplemental low-dose IV 
propofol infusion was given as necessary.   
Postoperative Adductor Canal Block Injections  .    The study 
group received two additional 10-ml boluses of 0.5% ropiv-
acaine in 1/200,000 epinephrine administered through the 
adductor canal block catheter by one of the study investiga-
tors. The � rst one was in the evening of the day of surgery 
(postoperative day 0) between 9 and 11  pm , and the second 
was in the morning of postoperative day 1 between 8 and 
10  am  before the � rst physiotherapy session. Patients in the 
control group received placebo injections of 2 ml of saline 
at similar times. The catheter was removed after the second 
postoperative injection.   
Postoperative IV Dexamethasone  .    The study group also 
received a second dose of 8 mg of IV dexamethasone 
at 8  am  on postoperative day 1, while the control group 
received 2 ml of IV saline.   

  Outcome Measures 

 All outcomes were collected by blinded researchers. The 
primary outcome was cumulative opioid consumption 
in oral morphine equivalents at 24 h after PACU arrival. 
Secondary analgesic outcomes were 11-point numerical 
rating scale pain scores in the operative knee, where 0 indi-
cates “no pain,” and 10 indicates “the worst pain imagin-
able.” These were measured at rest and during movement or 
physical therapy at the following time points: before surgery, 
in the PACU, and three times a day on postoperative days 1 
and 2 during the patient’s hospital stay: (1) between 8 and 
10  am , 2) during physical therapy, and 3) between 8 and 
10  pm . After hospital discharge, daily rest and dynamic pain 
scores were also obtained by phone on postoperative day 2 

and at 1, 2, and 6 weeks after surgery. Opioid consumption 
on days 7, 14, and 42 after discharge was also documented. 
Other outcomes included the time to � rst opioid analge-
sic request, time to reach physiotherapy criteria for hospi-
tal discharge ( i.e. , ability to ambulate independently from 
the bed to the bathroom, walk along a hallway unassisted 
with walker and climb stairs safely), and length of hospi-
tal stay (de� ned as the number of days from admission to 
discharge). Quality of recovery (QoR) was assessed using a 
validated QoR-15 tool  10   immediately before surgery and 
24 h, 48 h, and 2 weeks after surgery. 

 Rehabilitation milestones were evaluated with the 
Timed Up and Go test (time it takes a subject to stand 
up from a standard-height armchair, walk 3 m, walk back 
to the chair, and sit down),  11 , 12   the distance walked during 
physiotherapy, and both active and passive joint range of 
motion, de� ned as knee � exion from neutral (0°) to maxi-
mum � exion. The Timed Up and Go test, distance walked, 
and range of motion were measured before surgery and 
on postoperative days 1 and 2 (unless the patient was dis-
charged earlier). Patient satisfaction was assessed at the 
time of discharge, and adverse events (nausea, vomiting, 
sedation, hypotension, urinary retention, hyperglycemia, 
foot/ankle muscle weakness, and symptoms of local anes-
thetic systemic toxicity) were recorded. Motor function 
at the ankle was categorized as follows: 0 indicates no 
power, 1 indicates decreased power (any movement with-
out resistance), and 2 indicates normal power (complete 
movement against resistance). Hypotension was de� ned as 
a decline of systolic blood pressure of 25% or greater from 
baseline or blood pressure lower than 90 mmHg requiring 
treatment.  

  Sample Size and Statistical Analysis 

 The primary outcome was cumulative postoperative opioid 
consumption in the � rst 24 h after surgery. Based on past 
institutional clinical data, we assumed that patients in the 
control group would require 80 ± 40 mg (mean ± SD; 95% 
CI, 67.1 to 92.9 mg) oral morphine equivalents in 24 h, and 
the new interventions would result in a 33% opioid reduc-
tion in the study group ( i.e. , minimum clinically important 
di� erence of 26.7 mg; 95% CI, 22.3 to 31.1 mg); 37 patients 
would be needed per group based on a power analysis using 
a 5% type I error estimate and 80% power within a two-
tailed  t  test. To allow for a 5% drop out, we enrolled 39 
patients per group (78 in total). 

 The data were analyzed with SPSS 23.0 for Mac (IBM, 
USA). Normality of data distribution was tested using 
the Shapiro–Wilk test. The data with normal distribution 
were reported as means (SD), and data that were skewed 
are described as medians (interquartile range). For data 
that are normally distributed, the independent Student’s 
t  test was used to analyze for di� erences between groups, 
and the Mann–Whitney U test was used for analysis of 
di� erences between continuous variables with skewed 
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distribution. The di� erences of the medians and 95% 
CI were estimated using the Hodges–Lehman method. 
Categorical variables were described as numbers (percent-
ages) or proportions and were compared using the chi-
square or Fisher’s exact test where appropriate.  P  < 0.05 
was designated as statistically signi� cant. All hypothesis 
testing was two-tailed.   

  Results 
 A total of 273 patients were screened, of which 138 met 
inclusion criteria. Of these, 50 refused to consent, 4 with-
drew consent on the day of surgery, and 6 cases were post-
poned due to the COVID-19 pandemic. In the end, 78 
patients were enrolled and randomized into 2 study groups 

(39 patients per group;  � g.  1   ), and primary analysis was 
conducted on the data of 78 patients.  

 All subjects had similar baseline demographics ( table 2   ). 
One patient in the study group required general anesthe-
sia due to inadequate block height of the spinal anesthetic. 
Sixty-two patients (31 in each group) were discharged home 
on postoperative day 1. Two patients (1 in each group) were 
lost to follow-up at 6 weeks ( � g. 1 ).  

 The primary outcome of cumulative 24-h postoper-
ative opioid consumption was similar between the two 
groups (means ± SD; study: 23.7 ± 18.0 mg  vs . control: 
29.3 ± 18.7 mg oral morphine equivalents; mean di� er-
ence [95% CI], –5.6 mg [–2.7 to 13.9];  P  = 0.189;  table 3   ). 
There was also no di� erence between groups in opioid 
consumption at any other assessment time points, up to 

 Fig. 1.      Consolidated Standards of Reporting Trials diagram.    
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6 weeks after surgery ( � g. 2   ;  table 3 ). No patient required 
rescue IV patient-controlled analgesia. Intraoperative 
fentanyl was given to 27 patients (69.2%) in the control 
group and 2 patients (5.1%) in the study group to com-
plement sedation.   

 For secondary analgesic outcomes, there was no di� er-
ence in the time to � rst opioid dose, (study: 635 ± 337 min 
vs . control: 574 ± 347 min;  P  = 0.437). In addition, there 
were no statistically signi� cant di� erences in pain scores at 
rest at any time point up to 6 weeks after surgery ( table 4   ). 
The lack of between-group di� erences in all primary and 
secondary analgesic outcomes persisted when adjusted for 
intraoperative fentanyl dose as a covariate. (A table show-
ing the key analgesic outcomes analyzed by study group 

allocation and adjusted for intraoperative opioid dose can 
be found in the Supplemental Digital Content,  http://
links.lww.com/ALN/C880 .)  

  Functional Outcomes, Quality of Recovery, and Adverse 
Events 

 After surgery, the range of movement, both active and pas-
sive, decreased from baseline similarly in both groups, but all 
patients managed to walk a mean distance of greater than 50 
m on postoperative day 1 ( table 5   ). No statistically signi� cant 
di� erences were found between groups for Timed Up and 
Go test, range of movement, distance walked, or QoR-15 at 
baseline and on postoperative day 1. Neither was the time 
to reach discharge criteria/total in-hospital stay ( table  5 ). 
Patient satisfaction was equally high in both groups.  

 The incidence of side e� ects was similar in both groups 
except for hypotension in the PACU (study: 64.1%  vs . con-
trol: 33.3%,  P  = 0.010;  table 6   ). Perioperative heart rate was 
comparable and remained within normal ranges (50 to 100 
beats/min) for both groups. Plantar � exion was also more 
frequently impaired in the study group on postoperative 
day 0 (46.1%  vs.  17.9%;  table  6 ), although no falls were 
reported. Blood glucose level obtained in the morning of 
postoperative day 1 was not statistically di� erent between 
groups and remained within the normal range (5 to 9 mM) 
at all time points despite a second IV dexamethasone dose 
( table 5 ). No patients experienced symptoms of local anes-
thetic systemic toxicity.    

 Table 2.      Baseline Demographics of Study Subjects   

 Characteristic   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   

 Age, yr  68 ± 7  66 ± 8 
 Sex, male/female  22/17  23/16 
 Body mass index, kg/m 2  29 ± 4  29 ± 4 
 ASA status, I/II/III  1/18/20  1/20/18 
 Operative side, left/right  18/21  18/21 
 Duration of surgery, min  59 ± 15  63 ± 11 

   The data are reported as means ± SD or the number of subjects.  
  ASA, American Society of Anesthesiologists.   

 Table 3.      Oral Morphine Equivalent Consumption at Different Time Points   

 Assessment Time   

 Oral Morphine Equivalent 
Consumption, mg 

P  Value   
 Estimate for Difference 

and 95% CI   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   

 Intraoperative  15.0 (0.0, 15.0)  0.0 (0.0, 0.0)  < 0.001 *   15 (7.5, 15) 
 0 to 6 h  0.0 (0.0, 5.0)  0.0 (0.0, 0.0)  0.154  0 (0, 0) 
 6 to 12 h  5.0 (0.0, 10.0)  5.0 (0.0, 10.0)  0.157  0 (0, 5) 
 12 to 18 h  10.0 (5.0, 15.0)  5.0 (0.0, 10.0)  0.085  2.5 (0, 5) 
 18 to 24 h  8.0 (5.0, 15.0)  10.0 (5.0, 10.0)  0.968  0 (–4, 3.5) 
 24 to 36 h  15.0 (10.0, 30.0)  15.0 (10.0, 30.0)  0.293  5 (–2.5, 10) 
 36 to 48 h  20.0 (10.0, 30.0)  20.0 (10.0, 30.0)  0.724  0 (–5, 7.5) 
 0 to 12 h  10.0 (5.0, 10.0)  5.0 (0.0, 10.0)  0.081  2.5 (0, 5) 
 12 to 24 h  15.0 (10.0, 25.0)  15.0 (10.0, 20.0)  0.328  2.5 (–2.5, 7.5) 
 0 to 24 h  27.5 (15.0, 40.0)  20.0 (10.0, 30.0)  0.101  5 (0, 13) 
 24 to 48 h  35.0 (25.0, 60.0)  30.0 (15.0, 60.0)  0.609  5 (–10, 15) 
 0 to 48 h  65.0 (45.0, 93.0)  60.0 (35.0, 80.0)  0.303  10 (–8, 25) 
 Day 7 postdischarge  30.0 (10.0, 40.0)  20.0 (5.0, 40.0)  0.462  2.5 (–5, 15) 
 Day 14 postdischarge  10.0 (0.0, 20.0)  5.0 (0.0, 15.0)  0.463  0 (0, 7.5) 
 Day 42 postdischarge  0.0 (0.0, 5.0)  0.0 (0.0, 4.5)  0.887  0 (0, 0) 

   The data are reported as medians (25th, 75th) and were determined using the Mann–Whitney U test. The Hodges–Lehman method was used to estimate the differences of the medians 
and 95% CI.  
  * P  < 0.05.   
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 Fig. 2.      Median oral morphine equivalent consumption in milligrams ( y  axis) for different postoperative assessment times ( x  axis). The values 
for the control and study groups are represented as  blue and yellow horizontal bars , respectively, and the 25th and 75th percentiles are 
shown as  blue and yellow error bars  for the control and study groups, respectively. Opioid consumption was similar in both groups for all 
postoperative assessment times.    

 Table 4.      Pain Scores Perioperatively and after Hospital Discharge   

 Assessment Time    Status   

 Pain Score 

P  Value   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   

 Baseline  At rest  2 (0 to 4)  1 (0 to 5)  0.648 
    With motion  6 (3 to 8)  6 (5 to 7)  > 0.999 
 PACU discharge  At rest  0 (0 to 0)  0 (0 to 0)  0.152 
    With motion  0 (0 to 0)  0 (0 to 0)  0.152 
 4 to 6 h postoperatively  At rest  0 (0 to 0)  0 (0 to 0)  0.305 
    With motion  0 (0 to 0)  0 (0 to 0)  0.135 
 Postoperative day 1  AM  At rest  1 (0 to 3)  1 (0 to 3)  0.482 
    With motion  3 (0 to 5)  3 (1 to 5)  0.488 
 Postoperative day 1 

postphysiotherapy 
 At rest  2 (1 to 4)  1 (1 to 2)  0.089 

    With motion  4 (3 to 6)  3 (2 to 5)  0.173 
 Postoperative day 1  PM  At rest  2 (1 to 3)  1 (1 to 2)  0.165 
    With motion  3 (2 to 5)  3 (2 to 3)  0.133 
 Postoperative day 2  AM  At rest  4 (3 to 4)  4 (3 to 4)  0.953 
    With motion  6 (4 to 7)  5 (4 to 7)  0.564 
 Postoperative day 2  PM  At rest  4 (3 to 5)  4 (2.5 to 5)  0.927 
    With motion  6 (4 to 7)  5 (4 to 6)  0.204 
 Day 7 postdischarge  Overall  5.5 (3.8 to 7)  5 (4 to 6.3)  0.646 
 Day 14 postdischarge  Overall  4 (3 to 5.3)  4 (2.8 to 5)  0.479 
 Day 42 postdischarge *   Overall  2 (2 to 3)  2 (1 to 4)  > 0.999 

   The data are reported as medians (interquartile range). The nonparametric median test was used.  
  *Data analysis on 76 patients (1 patient lost to follow up in each group).  
  PACU, postanesthesia care unit.   
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  Discussion 
 In this study, we sought to examine the opioid-sparing 
e� ect of a comprehensive multimodal analgesic regimen 
combining multiple systemic and regional modalities that 
have been shown to provide analgesic bene� t in total knee 
arthroplasty. Our current institutional perioperative anal-
gesic regimen comprises a single injection adductor canal 
block, low-dose intrathecal morphine (100  μg), intraopera-
tive IV dexamethasone (8 mg), periarticular local anesthetic 
in� ltration, and round-the-clock oral acetaminophen and 
celecoxib, with immediate-release opioids as needed. We 
studied the addition of � ve recently described analgesic 
modalities to this regimen: a preoperative iPACK block,  13 

an intraoperative IV infusion of low-dose dexmedetomi-
dine  5 , 14–16   (1  μg/kg) and ketamine  17   (0.5 mg/kg), a second 
dose of IV dexamethasone  18   (8 mg) on postoperative day 1, 
and two additional adductor canal block  19   bolus injections 
on postoperative days 0 and 1. 

 Contrary to expectations and to reports of analge-
sic bene� ts of each novel intervention when compared 
to placebo or no intervention, this additional bundle of 
interventions did not further reduce opioid consump-
tion or pain scores in the � rst 24 to 48 h after total knee 
arthroplasty. Neither did they improve postoperative func-
tional outcomes, quality of recovery, patient satisfaction, or 
longer-term pain and analgesic outcomes up to 6 weeks 
after surgery. Our results suggest that the standard mul-
timodal analgesic regimen currently prescribed for the 
control group is rather robust. Thus, the therapeutic value 

of adding more analgesic interventions is limited with 
diminishing return. 

 Compared with placebo, perioperative ketamine admin-
istration decreases pain scores  20   and opioid consumption 
after total knee arthroplasty.  6   The reported e� ective analge-
sic dose for IV ketamine varies widely—an initial 0.05 to 
1 mg/kg bolus followed by an infusion of 1 to 16.7  μg/kg/
min during and after surgery. Similarly, intraoperative seda-
tion with low-dose IV dexmedetomidine (0.1 to 1  μg/kg 
bolus followed by 0.1 to 0.7  μg kg –1  h –1  infusion) has been 
shown to successfully reduce pain, postoperative nausea and 
vomiting, and delirium  5   compared with placebo after total 
knee arthroplasty.  15 , 16 

 Dexamethasone is another drug that has analgesic 
properties in addition to its antiemetic e� ect for a myriad 
of surgical procedures including joint arthroplasties.  21   In 
the total knee arthroplasty population, a single periop-
erative IV dose (greater than 0.1 mg/kg) can be opi-
oid-sparing and pain-relieving, and a second 10-mg dose 
after surgery may further improve postoperative nausea 
and vomiting, range of motion, and patient satisfaction.  22 

Although the optimal dose and dosing interval remain 
unknown, perioperative IV dexamethasone (total of less 
than 20 mg) signi� cantly reduces total opioid consump-
tion and postoperative pain after total knee arthroplasty.  18 

Furthermore, perioperative dexamethasone administra-
tion limited to one or two doses appears safe with no 
reported increase in surgical site infection or sustained 
hyperglycemia. 

 Table 5.      In-hospital Functional/Recovery Parameters   

 Assessment    Time   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   

 Difference in Means, 
Control – Study 

(95% CI)   P  Value   

 Timed Up and Go test, s  Baseline  16 ± 8  17 ± 7  1 (–4, 3)  0.634 
    Postoperative day 1  48 ± 18  43 ± 16  5 (–3, 13)  0.182 
 Range of motion, º  Baseline (active)  112 ± 13  107 ± 19  5 (–2, 13)  0.144 
    Baseline (passive)  117 ± 17  111 ± 17  6 (–2, 13)  0.150 
    Postoperative day 1 (active)  85 ± 19  84 ± 19  1 (–8, 10)  0.801 
    Postoperative day 1 (passive)  94 ± 18  94 ± 18  0 (–8, 8)  0.924 
 Distance walked, m  Postoperative day 1  60 ± 23  66 ± 31  6 (–18, 6)  0.296 
 Blood glucose, mmol/l *   Baseline  5.6 ± 1.4  6.1 ± 1.8  0.5 (–1.3, 0.2)  0.167 
    Postoperative day 1  8.2 ± 2.0  8.3 ± 1.7  0.1 (–0.9, 0.8)  0.889 
    Postoperative day 2 *  6.6 ± 1.5  7.1 ± 1.9  0.5 (–2.2, 1.3)  0.595 
 QoR-15 assessment  Baseline  141.3 ± 10.3  140.5 ± 9.3  0.8 (–3.6, 5.2)  0.713 
    Postoperative day 1  129.8 ± 14.0  130.4 ± 12.9  0.6 (–6.8, 5.4)  0.827 
    Postoperative day 2  120.5 ± 19.3  121.2 ± 17.3  0.7 (–9.0, 7.6)  0.866 
 Time to reach hospital discharge 

criteria, h 
    25.2 ± 10.7  23.4 ± 7.6  1.8 (–2.3, 6.1)  0.369 

 Length of hospital stay, h     36.8 ± 26.5  35.8 ± 16.7  0.9 (–9.0, 11.0)  0.844 
 Patient satisfaction †      3 (3 to 3)  3 (3 to 3)  ND  0.209 

   No signifi cant difference between the two groups was found for any of these parameters. The data are reported as means ± SD. The  t  test was used.  
  *Blood glucose results on postoperative day 2 were obtained from 8 patients in each group.     †Patient satisfaction score at the time of discharge are given as 1 for unsatisfi ed, 2 for 
somewhat satisfi ed, and 3 for satisfi ed. The data are reported as medians (interquartile ranges). The chi-square test was used.  
  ND, not determined; QoR, quality of recovery.   
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 Among regional analgesic modalities, adductor canal 
block has become a motor-sparing alternative to femoral 
nerve block to control anterior knee pain after total knee 
arthroplasty. Several randomized controlled trials reported 
that continuous adductor canal block could be superior to 
single-shot adductor canal block by further improving pain 
scores and time to rescue analgesia.  23   However, whether 
continuous adductor canal block can further improve post-
operative rehabilitation and other functional outcomes 
is not clear.  24   Similarly, an iPACK block has been shown 
to reduce the incidence of posterior knee pain after total 
knee arthroplasty compared to a sham block.  13   However, 
its analgesic contribution in the presence of periarticu-
lar local anesthesia in� ltration remains debatable because 
conceivably, local anesthesia in� ltration into the posterior 
capsule of the knee likely overlaps with the analgesic cov-
erage of the iPACK block ( i.e ., terminal branches of the 
genicular nerves and popliteal plexus). Thus, the addition 
of an iPACK block to periarticular local anesthesia in� l-
tration may be redundant, as suggested by recent random-
ized controlled trial data,  19   a meta-analysis,  25   and the results 
of our current study. Consistent with previous studies, 
we also failed to show that the addition of an iPACK block 
improves functional outcomes or quality of recovery after 
total knee arthroplasty, irrespective of pain score di� erences 
in the � rst 24 h.  13 

 Both the study and control groups in the current study 
received a single IV dexamethasone dose, single-shot 
adductor canal block, intrathecal morphine (100  μg), and 
periarticular local anesthesia in� ltration for postoperative 

analgesia ( table  1 ). The synergistic analgesic e� ect of 
combining periarticular local anesthesia in� ltration and 
single-dose adductor canal block can signi� cantly delay 
rescue analgesia,  26   reduce cumulative opioid require-
ments,  27   and improve range of motion  28   and early dis-
charge after total knee arthroplasty.  29   The addition of 
intrathecal morphine to adductor canal block and peri-
articular local anesthesia in� ltration can further improve 
analgesia and reduce postoperative opioid requirements.  30 

The intrathecal morphine dose selected for this study 
(100  μg) appears optimal for elderly patients undergoing 
total knee arthroplasty, balancing its analgesic e� ect with 
potential adverse e� ects  31   with no increase in the inci-
dence of urinary retention, nausea, vomiting, or pruritus.  30 

Furthermore, opioid-related respiratory complications are 
infrequent even in patients with obstructive sleep apnea.  32 

Findings of the current study suggest that analgesia result-
ing from a combination of these interventions is rather 
robust, with little bene� t derived from additional analgesic 
interventions. 

 Interestingly, we found that opioid requirement and 
pain scores were signi� cantly lower in the control group of 
the current study as compared to an almost identical treat-
ment group (single-shot adductor canal block plus 100  μg 
of intrathecal morphine and periarticular local anesthesia 
in� ltration) in an earlier randomized controlled trial we 
conducted 4 years ago. For the past study,  30   the 24-h IV mor-
phine equivalent requirement was 34 ± 21 mg (mean ± SD), 
which equates to 102 ± 63 mg oral morphine equivalents. 
For the current study, the 24 h oral morphine equivalent 

 Table 6.      In-hospital Side Effects   

 Side Effects    Time   
 Control Group  

(n = 39)   
 Study Group  

(n = 39)   P  Value   

 Nausea/vomiting *   Postoperative day 0  13 (33.3%)  12 (30.8%)  0.808 
    Postoperative day 1  7 (17.9%)  10 (25.6%)  0.411 
 Pruritus †   Postoperative day 0  8 (20.5%)  6 (15.4%)  0.555 
    Postoperative day 1  3 (7.7%)  4 (10.3%)  0.692 
 Sedation ‡   Postoperative day 0  1 (2.6%)  2 (5.1%)  0.555 
    Postoperative day 1  0 (0%)  0 (0%)    
 Urinary Retention §   Postoperative day 0  9 (23.1%)  11 (28.2%)  0.604 
    Postoperative day 1  2 (5.1%)  1 (2.6%)  0.556 
 Hypotension  ∥  PACU  13 (33.3%)  25 (64.1%)  0.010 #  
    Postoperative day 1  7 (17.9%)  8 (20.5%)  0.774 
 Foot Plantarfl exion = 0 **   Postoperative day 0  7 (17.9%)  18 (46.1%)  0.028 #  
    Postoperative day 1  0 (0%)  0 (0%)    
 Foot Dorsifl exion = 0 **   Postoperative day 0  11 (28.2%)  18 (46.1%)  0.229 
    Postoperative day 1  1 (2.6%)  0 (0%)  0.365 

   The data are reported as n (%). The chi-square test was used.   
  *Defi ned as nausea/vomiting that required treatment.      †Defi ned as pruritus that required treatment.      ‡Defi ned as a Ramsay scale score of higher than 2, where 1 indicates anxious, 
agitated, restless; 2 indicates cooperative, oriented; 3 indicates response to commands only; 4 indicates brisk response to glabellar tap/loud stimulus; 5 indicates sluggish response to 
glabellar tap/loud stimulus; and 6 indicates no response to stimulus.     §Defi ned as the inability to urinate despite a full bladder requiring bladder catheter insertion.       ∥  Defi ned as a drop 
from baseline systolic blood pressure of 25% or more or blood pressure lower than 90 mmHg requiring treatment.  
  # P  < 0.05.     **Ankle motor block score, where 0 indicates no power, 1 indicates decreased power (any movement without resistance), and 2 indicates normal power (complete move-
ment against resistance).  
  PACU, postanesthesia care unit.   
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consumption was 29.3 ± 18.7 mg (mean ± SD), represent-
ing a ~70% reduction, despite no signi� cant change in the 
total knee arthroplasty perioperative care pathway, surgical/
anesthetic technique, or medical sta� . The median 24-h 
pain score at rest was likewise signi� cantly lower, 1 (0 to 3) 
in the current study  versus  5 (3 to 7) in the earlier study, 
corresponding to a � ve-fold reduction. 

 Signi� cant improvement in pain scores and opioid con-
sumption observed in the current study results possibly 
from two major changes in patient management made over 
the past 4 yr: intraoperative tranexamic acid and IV dexa-
methasone (8 mg). All patients received 1 g of IV tranexamic 
acid in the beginning and 3 g topical at the end of sur-
gery. Conceivably, not only does tranexamic acid reduce 
major bleeding and transfusion requirements,  33   it can also 
potentially decrease pain and opioid consumption through 
a reduction in in� ammatory surgical response,  34 , 35   articular 
swelling,  36   and hematoma within the wound. Blood con-
servation with tranexamic acid also prevents postoperative 
anemia and associated fatigue, resulting in expedited reha-
bilitation after total knee arthroplasty.  30 , 34 , 35 , 37   Some other 
contributing factors to pain relief and enhanced recovery 
were more consistent use of cryotherapy and early initiation 
of postoperative ambulation. 

 More patients in the study group developed hypotension 
( i.e.,  systolic blood pressure of 90 mmHg or lower) in the 
PACU ( table 6 ). This is likely the e� ect of IV dexmedeto-
midine through its central and peripheral presynaptic  α -2 
adrenoceptor–mediated sympatholysis and vasodilation.  14 

Hypotension was, however, transient and quickly responded 
to IV � uid and phenylephrine rescue doses with no delay 
in PACU discharge. In addition, hypotension happened in 
the PACU and not during surgery. This is consistent with 
previous reports for timing of dexmedetomidine induced 
hypotension, which typically occurs 60 to 330 min after IV 
administration.  38 , 39 

 Our study has several limitations. First, our control group 
received intrathecal morphine and periarticular local anes-
thesia in� ltration. These interventions may not be possible 
in other institutions due to nursing monitoring policy and 
surgeon’s preference, which limits the extrapolation of our 
results to these scenarios. Second, the optimal analgesic dose 
and duration of administration for IV dexmedetomidine  5 

and ketamine  17   have not been established. Thus, the single 
doses administered during surgery in our study may be 
suboptimal. Similarly, our study was not powered to detect 
the impact of these multimodal analgesic components on 
the incidence of chronic postsurgical pain beyond 6 weeks. 
Third, we have only assessed muscle function qualitatively 
without using dynamometry. Currently, unintended local 
anesthetic spread toward the sciatic nerve or its branches 
with periarticular local anesthesia in� ltration and/or iPACK 
cannot be ruled out. Fourth, we used repeated local anes-
thetic boluses for continuous adductor canal block rather 

than an infusion and have only extended adductor canal 
block to the morning of postoperative day 1 while many 
patients were discharged home. 

  Conclusions 

 In the presence of periarticular local anesthesia in� ltra-
tion, intrathecal morphine, single-shot adductor canal 
block, and dexamethasone, the addition of iPACK block, 
IV dexmedetomidine, IV ketamine, an additional IV dexa-
methasone dose and repeated adductor canal block injec-
tions failed to further reduce opioid consumption or pain 
scores or to improve functional outcomes after total knee 
arthroplasty.  
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 Intraoperative Management of a Severely Kinked 
Endotracheal Tube and Diffi cult Airway       
    Piper     Nash    ,   M.D.  ,         Graeme     Segal    ,   M.D.   ,         Michael     Collins    ,   M.B.B.S.                              

 This � gure is a lateral cervical radiograph of a nasally 
intubated 16-yr-old patient with Crouzon syndrome 

obtained after completion of cranial fossa surgery for Chiari 

malformation and returning to supine from a prone posi-
tion. The standard endotracheal tube was severely kinked in 
the nasopharynx, as shown in the image, and the location 

 IMAGES IN  ANESTHESIOLOGY  
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of the kinking is indicated with a red arrow. This was likely 
caused by the warming of the endotracheal tube and the 
patient’s unique pharyngeal anatomy. The tracheal intuba-
tion of the patient was di�  cult, requiring 11 attempts due 
to midface hypoplasia, obesity, macroglossia, and cervical 
spine instability. After the start of surgery, elevated airway 
pressures and the inability to pass a suction catheter sug-
gested kinking of the endotracheal tube. Due to extremely 
di�  cult intubation, endotracheal tube replacement was not 
attempted. Because the severely kinked endotracheal tube 
limited inspiratory and expiratory air� ow, adequate tidal 
volume was achieved by increasing peak inspiratory pres-
sure.  1   Intermittent measurement of plateau pressure with 
an expiratory hold yielded additional information about 
the pressure at the alveoli. Because expiration was passive, 
increasing the expiratory time facilitated exhalation and 
reduced the risk of breath stacking.  2   A helium–oxygen 
mixture can also be used to improve ventilation by reducing 
gas density, increasing the likelihood of maintaining laminar 
� ow across the point of obstruction, and improving bulk 
� ow.  3   If the patient can tolerate permissive hypercapnia, a 

reduction in minute ventilation is also an option to mini-
mize turbulent � ow. The use of a wire-reinforced tube is 
often recommended to prevent endotracheal tube kinking 
in such a patient.     
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 Ventilation during Lung Resection and Critical Care: 
Comparative Clinical Outcomes        
    Spencer P.     Walsh    ,   M.D.   ,         David     Shaz    ,   M.D.   ,         David     Amar    ,   M.D.                          

 After the landmark Acute Respiratory Distress 
Syndrome Network study in 2000, the idea of low 

tidal volume (V 
T
 ) ventilation spread through the crit-

ical care and anesthesiology communities.  1   Studies have 
shown that positive-pressure ventilation contributes to 
lung in� ammation and might predispose general surgery 
and intensive care unit (ICU) patients to a higher risk 
of ventilator-associated lung injury at high V 

T
 .  2   Whereas 

acceptance of low V 
T
  has been nearly universal for manage-

ment of patients with acute respiratory distress syndrome 
(ARDS), its application in the operating room has been 
varied.  3   The e� ects of V 

T
  on pulmonary complications in 

general surgery patients undergoing two-lung ventilation 
were described in an extensive systematic review of stud-
ies published over a four-decade period and written by 
investigators with expertise in this � eld.  3   The authors did 
not � nd a temporal change in clinical outcomes despite 
decreases in V 

T
  during this period. Although the use of 

low V 
T
  in the operating room was adapted from the ICU 

literature to both two- and one-lung ventilation, we will 
focus on patients requiring one-lung ventilation here. 

 In large-animal experimental studies, one-lung ventila-
tion was found to be injurious in and of itself, particularly 
with large tidal volumes and no positive end-expiratory 
pressure (PEEP).  4 , 5   The use of high � uid infusion rates in 
one of these studies may confound their observations.  4 

Increased lung edema was noted, as well as evidence of 
cyclic recruitment injury, which may increase mechanical 
stress from repeated expansion and collapse.  4 , 5   Compared 
with the ICU, the duration of mechanical ventilation in 
the operating room is on the order of hours, rather than 
days. Speci� c to thoracic surgery and one-lung ventila-
tion, the chest may be open and exposed to atmospheric 
pressure or subjected to varying amounts of insu�  ation 
pressure during minimally invasive surgery. Moreover, the 
patient may be in the lateral decubitus position, which 
can lead to nonhomogenous distribution of aeration and 
atelectasis in the dependent and ventilated lung. 

 The application of low V 
T
  strategies to one-lung venti-

lation during thoracic surgery has also gained widespread 
acceptance. Low V 

T
  ventilation may reduce the risk of 

ventilator-associated lung injury and clinically import-
ant postoperative pulmonary complications. Conversely, it 
might contribute to atelectasis and dead space ventilation 
with hypercarbia. The most salient strategies for protective 
lung ventilation are manipulation of V 

T
 , PEEP, and driv-

ing pressure, but fraction of inspired oxygen (F io
2
 ), � uid 

management, and choice of anesthetic agents must be con-
sidered. We presume that patients undergoing lung resec-
tion and one-lung ventilation are at risk of developing 
varying degrees of acute lung injury after surgery, similar 
to patients without ARDS ( i.e. , with healthy lungs) who 
require mechanical ventilation. In this review, we highlight 
recent evidence from prospective studies on the use of low 
V 

T
  ventilation and varying levels of PEEP in patients with 

ARDS and ICU patients without ARDS. We then compare 
this with evidence from studies of intraoperative one-lung 
ventilation during lung resection and clinical outcomes. 

  Randomized Controlled Trials of Patients with ARDS 
 The most in� uential ventilation management strategy for 
patients with ARDS comes from the Acute Respiratory 
Distress Syndrome Network trial.  1   In this study, the con-
trol group was treated at a V 

T
  of 12 ml/kg predicted body 

weight, and the experimental group was treated at a V 
T
  of 

6 ml/kg predicted body weight. Mortality was 8.8% lower 
in the low V 

T
  group. Low V 

T
  ventilation was associated with 

more ventilator-free days and fewer organ-failure days. 
There was no di� erence in the incidence of barotrauma 
between groups. With the � nding that low V 

T
  is associated 

with lower mortality, enthusiasm mounted to optimize 
oxygenation and improve rates of atelectasis. 

 Three aspects of low V 
T
  ventilation were postulated 

to have contributed to the lower mortality observed in 
the Acute Respiratory Distress Syndrome Network trial: 
coincident lower peak inspiratory airway pressure, plateau 
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pressure, and driving pressure.  1   Limiting driving pressure to 
less than 15 cm H 

2
 O (in addition to the use of low V 

T
 ) was 

analyzed in two meta-analyses that demonstrated a signif-
icant bene� t on mortality.  6 , 7   Subsequent studies of higher 
PEEP or titration of PEEP to other physiologic parameters 
have not demonstrated a further bene� t. 

 A strategy featuring higher PEEP, compared with that in 
the initial Acute Respiratory Distress Syndrome Network 
stepladder, while maintaining low V 

T
  was associated with 

a higher initial partial pressure of oxygen to fraction of 
inspired oxygen ratio (Pa o

2
 :F io

2
 ); however, survival and 

ventilator-free days were similar between groups.  8   The 
� ndings of a small study suggested that the use of a PEEP 
recruitment maneuver could improve rates of hypoxemia 
and reduce the need for respiratory rescue therapies.  9 

Subsequently, a strategy to optimize PEEP—by performing 
recruitment maneuvers (PEEP of up to 45 cm H 

2
 O) and 

then titrating PEEP to the optimal static compliance—was 
tested.  10   In this study, 1,013 patients were randomized to 
either standard PEEP or the recruitment maneuver plus 
titrated PEEP. Early oxygenation was better in patients 
managed with the recruitment maneuver. Unfortunately, 
rates of barotrauma and mortality were also higher in these 
patients, which instigated an early end to the trial. 

 It was hypothesized that titration of PEEP by optimizing 
pleural pressures could lead to better outcomes. To inves-
tigate this, PEEP was adjusted with esophageal manome-
try to achieve transpulmonary pressures of 0 to 6 cm H 

2
 O. 

Pa o
2
 :F io

2
  ratio and lung compliance within the � rst 3 

days and 28-day survival were signi� cantly better with this 
approach.  11   Unfortunately, advantages in 180-day survival, 
rates of kidney injury, and use of rescue ventilation proce-
dures were not statistically signi� cant. Further investigation 
revealed no bene� ts on mortality or ventilator-free days.  12 

  Randomized Controlled Trials of ICU Patients 
without ARDS 
 With the substantially better outcomes among patients with 
ARDS managed with low V 

T
  ventilation, the eagerness to 

examine lower V 
T
  extended to ventilation of all ICU patients, 

particularly those at risk of developing ARDS. Although 
low V 

T
  ventilation has been associated with a lower risk 

of ventilator-associated lung injury, it might contribute to 
ventilator dyssynchrony, delirium, atelectasis, and pulmonary 
dead space ventilation with hypercarbia. The � ndings of ret-
rospective  13–19   and prospective  20–25   studies of ventilation of 
ICU patients without ARDS ( i.e. , with healthy lungs) are 
summarized in  table 1   . Our discussion of ICU patients with-
out ARDS is limited to contemporary prospective trials.  

 While the Acute Respiratory Distress Syndrome 
Network trial was underway, the results of a counterpart 
study of patients without ARDS emerged.  22   Patients who 
were at risk of developing ARDS were assigned a moder-
ate  versus  high goal V 

T
 . Patients were randomized, and V 

T

ranged from 6.8 to 7.2 ml/kg predicted body weight in 

the low V 
T
  group and from 10.1 to 10.7 ml/kg predicted 

body weight in the high V 
T
  group. In-hospital mortality 

was approximately 50% in both groups. The low V 
T
  group 

had a higher partial pressure of carbon dioxide and more 
frequently required paralytics and hemodialysis than the 
high V 

T
  group. One possible explanation for the lack of a 

bene� t on mortality from this intervention might involve 
subsequent evolution in ICU practice. A relatively small 
trial of patients randomized to a V 

T
  of either 6.4 ml/kg pre-

dicted body weight or 10 ml/kg predicted body weight was 
stopped at the interim analysis because of the � nding of a 
higher incidence of “lung injury” in the high V 

T
  group.  23 

Lung injury in this study was identi� ed as a change on chest 
radiography with a corresponding clinical decline in respi-
ratory status. Neither barotrauma nor pneumothorax was 
identi� ed. PEEP and F io

2
  were adjusted as in the Acute 

Respiratory Distress Syndrome Network trial.  1   Also cor-
related with lung injury were the number of blood transfu-
sions, PEEP level, and interleukin-6 (IL-6) level. Mortality 
at 28 days and ventilator-free days were similar between the 
two groups.  23 

 In the largest randomized trial of patients expected 
to require mechanical ventilation for more than 24 h, six 
institutions in the Netherlands managed intubated patients 
without ARDS with a low  versus  high V 

T
  target.  24   The low 

V 
T
  group was managed with 5.9 to 7.4 ml/kg predicted 

body weight, whereas the high V 
T
  group was managed with 

9.1 to 9.3 ml/kg predicted body weight. None of the stud-
ied outcomes—28-day ventilator-free days, ICU length of 
stay, and 28- or 90-day mortality—di� ered signi� cantly 
between the groups. There was no obvious downside to 
either strategy, because the incidence of atelectasis, ARDS, 
delirium, pneumonia, and pneumothorax and the need for 
tracheostomy were similar between the groups. 

 Whereas low to moderate V 
T
  is recommended by 

experts for patients without ARDS, the optimal PEEP is 
less clear. Current trends in mechanical ventilation prac-
tice suggest that many critical care physicians are targeting 
a PEEP of 8 cm H 

2
 O, instead of the traditional 5 cm H 

2
 O. 

The uncertainty regarding optimal PEEP was addressed in 
a recent large trial of intubated patients without ARDS 
who were randomized to a PEEP of either less than 5 cm 
H 

2
 O or 8 cm H 

2
 O. Although the study was not blinded, the 

study groups were well balanced, and the target PEEP levels 
were achieved. There were no signi� cant di� erences in sur-
vival or freedom from mechanical ventilation.  25   With lower 
PEEP, there was a signi� cantly lower Pa o

2
 :F io

2
  ratio and 

higher driving pressure. Of note, the di� erence in PEEP 
level between groups (3 to 5 cm H 

2
 O) might have been 

inadequate to determine the superiority of either approach. 
 Mechanical ventilation can be lifesaving; however, high 

V 
T
  and high driving pressure can contribute to lung in� am-

mation. Results from earlier retrospective studies demon-
strating improved outcomes with lower V 

T
  in patients with 

healthy lungs are inconsistent with results from more recent 
large prospective randomized trials ( table  1 ). As this area 
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of investigation evolves, current expert recommendations 
are that intubated patients without ARDS should be man-
aged with a limited V 

T
  of less than 10 ml/kg predicted body 

weight, and potentially 7 to 8 ml/kg predicted body weight, 
and a driving pressure of less than 15 cm H 

2
 O. Management 

of hypoxemia and atelectasis can be further guided by use of 
the Acute Respiratory Distress Syndrome Network PEEP 
protocol.  26 

  Retrospective Studies of One-Lung Ventilation 
 We identi� ed 10 studies of varying sizes that retrospectively 
examined patients who underwent one-lung ventilation 
during lung resection ( table  2   ). Licker  et al. 27   published 
three studies, the � rst of which identi� ed the following risk 
factors for development of acute lung injury: high intra-
operative ventilatory pressure index (a product of peak 
inspiratory pressure and duration of one-lung ventilation), 
pneumonectomy, chronic alcohol use, and high volume of 
intravenously administrated � uids during the � rst 24 h after 
surgery. Large intraoperative � uid intake was also found 
to be a risk factor for postoperative pulmonary complica-
tions and/or death by three other studies.  28–30   In 2006, the 
authors expanded their original study to include patients 
treated from 1990 to 2004.  31   Preoperative forced expira-
tory volume in 1 s less than 60 (% of predicted) was identi-
� ed as a strong predictor of respiratory complications and 
death at 30 days. The authors did not speci� cally comment 
on whether any ventilation variables were associated with 
outcomes.  31   In 2009, the same group compared an histori-
cal cohort with a retrospective cohort who had undergone 
protective lung ventilation and found that protective lung 
ventilation was associated with lower rates of postopera-
tive respiratory complications, speci� cally acute lung injury, 
atelectasis, and shorter length of ICU stay.  32   In a large study 
of patients who underwent lung resection for cancer, pre-
operative chemotherapy and lower di� usion capacity of the 
lung for carbon monoxide were identi� ed as independent 
predictors of postoperative pulmonary complications.  33 

Pulmonary complications included atelectasis, pneumo-
nia, pulmonary embolism, respiratory failure, and need for 
supplemental oxygen at hospital discharge. In this study, 
the inspiratory pressure was maintained at less than 35 cm 
H 

2
 O, and V 

T
  was 6 to 8 ml/kg actual body weight during 

one-lung ventilation. In two studies of patients undergoing 
pneumonectomy, low V 

T
  was found to be a protective fac-

tor.  28 , 30   Conversely, in another study of patients undergoing 
pneumonectomy, ventilation variables were not associated 
with respiratory complications, although intraoperative 
administration of blood was.  34   Blank  et al. 35   subsequently 
expanded their study to include all patients undergoing 
thoracic procedures that required one-lung ventilation. This 
is the only study identi� ed to show higher rates of respira-
tory complications with low V 

T
  during one-lung ventila-

tion. Despite this � nding, the authors did not conclude that 
the use of low V 

T
  is injurious, but rather that it might not 
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be protective in the absence of su�  cient PEEP, underscor-
ing the di�  culty of interpreting data from studies in which 
more than one parameter di� ers between the control and 
intervention groups. Colquhoun  et al. 36   recently reported 
on the largest, � ve-center observational study of patients 
undergoing lung resection, comparing the use of a pro-
tective lung ventilation strategy (de� ned as V 

T
  less than or 

equal to 5 ml/kg with PEEP greater than or equal to 5 cm 
H 

2
 O during one-lung ventilation) with no protective lung 

ventilation. In the propensity score–matched analysis of 381 
pairs, 30-day postoperative pulmonary complications were 
not signi� cantly di� erent between the groups. In addition, 
ventilation with higher modi� ed airway driving or peak 
inspiratory pressures was not found to be associated with 
adverse pulmonary outcomes.   

  Prospective Observational Studies of One-Lung 
Ventilation 
 A small number of prospective observational studies of one-
lung ventilation have been published ( table 2 ). Amar  et al. 37 

prospectively collected data on a large cohort of patients, 
of whom 608 underwent pneumonectomy and lobectomy 
and 472 underwent wedge resection. In this study, the 
ventilation parameters during one-lung ventilation were 
left to the discretion of the anesthesiologist but, in gen-
eral, consisted of limiting peak airway pressure to less than 
30 cm H 

2
 O coupled with intentional crystalloid restric-

tion. Propensity score–matched analyses were performed 
for each surgical subgroup using a cuto�  V 

T
  of less than 

8 ml/kg predicted body weight or less than 6 ml/kg pre-
dicted body weight. The primary outcome was incidence 
of acute lung injury, ARDS, and/or pneumonia; radio-
logically observed atelectasis was considered a secondary 
outcome. Overall, the total number of complications was 
small, and the primary and secondary outcomes were not 
signi� cantly di� erent by V 

T
  cuto� . Okahara  et al. 38   prospec-

tively studied patients managed with one-lung ventilation, 
of whom most underwent lung resection for cancer. The 
primary outcome was the composite incidence of postop-
erative pulmonary complications within 7 days of thora-
cotomy, including pneumonia, pleural e� usion, atelectasis, 
prolonged air leak, pulmonary embolism, and respiratory 
failure. The authors reported that higher oxygen concentra-
tion was associated with a higher rate of overall complica-
tions, which consisted mostly of atelectasis and prolonged 
air leak, and they did not observe a di� erence in ventilation 
parameters between patients who developed postoperative 
pulmonary complications and patients who did not. Finally, 
the Individualized Perioperative Open-lung Ventilatory 
Strategy trial (iPROVE Belda) investigators studied patients 
who underwent lung resection with PEEP titration as part 
of a protective lung ventilation protocol during one-lung 
ventilation that consisted of a V 

T
  of 5 to 6 ml/kg predicted 

body weight, recruitment maneuvers, and plateau pressure 
of less than 25 cm H 

2
 O.  39   The authors observed an overall 

low rate of postoperative pulmonary complications and an 
association between the use of this technique and increased 
lung compliance, which led them to conclude that future 
randomized controlled trials should examine whether this 
strategy is associated with better outcomes.  

  Randomized Controlled Trials of One-Lung 
Ventilation 
 We identi� ed eight randomized controlled trials (one of 
which is ongoing) that examined aspects of protective lung 
ventilation in patients undergoing one-lung ventilation 
during lung resection ( table 3   ). The studies by Schilling  et al. 43 

and Ahn  et al .  44   included relatively small numbers of patients 
and focused on in� ammatory markers. The largest of the ran-
domized studies  40   included patients undergoing lobectomy 
or pneumonectomy. Rates of major postoperative compli-
cations were signi� cantly lower in the protective lung ven-
tilation group (22.2%) than in the control group (13.4%). 
Of note, this study had an important limitation in design, 
with substantial di� erences between the control group (V 

T

of 10 ml/kg predicted body weight without PEEP) and the 
intervention group (V 

T
  of 5 ml/kg predicted body weight 

plus PEEP of 5 to 8 cm H 
2
 O). This illustrates the di�  culty 

determining which variable from the protective lung ventila-
tion bundle was signi� cant—namely, low V 

T
  or use of PEEP 

and whether the PEEP used in the protective lung ventilation 
arm was optimal. Further criticism could be raised that the 
composite outcome used included nonpulmonary outcomes, 
such as shock secondary to sepsis, which could be unrelated 
to the patient’s lung pathology and the ventilation strategy 
used. In a much smaller cohort, Yang  et al. 41   compared a V 

T
  of 

10 ml/kg predicted body weight, no PEEP, and volume-con-
trolled ventilation  versus  a V 

T
  of 6 ml/kg predicted body 

weight, PEEP of 5 cm H 
2
 O, and pressure-controlled venti-

lation. This study had the greatest divergence in approaches 
between the control and intervention groups, because the 
F io

2
  and ventilation modes used also di� ered between the 

cohorts. The authors reported a lower rate of postoperative 
pulmonary complications in the protective lung ventilation 
group (22%  vs . 4%), which they de� ned as the presence of 
Pa o

2
 :F io

2
  ratio less than 300 mmHg, lung in� ltration, or atel-

ectasis within 72 h. It can be argued that, although atelectasis 
or in� ltrates on chest radiography might be associated with 
poor outcomes, they might also signify mild � ndings that 
do not meaningfully a� ect the patient’s clinical course. In 
another small trial, Unzueta  et al .  42   showed that the use of a 
recruitment maneuver, before and after one-lung ventilation, 
with a V 

T
  of 6 ml/kg predicted body weight and PEEP of 

8 cm H 
2
 O was associated with lower rates of dead space and 

higher Pa o
2
 . Nevertheless, recruitment maneuvers were not 

associated with clinically better outcomes and might simply 
be a useful strategy to treat transient hypoxemia intraopera-
tively.  43 , 44   The very small study by Maslow  et al .  45   showed no 
di� erences in outcomes between high and low V 

T
  groups, 

and neither trial arm had a single patient who developed 
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the primary outcome of acute lung injury or ARDS. Park 
et al .  46   performed a randomized study comparing conven-
tional protective ventilation with an approach that included 
individualized titration of PEEP to achieve the lowest driv-
ing pressure. They found lower rates of postoperative pulmo-
nary complications with the limitation of driving pressure to 
15 cm H 

2
 O or less. Overall, the number of complications in 

this study was small, and patients underwent widely di� erent 
surgeries—for example, wedge resections  versus  esophagecto-
mies. Furthermore, the statistical methods used to analyze the 
primary outcome were criticized.  47 

 Of interest, Peel  et al .  48 , 49   conducted two meta-analyses 
combining retrospective and prospective studies. The � rst 
concluded that the use of PEEP and recruitment maneu-
vers during one-lung ventilation was not associated with 
signi� cantly lower rates of postoperative pulmonary compli-
cations.  48   The second study concluded that lower V 

T
  during 

one-lung ventilation was associated with lower rates of post-
operative pulmonary complications.  49   The ongoing Protective 
Ventilation With High Versus Low PEEP During One-lung 
Ventilation for Thoracic Surgery study is more optimally 
designed to answer the question of whether high or low 
PEEP (10  vs . 5 cm H 

2
 O) during one-lung ventilation is supe-

rior; the study aims to recruit a large group of patients under-
going pneumonectomy, lobectomy, or wedge resection.  50 

  Conclusions 
 Recent and perhaps more relevant evidence derived from pro-
spective randomized controlled trials on the ventilation of ICU 
patients without ARDS suggests that clinically important out-
comes do not di� er between patients who are ventilated with 
a low or higher V 

T
  or with low  versus  higher PEEP. Although 

it can be hypothesized that protective lung ventilation during 
one-lung ventilation is a prudent strategy to reduce postop-
erative pulmonary complications, there is limited evidence to 
support this, and data from both observational and randomized 
studies are con� icting. Certainly, none of the trials showed that 
a strategy of high V 

T
  ventilation was superior. Determination 

of the optimal V 
T
  level during one-lung ventilation requires 

further study, because the identi� ed V 
T
  levels ranged from 4 

to 8 ml/kg predicted body weight (which may not be low,  per 
se , but re� ect the physiologic level) and the e� ects of low  ver-
sus  higher PEEP are unclear. The importance of proven risk 
factors for postoperative pulmonary complications after lung 
resection, such as decrements in forced expiratory volume 
in 1 s or di� usion capacity of the lung for carbon monoxide 
and greater � uid administration during surgery, should also be 
emphasized and considered when interpreting observational 
data or in the design of future randomized controlled trials 
to examine the impact of protective lung ventilation during 
one-lung ventilation. Of these known risk factors, � uid restric-
tion and ventilatory settings can be modi� ed by anesthesiolo-
gists, as can less proven factors that may impact in� ammatory 
responses, such as choice of inhalational or intravenous anes-
thetic agents, F io

2
 , and hypercapnia.  51 
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   I sabella C. Herb, M.D., a Seasoned Anesthesiologist 
and Advocate 

     In 1936, the  Chicago Presbyterian Hospital Bulletin  ( top, center ) boldly declared what modern society takes for 
granted:  anesthetics matter . Isabella C. Herb, M.D. (1863 to 1943,  far right in photograph ), passionately advocated 
for anesthesiology’s recognition as a medical specialty. She performed clinical research, made medicolegal argu-
ments, and taught generations of physicians the art of anesthesia. An academic physician when few women 
had the opportunity, Herb was the � rst woman on medical sta�  at both the Mayo Clinic and Rush University 
School of Medicine. By the time she retired as a full professor emerita in 1941, Herb had forged many � rsts, 
including the initial ethylene-oxygen anesthetic in 1923. Her legacy graces the Wood Library-Museum collec-
tion in the form of the Herb-Mueller Ether Vapor and Vacuum Apparatus ( left ). Though she still practiced the 
open-drop ether method on occasion, this machine delivered ether from a glass vaporizer seated in a heated 
bath. Housed in the metal cart beneath is the motor for the suction apparatus. Zesty but not overpowering, 
Herb carefully blended innovation with her well-seasoned career in anesthesiology. (Copyright © the American 
Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.  www.woodlibrarymuseum.org )         

 Melissa L.    Coleman   ,  M.D., Associate Professor, Department of Anesthesiology and Perioperative Medicine, Penn State 
College of Medicine ,  Hershey, Pennsylvania .
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  ABSTRACT 
 Tobacco use will kill a projected 1 billion people in the 21st century in one 
of the deadliest pandemics in history. Tobacco use disorder is a disease 
with a natural history, pathophysiology, and effective treatment options. 
Anesthesiologists can play a unique role in fi ghting this pandemic, provid-
ing both immediate (reduction in perioperative risk) and long-term (reduction 
in tobacco-related diseases) benefi ts to their patients who are its victims. 
Receiving surgery is one of the most powerful stimuli to quit tobacco. Tobacco 
treatments that combine counseling and pharmacotherapy ( e.g. , nicotine 
replacement therapy) can further increase quit rates and reduce risk of mor-
bidity such as pulmonary and wound-related complications. The perioperative 
setting provides a great opportunity to implement multimodal perianesthesia 
tobacco treatment, which combines multiple evidence-based tactics to imple-
ment the four core components of consistent ascertainment and documenta-
tion of tobacco use, advice to quit, access to pharmacotherapy, and referral 
to counseling resources.  

(ANESTHESIOLOGY  2022 ;  137 : 484 – 508 )      

  Deborah J. Culley, M.D., Editor  

 Anesthesiologists and the 
Other Pandemic: Tobacco 
Use      
      David O.     Warner    ,   M.D.     

ANESTHESIOLOGY  2022 ;  137 : 484 – 508 
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 During 2020 and 2021, the COVD-19 pandemic caused 
more than 845,000 deaths in the United States  1   and up 

to 18 million deaths worldwide,  2   accompanied by widespread 
social and economic disruption. However, another deadly 
pandemic has been ongoing for more than a century—the 
tobacco pandemic.  3–6   This pandemic originated in the United 
States in the early 20th century and then spread throughout 
the world. Globally, tobacco use kills more than 8 million peo-
ple each year, including bystanders exposed to secondhand 
smoke.  7   It is the leading cause of preventable death in many 
countries, including the United States, where it accounts for 
approximately 1 in 5 deaths (480,000 annually).  8   If current 
trends continue, approximately 1 billion people will die of 
tobacco use in the 21st century.  4   The tobacco pandemic con-
tinues to evolve, as new products that spread the disease of 
tobacco use disorder, such as electronic cigarettes, are devel-
oped and marketed, perhaps analogous to coronavirus variants. 

 Pandemic control requires a mix of public policy and 
medical measures. The response to the COVID-19 pan-
demic was complex and multilayered, including a variety 
of government policies, such as lockdowns and masking, 
and medical innovations such as vaccines and monoclonal 
antibody treatment. Anesthesiologists played an important 
role in this response by providing outstanding surgical and 
intensive care to these patients, often at considerable per-
sonal risk. The response to the tobacco pandemic has been 
similarly multifaceted, including government policies such 
as increased tobacco taxation and bans on smoking in public 
places, and treatment innovations such as nicotine replace-
ment therapy.  5 , 6   As with COVID-19, anesthesiologists can 
also play an important role in the response to tobacco pan-
demic—but many do not know how. In addition to improv-
ing public health, a collateral bene� t of anesthesiologists’ 
e� orts is an immediate impact on perioperative risk and the 
long-term health of each individual tobacco user. 

 This narrative review is a primer for anesthesiologists 
who want to help their patients who are victims of the 
tobacco pandemic. An e� ective pandemic response requires 
� rst an understanding of the origins, natural history, patho-
physiology, and treatment of the underlying disease. With 
this as a foundation, this review will then present the com-
pelling rationale to address tobacco use in perianesthesia 
practices, putative barriers to anesthesiologist involvement, 
and practical strategies to take advantage of the unique 
opportunities available for anesthesiologists to help their 
patients. The focus will be on two popular tobacco prod-
ucts, conventional cigarettes that burn tobacco and elec-
tronic cigarettes, recognizing that there are numerous other 
forms of tobacco that can also cause harm. 

  Pandemic Origins and Evolution 
 Given the ubiquity of tobacco products in the mod-
ern world, it is easy to think that tobacco use has always 
been widespread in human societies. Indeed, tobacco 
has an important long-standing ceremonial role in some 
cultures.  9   However, until the beginning of the 20th cen-
tury, only a small fraction of the world’s population used 
tobacco, mostly in the form of chewing tobacco, snu� , and 
pipe tobacco.  4–6   Three factors combined to dramatically 
increase the prevalence of commercial tobacco use during 
the 20th century, � rst in the United States, then in the rest 
of the world: technological advances in tobacco product 
design and manufacture, sophisticated marketing campaigns 
by tobacco companies, and the high addiction potential 
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of nicotine. Regarding technology, the invention in the 
United States of (1) � ue-curing, a new method to process 
tobacco leaves that made tobacco smoke easier to inhale, 
(2) the safety match, and (3) machines that made cigarettes 
in large quantities enabled mass cigarette production and 
consumption.  5 , 6   Regarding marketing, the tobacco indus-
try pioneered sophisticated marketing campaigns employ-
ing techniques that are still widely utilized today by many 
industries. Tobacco products remain one of the most heavily 
marketed products in the world.  4   Regarding addiction, cig-
arettes function primarily as devices to rapidly deliver to 
the brain high levels of nicotine, one of the most addictive 
substances known.  10   These factors combined to produce a 
dramatic increase in the prevalence of tobacco use; at the 
U.S. pandemic peak in the 1960s, more than 40% of the 
adult population smoked cigarettes ( � g. 1   ).  3 , 8 , 11 

 The health consequences of this pandemic became evi-
dent in the early 1950s, thanks to a series of classic observa-
tional studies linking smoking to lung cancer,  12 , 13   followed 
by other studies demonstrating similar links to cardiovas-
cular and pulmonary disease.  14   In response, the tobacco 
industry launched a sustained disinformation campaign 

designed to refute these studies, cast doubt on any rela-
tionship between smoking and disease, and deny that cig-
arettes were addictive, with smoking presented rather as a 
personal choice.  4 , 5   It later became apparent from their own 
internal documents that the industry in fact had known for 
decades that smoking caused disease and was highly addic-
tive; indeed, the industry continues to actively manipulate 
nicotine delivery by cigarettes to maximize addiction and 
sales.  5 , 15   In a landmark case, in 2006 the tobacco industry 
was found guilty under racketeering laws, demonstrating 
that criminal behavior contributed to the pandemic.  5 , 6 , 16 

 The 1964 release of the U.S. Surgeon General’s report 
Smoking and Health 14   summarized the conclusive evidence 
that smoking caused a host of serious diseases including 
chronic lung disease, cardiovascular disease, and cancer, and 
sparked the implementation of various policy measures 
that proved highly e� ective in reducing the prevalence of 
tobacco use.  4   For example, appreciation of the dangers of 
secondhand smoke ( i.e. , breathing in smoke exhaled by oth-
ers) led to policies banning smoking in public places,  17   and 
increased tobacco excise taxes signi� cantly reduced sales.  18 

These and other measures dramatically reduced smoking 

  Fig. 1.     Estimates of the proportion of adults who smoked cigarettes ( left ) and the proportion of adult deaths caused by smoking ( right ) in the United 
States from 1900 to 2020 for males and females. Also shown are the timing of major events related to tobacco control in the United States. “Blended” 
cigarettes include a mixture of fl ue-cured and other tobaccos that produce smoke that is sweeter and better tolerated. Data from Thun  et al. 11       
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prevalence in the United States and many other high-in-
come countries ( � g. 1 ). Nonetheless, nearly one in � ve U.S. 
adults still uses a tobacco product,  19   and smoking-related 
illnesses cost the United States more than $300B annually.  8 

At this stage in the U.S. pandemic, compared with non-
smokers, smokers have lower educational attainment, have 
lower household income, and are more likely to have men-
tal health conditions, including other substance use disor-
ders.  19–21   Tobacco use thus contributes to widespread health 
disparities in the U.S. population. 

 In response to declines in tobacco sales in the United 
States, the tobacco industry took advantage of trade liber-
alization policies in the late 20th century and dramatically 
increased its international marketing e� orts.  5 , 22   These e� orts 
were highly successful—many low- and middle-income 
countries still have a high prevalence of tobacco use ( i.e. , 
are in the earlier stages of the pandemic)—a disparity that 
mirrors (and contributes to) other disparities in health and 
health care among nations.  23 

  Pathophysiology and Natural History of Tobacco 
Use 
 Most tobacco use can be conceptualized as a behavioral disor-
der, as recognized by the most recent  Diagnostic and Statistical 
Manual of Mental Disorders , 5th edition.  24   The majority of 
those who smoke cigarettes meet criteria for tobacco use 
disorder ( table 1   ); however, not all people who use nicotine 
develop this disorder, for reasons that are unknown. Earlier 
editions of this manual employed the diagnostic term “nic-
otine dependence,” which is still utilized. Most who su� er 
from tobacco use disorder begin using tobacco before age 
18 yr. In 2021, 34% of U.S. high school students had tried 
a tobacco product, and 13% were current users.  25   Of these, 

almost a third already showed signs of nicotine dependence 
( e.g. , experienced cravings). The tobacco industry has recog-
nized the importance of youth tobacco use in creating and 
sustaining a market for their products and has engaged in a 
variety of activities to promote such use.  6 , 26 , 27 

  Pathophysiology 

 Although cigarette smoke contains literally thousands of 
pharmacologically active compounds, many of which cause 
disease, nicotine is the active ingredient responsible for 
reward and addiction.  10   Like other drugs of abuse, nico-
tine activates the mesolimbic dopamine system, a central 
mediator of drug reward and reinforcement,  28   such that 
smoking has pleasurable e� ects including stress reduction 
and enhanced mood ( � g. 2   ). The rapid rise in brain nico-
tine levels produced by cigarette smoke contributes to this 
pleasure.  29   The pharmacology of the nicotinic acetylcholine 
receptor that mediates nicotine’s actions is complex and 
beyond the scope of this review, but some characteristics 
explain the features of tobacco use disorder.  10 , 30 , 31   Although 
initial exposure to nicotine is usually unpleasant ( e.g. , causes 
nausea), continued exposure to nicotine causes rapid desen-
sitization of several nicotine subtypes, leading to the rapid 
development of tolerance, such that more tobacco is needed 
to achieve the desired e� ects.  32   Desensitization can also 
contribute to symptoms of craving and nicotine withdrawal, 
the latter characterized by irritability, anger, di�  culty con-
centrating, increased appetite, restlessness, depressed mood, 
and insomnia, which can persist for at least several days after 
discontinuation of nicotine.  33 , 34   Daily smokers typically 
maintain saturation of nicotinic receptors, which prevents 
craving and withdrawal symptoms;  i.e. , they self-medicate 
to prevent unpleasant withdrawal symptoms and regulate 

  Table 1.     Criteria for Tobacco Use Disorder   

 A problematic pattern of tobacco use leading to clinically signifi cant impairment or distress, as manifested by at least two of 
the following, occurring within a 12-month period   

 1. Tobacco taken in larger amounts or over a longer period than intended 
 2. Persistent desire or unsuccessful efforts to cut down or control tobacco use 
 3. A great deal of time is spent in activities necessary to obtain or use tobacco 
 4. Craving, or a strong desire or urge to use tobacco 
 5. Recurrent tobacco use resulting in a failure to fulfi ll major role obligations at work, school, or home ( e.g. , interference with work) 
 6. Continued tobacco use despite having persistent or recurrent social or interpersonal problems caused or exacerbated by the effects of tobacco ( e.g. , 

arguments with others about tobacco use) 
 7. Important social, occupational, or recreational activities given up or reduced because of tobacco use 
 8. Recurrent tobacco use in situations in which it is physically hazardous ( e.g. , smoking in bed) 
 9. Tobacco use continued despite knowledge of having a persistent or recurrent physical or psychologic problem that is likely to have been caused or 

exacerbated by tobacco 
 10. Tolerance, as defi ned by either of the following: 
  a. Need for markedly increased amounts of tobacco to achieve the desired effect 
  b. Markedly diminished effect with continued use of the same amount of tobacco 
 11. Withdrawal, as manifested by either of the following: 
  a. The characteristic withdrawal syndrome for tobacco 
  b. Tobacco (or a closely related substance, such as nicotine) taken to relieve or avoid withdrawal symptoms 

   Classifi ed as mild (2 to 3), moderate (4 to 5), or severe (6 or more). Adapted from the  Diagnostic and Statistical Manual of Mental Disorders , 5th edition.  24 
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their cigarette consumption to this end.  10   Exposure also 
causes long-term plastic changes in brain function, changes 
that are particularly pronounced in the adolescent brain.  35 

For example, exposure of adolescents to nicotine causes 
increased rewarding e� ects of other abused drugs, and there 
is a strong association between tobacco use and later anxi-
ety, depression, and other disorders of emotional regulation. 
Finally, conditioning, another consequence of neural plas-
ticity caused by nicotine exposure, is an important compo-
nent of addiction.  36 , 37   With conditioning, smokers associate 
particular moods or situations ( e.g. , smoking after meals) 
with the pleasurable e� ects of nicotine, such that these 
smoking-related “cues” trigger the desire to smoke—even 
in those who have quit smoking for some period of time 
and no longer su� er from acute nicotine withdrawal symp-
toms.  10   Patients with tobacco use disorder thus continue 
to smoke for several reasons, including pleasurable e� ects, 
avoidance of the unpleasant e� ects of nicotine withdrawal, 
and conditioning—their brains are literally “rewired” in 
complex ways to seek nicotine.   

  Natural History of Quitting 

 The profound e� ects of sustained nicotine exposure on the 
brain can make it very di�  cult for patients with tobacco 

use disorder to quit using tobacco, even though the major-
ity want to do so.  38 , 39   Each year, approximately half of smok-
ers in the United States make at least one quit attempt, most 
without assistance.  40 , 41   Although the majority eventually 
succeed,  39   only about 1 in 20 unassisted attempts results in 
long-term abstinence, such that almost all smokers require 
multiple attempts—hence the frequent characterization of 
tobacco use disorder as a chronic relapsing disease.  42 , 43   Given 
the importance of quitting to health, surprisingly little is 
understood about the quitting process. Various theories of 
behavior have been proposed. For example, the transtheo-
retical model postulates that health behavior change such as 
quitting smoking involves progress through distinct stages 
including contemplation, preparation, action ( i.e. , quitting), 
and maintenance.  44   However, this and other theories have 
proven largely unsatisfactory.  45   Most quit attempts appear 
to be in fact unplanned and spontaneous,  41 , 46–48   and those 
who make an unplanned attempt may indeed be more 
likely to succeed.  49   The only factors shown in the gen-
eral populations to consistently predict quit attempts are 
the number of previous attempts and motivation to quit.  50 

Thus, life events that increase such motivation can play an 
important role in the process—and as will be discussed in 
a subsequent section, surgery is one such event that has a 
powerful e� ect.   

  Fig. 2.     Schematic of how smoking produces pleasure and how abstinence causes withdrawal symptoms. Smoking a cigarette produces 
a rapid increase in brain nicotine levels, activating brain nicotine acetylcholine receptors (nAChRs) that produce dopamine release in the 
“pleasure centers” of the brain. Nicotine acetylcholine receptors become desensitized soon after activation, which produces acute tolerance 
to nicotine. As nicotine levels fall, nicotine acetylcholine receptors become inactive (i.e., not bound to nicotine), reducing brain dopamine 
levels and triggering nicotine withdrawal symptoms, which also increases cravings for cigarettes. Repeated activation also causes neural 
plasticity that, among other actions, results in a conditioned response to smoking “cues” (i.e., smoking after meals), such that these cues 
trigger craving for cigarettes. Thus, smokers are rewarded for continued nicotine consumption to maintain nicotine acetylcholine receptors 
activation. Figure modifi ed from Benowitz.  10 
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  Electronic Cigarettes: A New Pandemic Vehicle 
 Since their introduction in 2003, a new vehicle for the wide-
spread administration of the pathogen responsible for the 
addictive properties of tobacco has emerged—electronic cig-
arettes, also known by a variety of other names such as elec-
tronic nicotine delivery devices.  51   Although there are many 
di� erent designs, all utilize a battery-powered atomizing 
device to heat and vaporize a liquid solution, which is then 
inhaled (“vaped”;  � g. 3   ).  52   Solutions usually contain humec-
tants such as propylene glycol and various � avors in addition 
to nicotine. It is also possible to vape other drugs such as opi-
oids or cannabinoids. Although vapor does not contain the 
combustion products present in cigarette smoke, heat applied 
in the vaporization process creates a wide range of chemi-
cal compounds (such as formaldehyde) that can be pharma-
cologically active. As these devices have only recently come 
under regulation by the U.S. Food and Drug Administration 
(Silver Spring, Maryland) and regulatory authorities in 

other countries, the actual composition of solution is often 
unknown. In addition to electronic cigarettes, products have 
also been developed that heat, rather than burn, tobacco to 
produce a nicotine aerosol that can be inhaled (known as 
“heat-not-burn” products). Two of these products are cur-
rently available in the United States, but they have not yet 
achieved popularity, and nothing is known regarding their 
potential e� ects in the perioperative period.  53 

  Electronic Cigarettes as a Vehicle for Nicotine 

 Electronic cigarettes now play a signi� cant role in initiat-
ing and sustaining nicotine use. In 2019, approximately 5% 
of U.S. adults used these devices, especially young adults.  19 

Alarmingly, in 2021, 11% of high school students and 3% of 
middle school students used electronic cigarettes.  25   This rel-
atively high utilization has raised considerable concerns that 
these devices not only expose the developing brain to the 
deleterious e� ect of nicotine and promote addiction but also 

  Fig. 3.     Typical components of electronic cigarettes. All utilize a reservoir for liquid containing the substance to be vaporized ( e.g. , nicotine), a 
device to atomize this liquid to produce a vapor that is inhaled, and a battery with electronic control components. These devices have multiple 
names and confi gurations. For example, in some devices, the liquid comes in prepackaged cartridges (as shown in this example), whereas 
others utilize reservoirs (“tanks”) that can be fi lled with any solution the user desires (“juice”). Used with permission of Mayo Foundation for 
Medical Education and Research, all rights reserved.  52 
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serve as a “gateway” facilitating a transition to smoking con-
ventional cigarettes,  54   a pattern noted in recent observational 
studies.  55–57   Evidence suggests that despite protestations to 
the contrary, companies producing electronic cigarettes 
actively promote youth use through strategies such as � a-
vors and the renormalization of nicotine use ( i.e. , vaping as 
glamorous) to generate lifelong users of their products.  26 , 58 

From this standpoint, these devices may threaten the prog-
ress made in � ghting the tobacco pandemic.  

  Electronic Cigarettes as Nicotine Replacement 

 On the other hand, if cigarette smokers could switch to 
electronic cigarettes as their means to consume nicotine, 
it could reduce risk—to the extent that vapor may be less 
harmful than cigarette smoke.  59   In addition, these devices 
could function as a form of nicotine replacement therapy 
to facilitate attempts to quit tobacco use. When used as 
pharmacotherapy in randomized clinical trials of patients in 
tobacco treatment programs, electronic cigarettes promote 
quitting.  60   Feasibility studies, including surveys and distri-
bution of electronic cigarettes in a preoperative clinic, have 
also explored the potential for using electronic cigarettes 
speci� cally to help surgical patients quit.  61 , 62   In contrast, 
observational studies that re� ect use outside of randomized 
clinical trials generally do not support the hypothesis that 
cigarette smokers who use electronic cigarettes are more 
likely to quit smoking (with some exceptions); many con-
tinue to use both (dual use).  63–65   However, the quality of 
evidence is low, the analyses are complex, and controversy 
remains.  59 , 63 , 66–68   Thus, although some smokers have success-
fully used electronic cigarettes to quit, there is not yet good 
evidence that these devices are e� ective for this purpose 
across populations. In addition, similar to conventional cig-
arettes, most users of electronic cigarettes want to quit, but 
may � nd it di�  cult to do so as they experience symptoms 
of nicotine withdrawal and cravings.  25 , 69   Methods to treat 
electronic cigarette use are not yet well-established.  70 

  “Safety” of Vapor 

 The potential bene� ts of trading one nicotine source (cig-
arette smoke) for another (vapor from electronic cigarettes) 
depend on whether vapor is “safer” than cigarette smoke. 
Unfortunately, evidence continues to accumulate that 
inhaled vapor can have adverse physiologic e� ects. Vapor 
exposure is cytotoxic to pulmonary cells  in vitro  and causes 
lung in� ammation  in vivo .  71 , 72   Use is associated with an 
increased incidence of respiratory diseases such as emphy-
sema and asthma  73   and can cause severe acute lung injury 
(e-cigarette or vaping product use associated lung injury).  74 , 75 

Vapor exposure causes acute increases in blood pressure and 
heart rate and chronic changes in measures of arterial sti� -
ness consistent with increased cardiovascular risk, and detri-
mental changes in cardiovascular health in animal models.  76 , 77 

Accordingly, use of electronic cigarettes may be a risk factor 

for myocardial infarction, independent of any concurrent 
cigarette use,  78   although such observational data have mul-
tiple limitations, and other studies have failed to � nd such 
associations.  79   Switching from conventional to electronic cig-
arettes may improve some measures of cardiovascular health 
such as � ow-mediated vasodilation.  80   The risk of cancer is 
unknown, although switching to electronic cigarettes reduces 
exposure to carcinogens.  81   Vaping may a� ect surgical wound 
healing. Two animal studies found that both cigarette smoke 
and vapor decrease survival of surgical free � aps in animal 
models by a similar degree.  82 , 83   There are no data in patients 
save two case reports of problems with � aps in vapers that do 
not provide a convincing link.  84–86   Thus, even if vapor may 
prove “safer” than cigarette smoke in some respects, it is not 
“safe.”  54 

  Effect of Surgery on Tobacco Use 
 The term “teachable moment” refers to health events that 
motivate individuals to spontaneously ( i.e. , without treat-
ment) adopt risk-reducing health behaviors such as quit-
ting tobacco use.  87–89   Teachable moment events for smoking 
cessation include disease diagnosis (especially those related 
to tobacco use such as lung cancer), o�  ce visits, abnor-
mal test results, pregnancy—and surgery.  90–92   Numerous 
studies consistently show that receiving a surgical proce-
dure increases long-term quit rates, even if patients are not 
treated for their tobacco use.  93–95   Quit rates are highest after 
major inpatient procedures necessitated by smoking-caused 
disease, such as lung resection for cancer and coronary 
artery bypass grafting. However, less invasive procedures can 
also motivate abstinence. An analysis of longitudinal data 
from a nationally representative survey of adults older than 
50 yr found that smokers undergoing major inpatient sur-
gery (heart, cancer, or joint replacement surgeries) were up 
to twice as likely to quit compared with those who did 
not have surgery, controlling for other factors including age, 
sex, and a new medical diagnosis.  96   Even those undergoing 
more minor outpatient surgery were approximately 30% 
more likely to quit. Approximately 1 in 12 quit events in 
older Americans could be attributed to their undergoing 
one of these four types of surgical procedures, representing 
a powerful e� ect on population health. 

 Despite the dramatic e� ect of surgery on this hard-to-
change behavior, it is perhaps surprising that the mecha-
nism is not understood. Factors associated with quitting 
include surgical acuity, perioperative intent to quit, 
and self-e�  cacy ( i.e. , belief that quit attempts will suc-
ceed),  97 , 98   but none of these factors explain the underlying 
psychologic processes. A population-based analysis of lon-
gitudinal data examined the e� ect of children undergoing 
surgical procedures on their parents’ smoking.  99   These par-
ents were more than twice as likely to make a quit attempt 
compared with those whose children did not have surgery 
but were not more likely to succeed in actually quitting. 
Thus, whatever factors are operative, they are su�  cient to 
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motivate a quit attempt in this situation, but insu�  cient 
to produce sustained quitting. It is not known whether 
treatment for tobacco use disorder may be more e� ective 
during “teachable moments” such a surgery, but the fact 
that these parents were motivated to make a quit attempt 
suggests that they may be receptive to treatment; clearly 
such treatment is necessary for success in this instance. 
Other work suggests that patients with some medical 
comorbidities are more likely to make quit attempts, but 
may not be more likely to succeed  100  —again suggesting 
that the “teachable moment” e� ect may be enhanced by 
e� ective treatment.  

  Treatment of Tobacco Use 
 Although most tobacco users quit without assistance, treat-
ment can more than double the odds that a quit attempt 
will succeed.  101   Even so, only approximately one of four 
individual quit attempts by patients participating in good 
tobacco treatment programs succeed,  102 , 103   and most users 
require multiple attempts to maintain long-term abstinence, 
reinforcing the concept of tobacco use disorder as a chronic 
disease.  42 , 43   Like other chronic diseases such as hypertension 
or diabetes, tobacco use disorder may not be “cured” by a 
single treatment. However, the odds of success increase with 
the number of attempts and treatments—so it is important 
to make the most of every opportunity to motivate a quit 
attempt and provide treatment.  101   Even if treatment does not 
result in quitting immediately, the fact that smokers made an 
attempt increases the likelihood that a subsequent attempt 
will succeed.  50 

  Treatment Components 

 Optimal treatment includes two components: counseling 
and pharmacotherapy.  104 

 Counseling can range from brief discussions with phy-
sicians  105   to multiple sessions provided by trained tobacco 
treatment specialists.  103 , 106 , 107   These healthcare professionals 
are speci� cally trained to provide counseling services and 
to manage pharmacotherapy. A variety of counseling tech-
niques are employed, with many grounded in principles of 
cognitive behavioral therapy. Techniques such as motiva-
tional interviewing are used for patients not yet ready to 
make a quit attempt, although it is not clear that these are 
e� ective.  108   As with other areas of healthcare, the COVID-
19 pandemic prompted the expansion of telephone and 
video-based counseling services, which are e� ective.  109 

For example, in the United States, the National Cancer 
Institute (Bethesda, Maryland) sponsors a single toll-free 
number (1-800-QUITNOW) that provides access to free 
state-sponsored “quitline” telephone counseling services. 
Other methods such as text messaging and web-based 
programs also show promise.  110–112   For all types of coun-
seling, e�  cacy increases with intensity, although even just 
brief advice to quit by physicians increases quit rates by 

approximately 30%.  101 , 105   E� ectiveness increases with the 
total patient contact time and the number of counseling 
sessions.  101 

 Several medications increase quit rates.  113   Nicotine 
replacement therapy was the � rst approved class and 
remains a mainstay of therapy, as many forms are available in 
the United States and other countries without a prescrip-
tion.  114 , 115   Nicotine replacement therapy can alleviate both 
nicotine withdrawal symptoms and cravings for cigarettes. 
Various formulations are available in di� erent countries; 
in the United States, skin patches, chewing gum, and loz-
enges are available without prescription, and nasal spray and 
oral inhalers are available with a prescription. Formulations 
can be combined according to need. For example, patches 
provide extended release useful to prevent withdrawal, 
while gum is more rapid-acting and can be useful for crav-
ings. Overall, nicotine replacement therapy increases quit 
rates by approximately 60%.  114 , 115   The overall safety pro-
� le of nicotine replacement therapy is excellent, even in 
patients with signi� cant comorbidity such as cardiovascu-
lar disease.  116 , 117   Approved � rst-line non-nicotine medica-
tions include bupropion and varenicline.  115   Bupropion is 
an atypical antidepressant that blocks norepinephrine and 
dopamine reuptake in the mesolimbic system and may also 
act as an antagonist of nicotinic receptors. It also has an 
excellent safety pro� le and has e�  cacy similar to that of 
nicotine replacement therapy.  118   Varenicline is a partial ago-
nist of the  α 

4
β 

2
  nicotinic receptor subtype that helps sustain 

mesolimbic dopamine concentration and alleviate nicotine 
withdrawal symptoms while blocking nicotine-induced 
dopaminergic activation and thus the rewarding e� ect of 
smoking. Varenicline is the most e�  cacious of available 
medications, more than doubling quit rates.  119   Nausea is 
the most common side e� ect. There were initial concerns 
regarding whether varenicline increased risk of depression 
and self-harm, but subsequent studies have not supported 
this link.  120   Both bupropion and varenicline should be 
started 1 week before a quit attempt to achieve therapeutic 
levels.   

  Approach to Treatment in Healthcare Settings 

  Evidence-based Guidelines 

 Given that tobacco use causes diseases, the relatively fre-
quent contact that users have with the healthcare system 
provides opportunities to deliver tobacco treatment. A U.S. 
Public Health Service (North Bethesda, Maryland)–spon-
sored Clinical Practice Guideline provides recommen-
dations for the implementation of tobacco treatment in 
healthcare settings, stating that “it is essential that clinician 
and health care delivery systems consistently identify and 
document tobacco use status and treat every tobacco user 
seen in a health care setting.”  101   The guideline recommends 
the “5As” approach:  ask  every patient if they use tobacco, 
advise  them to quit,  assess  willingness to make a quit attempt, 
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assist  those willing to quit by o� ering medication and pro-
viding or referring for counseling, and  arrange  for follow-up 
contact to prevent relapse. Each of these steps is supported 
by compelling evidence for e�  cacy. Other countries have 
issued similar guidelines.  121 , 122   Unfortunately, these guide-
lines have proved challenging to implement into routine 
clinical practice. Although most healthcare systems in the 
United States attempt to ascertain tobacco use status (with 
varying degrees of e� ectiveness), a minority of patients 
receive even advice to quit on a consistent basis, much less 
assistance or follow-up.  123–130   Similar results have been found 
speci� cally in surgical patients. A national survey of anes-
thesiologists found that although most asked their patients 
about tobacco use, only 30% reported advising them to 
quit, and 5% provided any assistance.  131   Indeed, only 5% felt 
that it was part of their responsibility to provide assistance. 
Other surveys of anesthesiologists and surgeons have found 
similar results.  132–138 

  Implementation of Recommendations in Clinical 
Practices 

 Many have attempted to increase the provision of tobacco 
treatment in clinical practices. In general, although such e� orts 
can succeed in the context of clinical studies, it has proven 
much more di�  cult to embed them into routine clinical prac-
tice.  139 , 140   The most successful sustained e� orts have targeted 
hospitalized patients. Intensive practice support e� orts such as 
embedded outreach facilitators, decision-support tools within 
electronic medical records, extensive clinician training, and 
ongoing audits can increase the provision of tobacco treatment 
to hospitalized patients and produce measurable improve-
ments in clinical outcomes.  141–144   However, these e� orts are 
resource-intensive, and even so, many patients do not receive 
treatment. In the absence of this intensive approach, results are 
less favorable. A meta-analysis of studies examining e� orts to 
increase clinician delivery of tobacco treatment to hospitalized 
patients found that such e� orts increased the provision of assis-
tance, but did not a� ect asking about tobacco use, advising to 
quit, or the provision of pharmacotherapy.  145   A consortium of 
nine research groups used a variety of locally tailored strategies 
and pragmatic approaches to provide tobacco treatment to hos-
pitalized patients, but only two found that their strategies were 
e� ective in increasing postdischarge quit rates.  146   Attempts to 
increase the provision of tobacco treatment in outpatient set-
tings have had mixed results in terms of how frequently treat-
ment elements are provided.  147–156   There is little information 
regarding e� ects on actual quit rates and no information about 
whether e� orts can be sustained in clinical practice.  

  Other Approaches 

 Given the very real challenges to implementing clinician-
delivered tobacco treatment,  140   two other approaches have 
been proposed to consistently deliver tobacco treatment 
in clinical settings. The � rst is a modi� cation of the “5As” 
approach, recognizing that most clinicians (and perhaps 

especially anesthesiologists) do not have the time or train-
ing to provide assistance (counseling and pharmacotherapy) 
or arrange for follow-up. Rather, clinicians should  ask  their 
patients about tobacco use,  advise  them to quit, and  refer  them 
to other resources that could provide assistance and fol-
low-up—Ask-Advise-Refer.  149 , 157 , 158   E� orts to implement 
the Ask-Advise-Refer approach have focused on systems 
to facilitate referral and access to appropriate resources. Its 
feasibility in practice is now well-established, as well as its 
ability in study settings to increase referral to treatment reso
urces.  149–151 , 159 , 160   However, its sustainability in routine prac-
tice and its ability to actually increase quit rates remain to be 
determined.  151 

 The second approach challenges the utility of the third 
component of the “5As”— assess  willingness to make a 
quit attempt. In the “5As” paradigm, the o� er of treat-
ment depends on the willingness of patients to make a 
quit attempt.  101   Thus, the default option for smoking ces-
sation is “no treatment,” as treatment is only o� ered if 
patients are willing to quit now. Richter and Ellerbeck  161 

recently made a persuasive argument that this approach 
signi� cantly limits the reach of tobacco treatment as only 
a minority of patients state a willingness to make a quit 
attempt. They proposed rather than the current “opt-in” 
approach to treatment, an “opt-out” approach to tobacco 
treatment should be adopted in clinical encounters. In this 
framework, analogous to the approach to other chronic 
conditions, the focus of the discussion would be on treat-
ment options and mechanisms to access these options 
rather than � rst assessing readiness to quit. In other words, 
the default would be treatment; patients could choose not 
to accept treatment. In support of this concept, they note 
that changing defaults has changed choice and outcomes 
for numerous health behaviors, that most tobacco users 
want to quit, and that there is little evidence of the utility 
of “assessment” of readiness to quit. Contrary to some pre-
vailing theories of behavior change, there is little evidence 
that tailoring interventions based on intent (as assessed 
by the stage of change) a� ects the e�  cacy of interven-
tions.  45   Also, there is now evidence in healthcare settings 
that o� ering treatment to all, not just those motivated to 
quit immediately, is e�  cacious,  22 , 142   and that pharmaco-
therapy can be e�  cacious even when applied to those not 
ready to quit immediately.  162   This “opt-out” proposal has 
generated controversy but satis� es accepted principles of 
medical ethics.  163   Initial studies exploring this approach in 
cancer and hospitalized patients have produced encourag-
ing results, but more work is needed to compare its e� ec-
tiveness with the “opt-in” strategy.  164–166 

  Benefi ts of Treating Surgical Patients 

  Risk of Tobacco Use 

 The perioperative period involves several clinical encoun-
ters that provide multiple opportunities to provide tobacco 
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treatment. We have already reviewed how surgery can serve 
as a powerful “teachable moment” to quit, with long-term 
bene� t to health. In addition, treating perioperative tobacco 
use can improve perioperative outcomes, because tobacco 
use increases perioperative risk,  167   as has been recognized 
for more than 75 yr.  168   Mechanisms contributing to risk 
include tobacco-induced disease ( e.g. , chronic obstruc-
tive pulmonary disease and coronary artery disease) and 
the acute e� ects of tobacco constituents (such as carbon 
monoxide in cigarette smoke).  30   A recent meta-analysis of 
107 available studies found increased risk of pulmonary 
complications (relative risk, 1.73; 95% CI, 1.35 to 2.23), 
wound-related complications (relative risk, 2.15; 95% CI, 
1.87 to 2.49), and neurologic complications (relative risk, 
1.38; 95% CI, 1.01 to 1.88) for current smokers compared 
with nonsmokers.  169   Although smoking can increase the 
risk of intraoperative myocardial ischemia,  170   current smok-
ing was not associated with major cardiovascular compli-
cations (relative risk, 1.07; 95% CI, 0.78 to 1.45). Smoking 
is also associated with delayed healing of bony fusions and 
fractures,  171–177   and adverse outcomes after joint and fracture 
surgeries.  174 , 178–186   Recent evidence suggests that smoking is 
also associated with an increased risk of surgical bleeding, 
perhaps re� ecting vascular endothelial damage and in� am-
mation caused by smoke constituents.  187–189   Some studies 
suggest that requirements for postoperative analgesics are 
higher in current smokers,  190–192   although as reviewed else-
where,  193   it is di�  cult to control for other confounding 
variables in these observational studies. This same critique 
can be applied to the observational studies that support 
the link between smoking and the other complications, 
although the evidence from randomized trials of tobacco 
treatments reviewed in the next section supports the causal 
role of smoking. 

 Secondhand smoke from others’ smoking also poses 
risks.  194   Approximately one in seven children undergoing sur-
gery in the United States are chronically exposed to second-
hand smoke,  99   which increases their risks of perianesthetic 
respiratory events such as laryngospasm and bronchospasm 
(relative risk, 2.52; 95% CI, 1.68 to 3.77 in a meta-analysis of 
15 studies).  195   These risks of respiratory complications may 
extend also to adults.  196–198   E� ects speci� cally on wound-re-
lated complications are unknown; one cohort study found 
an association between secondhand smoke exposure and 
a composite outcome of postoperative morbidity (which 
included wound-related complications).  199 

  Benefi ts of Quitting 

 Quitting smoking reduces perioperative risk. A recent sys-
tematic review of 13 randomized trials concluded that both 
intensive (de� ned as multisession in-person counseling ini-
tiated at least 4 weeks before surgery) and brief interven-
tions produced cessation at the time of surgery (pooled risk 
ratios of 10.8 [95% CI, 4.5 to 25.5] and 1.3 [95% CI, 1.2 
to 1.5] for intensive and brief interventions, respectively).  200 

Four trials examined whether smokers were abstinent 1 
yr after surgery; only intensive (not brief) interventions 
were e�  cacious (risk ratio, 2.96; 95% CI, 1.57 to 5.55). 
More intensive interventions reduced the incidence of a 
composite outcome of any complication (wound-related, 
cardiovascular, or other complication requiring treatment; 
risk ratio, 0.42; 95% CI, 0.27 to 0.65) and the incidence of 
wound-related complications (risk ratio, 0.31; 95% CI, 0.16 
to 0.62); brief interventions did not. Trials and meta-analy-
ses subsequent to this systematic review are consistent with 
these � ndings.  201–204 

 The duration of preoperative abstinence necessary for 
bene� t has not been studied in randomized trials and likely 
depends on the complication. Most of the randomized trials 
showing bene� t began treatment at least 4 weeks before sur-
gery. Data from observational trials suggest that it may require 
several weeks of abstinence before the rate of pulmonary 
complications decreases.  205–211   Given the relatively short half-
life of active cigarette smoke constituents such as nicotine 
(approximately 1 h) and carbon monoxide (approximately 
4 h), even brief abstinence may be bene� cial.  30   Randomized 
trials are not available, but one observational study found that 
among current smokers, smokers who smoked the morning 
of surgery were 75% more likely to develop a surgical site 
infection compared with smokers who did not.  212   Higher 
intraoperative exhaled carbon monoxide values, indicative 
of more recent preoperative smoking, are associated with an 
increased risk of myocardial ischemia.  170   These � ndings sup-
port the practice of advising smokers to at least not smoke 
on the morning of surgery—just like they “fast” from food, 
they should also “fast” from cigarettes. A randomized trial of 
tobacco treatment applied postoperatively in patients who 
had received acute surgical repair of fractures found that 
treatment reduced postoperative complications  213  ;  i.e ., even 
just postoperative abstinence was bene� cial. 

 A reduction in complications with quitting may translate 
to a reduction in healthcare costs, although only observa-
tional studies comparing costs according to smoking status 
are available. Evidence that current smokers have higher 
costs for inpatient surgical care during admission compared 
with never-smokers is mixed,  214 , 215   but postoperative costs 
are increased.  215   Modeling studies suggest that, as in other 
settings, providing tobacco treatment to smokers undergo-
ing surgery is cost-e� ective.  216–220 

  Putative Barriers to Treating Surgical Patients 
 As noted, it has proved challenging to implement tobacco 
treatment in clinical practice. There are several additional 
potential barriers particular to the surgical setting which 
have been addressed in recent work. 

  Safety of Nicotine Replacement Therapy 

 Concerns have been raised regarding the safety of nicotine 
replacement therapy in surgical patients, primarily regard-
ing the potential for nicotine to cause vasoconstriction that 
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could impair the healing of surgical wounds.  131   As outlined 
in recent reviews,  221–223   evidence supporting the safety of 
nicotine replacement therapy in the surgical setting includes 
the following: (1) most of the studies showing the e�  cacy 
of tobacco treatment to reduce perioperative complications 
(including wound-related complications) include nico-
tine replacement therapy in the treatment arm; (2) animal 
studies suggesting deleterious e� ects of nicotine on wound 
healing utilize nicotine doses that exceed those provided 
by nicotine replacement therapy; (3) randomized stud-
ies in an experimental human models show that nicotine 
replacement therapy does not a� ect the bene� cial e� ects of 
abstinence from smoking on wound healing; and (4) a large 
observational study (including more than 25,000 patients 
undergoing major surgical procedures who received nico-
tine replacement therapy) showed no association between 
nicotine replacement therapy and adverse outcomes, 
including wound-related complications.  224   Thus, available 
evidence strongly supports the use of nicotine replacement 
therapy to treat tobacco use in surgical patients.  222 , 223 

  Safety of Quitting Immediately before Surgery 

 Concerns have been raised regarding whether quitting 
smoking shortly before surgery increases the risk of pul-
monary complications due to an increase in cough and 
sputum production. This concern arose from a misinter-
pretation of experimental data  225   and has persisted despite 
the facts that (1) smoking cessation is not associated with 
increased cough  226   and (2) multiple studies, summarized in 
two meta-analyses,  207 , 209   show that although several weeks 
of abstinence may be necessary to reduce risk, quitting 
shortly before surgery does not increase the risk of pulmo-
nary complications. Thus, although prolonged preoperative 
abstinence likely has the greatest bene� t, patients should 
not be discouraged from quitting at any time before (or 
after) surgery.  

  Increased Psychologic Stress and Nicotine Withdrawal 
Caused by Perioperative Abstinence 

 Smoking acutely reduces psychologic stress,  227   and absti-
nence could add to the already considerable stresses posed 
by surgery. However, studies show (1) no di� erences in 
changes in measures of psychologic stress over the periop-
erative period between smokers and nonsmokers  97  ; (2) no 
e� ect of nicotine replacement therapy on perioperative 
stress or withdrawal symptoms in smokers  98  ; and (3) surpris-
ingly little reported craving for cigarettes.  97   Thus, periop-
erative abstinence can be urged without fear of adding to 
patient psychologic distress.  

  Patient Acceptance 

 Physicians may perceive that smokers already feel over-
whelmed around the time of surgery and do not want 
physicians to address their smoking behavior.  131   Evidence 

shows that most patients have favorable attitudes toward 
attempting abstinence in the perioperative period,  97 , 98 , 228–230 

but are not well-informed about the acute perioperative 
risks of smoking and the potential bene� ts of even tempo-
rary abstinence.  228 , 231–234   Most feel that their physicians are 
credible and should talk to them about how their smoking 
a� ects their risk.  135 , 228 , 235 , 236   Thus, anesthesiologists should 
not hesitate to do so.   

  Practical Methods to Treat Surgical Patients 
 Research studies � nd that treating surgical patients for their 
tobacco use can reduce both tobacco use and perioperative 
complications. As with so many other research � ndings, the 
challenge is to implement these results into routine clini-
cal practice.  140   Fortunately, recent reports detail the results 
of implementing practical approaches into clinical prac-
tices and can provide guidance ( table 2   ). Several themes are 
apparent.  

  Multimodal Treatment Maximizes Effi cacy 

 Most successful programs incorporate four core components: 
consistent ascertainment and documentation of tobacco use 
( i.e ., “asking”), advice to quit, access to nicotine replacement 
therapy or other pharmacotherapy, and referral to counsel-
ing resources ( � g. 4   ). This approach can be conceptualized 
as multimodal perianesthesia tobacco treatment, analogous 
to multimodal analgesia—the combination of multiple 
modalities that in isolation may be insu�  cient to provide 
adequate analgesia but are more e� ective when combined. 
In the same way, applying single components of tobacco 
treatment in isolation may not be e� ective. For example, 
telephone counseling services (“quitlines”) are a primary 
referral resource in several studies. Treatments that incorpo-
rate quitlines are successful in many of these studies,  201 , 202 , 250 

but it is not possible to determine how the quitlines may 
have contributed to this success. Observational studies show 
a positive association between quitline utilization and the 
odds of quitting postoperatively.  239 , 240 , 242   However, random-
ized trials in other settings show that quitline utilization 
may be simply a marker for those who would have quit 
in any event.  257   The only study isolating quitline use as an 
experimental factor ( i.e ., included no other component of 
treatment) found only a nonsigni� cant trend toward greater 
quitting at 30 days after surgery.  254   Thus, quitline services 
alone may not be su�  cient, and need to be combined with 
other treatment elements for e�  cacy. There are similar � nd-
ings for applying nicotine replacement therapy alone in the 
perioperative setting without advice or counseling.  98 

  Implementation of Multimodal Perianesthesia Tobacco 
Treatment into Clinical Practice Is Feasible and Effective 

 Initial implementation of multiple treatment components 
across practice sites is feasible and can be accomplished using 
existing clinical personnel.  233 , 239 , 242 , 244 , 258   Two reports provide 
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successful examples of this approach. Lee  et al . designed and 
evaluated a treatment program for their preoperative clinic 
that included a brief (less than 5 min) counseling session 
by a preadmission nurse who had received a 1-h train-
ing session, an informational brochure, a faxed referral to 
a quitline, and a 6-week supply of nicotine patches.  250 , 251 

Quit rates at 1 yr after surgery were signi� cantly higher in 
patients randomized to this program compared with a con-
trol condition of usual practice (25%  vs . 8%, respectively;  P
= 0.018). Young-Wol�   et al . established a screening system 
to consistently ascertain tobacco use, trained surgeons to 
provide brief counseling (facilitated by a decision aid), and 
referral to counseling services in the practice.  245   This inter-
vention required less than 5 min. In a pilot study employing 
a pre–post implementation design, referral rates to coun-
seling increased from 3 to 28% ( P  < 0.001), and the rate 
of counseling went from 5 to 12% ( P  = 0.06). Continuous 
abstinence at 30 days postoperatively increased from 18 to 
39% ( P  = 0.005).  

  Advice to Quit Is Foundational 

 Multiple studies highlight the importance of even brief 
advice to quit before surgery. Although the number of 
patients included in some studies was insu�  cient for sta-
tistical signi� cance, advice itself (delivered in person or 
with mailed materials) is associated with preoperative 
quitting.  236 , 237 , 243 , 246 , 248 , 252 , 253 , 256   The e� ect of advice on post-
operative abstinence is not known, but it is included as a 
component of other interventions e�  cacious for this pur-
pose. Advice may include the requirement for preoperative 
quitting for surgery to proceed,  93 , 238 , 259 , 260   which is cited 
as a powerful motivating factor by patients.  235   The ethics 
of this requirement have been questioned for nonelective 
procedures,  261   and it has not been reported outside of elec-
tive orthopedic and plastic surgery, where concerns for 
wound- or bone-related complications are especially acute. 
Biochemical veri� cation of preoperative smoking status can 
be readily performed using exhaled carbon monoxide or 
urinary cotinine (a metabolite of nicotine)  262–264  ; evidence 
is mixed as to whether veri� cation itself increases the like-
lihood of quitting.  238 , 252 

  Other Simple Tactics Can Facilitate Treatment 

 Several practical tactics can increase the provision of 
treatment to surgical patients. Decision support tools 
such as electronic reminders increase documentation and 
referrals.  244 , 247 , 258   Educational programs directed toward 
clinicians can increase the rate of brief advice and refer-
rals.  230 , 233 , 234 , 236 , 239 , 249 , 254   Decision aids can e� ectively facil-
itate conversations between clinicians and their patients 
about smoking.  255   Mailed materials such as a letter from 
the surgeon or brochures can be e�  cacious.  246 , 248   Such tac-
tics can be used to implement and optimize the core treat-
ment components of asking, advising, and providing access 
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to pharmacotherapy and counseling, depending on the 
opportunities available in speci� c practice settings ( � g. 4 ). 
Investigators are exploring other strategies to increase the 
feasibility of treatment, including additional methods of pro-
viding support such as text messaging services speci� cally 
designed for surgical patients,  241   and “opt-out” approaches 
that simplify and facilitate referral to treatment.  165 , 166 , 265 

  Sustainability in Practice Is Key 

 Although recent progress is encouraging, considerable 
work remains to ensure that all surgical patients who smoke 
receive treatment, as there are not yet reports describing 
large-scale, sustained treatment e� orts embedded into prac-
tices. We do not lack a menu of proven tactics that can be 
applied to perioperative patients ( � g. 4 ), and many guide-
lines and recommendations for providing tobacco treat-
ment to surgical patients are available.  121 , 157 , 266–274   Achieving 
the goal of incorporating these tactics into the routine care 
of surgical patients ( i.e. , sustainability) requires an integrated 
systems approach adapted to the particular needs of individ-
ual practices—one size does not � t all. For example, some 
practices have ready access to in-person counseling services 
that can provide multiple sessions, whereas others may 
only have access to general quitline services. Fortunately, 

considerable recent progress has been made in understand-
ing how changes in clinical practice occur through the 
new discipline of implementation science  275  ; understanding 
these processes can guide e� orts to make such changes. A 
recent review presents the principles of implementation sci-
ence and how they can be applied to facilitate treatment of 
surgical patients who use tobacco.  140 

  Getting Started 
 For those interested in how they can contribute to the � ght 
against the pandemic by helping their patients who use 
tobacco, the task can seem daunting. However, there are 
simple evidence-based steps everyone can take. 

Ask  every patient if they use tobacco ( e.g. , “Do you 
currently smoke or vape?”), even if you already know the 
answer. This communicates that you as an anesthesiologist 
view this as an important topic. For example, anesthesiol-
ogists routinely con� rm  nil per os  status, even when others 
have already done so, because they think this is important. 
Once ascertained, ensure that tobacco use status is accu-
rately documented in the medical record. 

Advise  all patients who use tobacco to quit for as long 
as they can before and after surgery. Many smokers who 
are not yet ready to quit for good are willing to “quit 

  Fig. 4.     Schematic of multimodal perianesthesia tobacco treatment, with four main components of consistent ascertainment and docu-
mentation of tobacco use, advice to quit by anesthesiologists and other clinicians, pharmacotherapy, and counseling. Goals of treatment 
can include both sustained quitting and “quit for a bit” (from at least the morning of surgery to at least 1 week after surgery), which may be 
attractive to some patients, and which may lead to sustained quitting. Also shown are representative evidence-based tactics that can be used 
to accomplish each element.     
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for a bit” ( e.g. , from at least the morning of surgery until 
at least 1 week after surgery) if informed that it will 
reduce perioperative risk.  255   Emphasize that it is espe-
cially important for them to not use tobacco the morn-
ing of surgery—just like they are not to eat the morning 
of surgery, they should also not use tobacco. Advice to 
those who use electronic cigarettes may need to be more 
nuanced if they are using these devices to quit conven-
tional cigarettes, although there is not yet evidence that 
vaping is safer than smoking in the perioperative period. 
Given this state of knowledge, most patients should be 
advised to quit vaping as well. 

 These two actions alone are e� ective. To  go further , 
explore what counseling services may be available in your 
healthcare system. These services are typically housed 
within departments of pulmonary or cardiovascular med-
icine but may also be found in cancer centers and depart-
ments of respiratory therapy or nursing. If your system does 
not have these services, everyone has access to telephone 
counseling services in through a single toll-free number, 
1-800-QUITNOW. Similar resources are also available in 
many other countries. Consider mechanisms in your prac-
tice that can facilitate referral to these services. Such mech-
anisms can range from distributing cards and brochures 
with quitline information to electronic decision support 
tools that automatically refer all tobacco users to treatment 
( � g. 4 ).  166 

 Ultimately, widespread implementation of consistent 
multimodal perianesthesia tobacco treatment in practices 
requires an implementation “champion.”  276   The primary 
requirement of a champion is commitment; other elements 
of the role can be learned. My own experiences in tobacco 
research may be instructive. I was trained as a respiratory 
physiologist during my anesthesiology residency, and my 
interests in the tobacco pandemic originally came from a 
desire to improve perioperative lung health. However, I was 
a laboratory-based scientist at the time, with no training or 
experience in public health or tobacco control. Thanks to 
the supportive environment of the Mayo Clinic Nicotine 
Dependence Center and a passion to make a di� erence, I 
was able to change research direction and build a program 
to generate and disseminate evidence supporting perioper-
ative tobacco treatment. Change is not always comfortable 
or smooth, but as is the case with patients who struggle yet 
succeed in changing their smoking behavior, ultimately can 
be rewarding. 

 Based on the research of many investigators, profes-
sional societies and others have issued several guidelines 
that are valuable sources of information.  121 , 157 , 266–274   Many 
online materials (which can be accessed at  www.quitfor-
surgery.com ) are freely available, including education for 
both clinicians and patients and useful implementation 
information such as how tobacco treatment can be reim-
bursed in the United States (separate from anesthesia ser-
vices) and how outcomes of tobacco treatment can serve as 

anesthesiology-speci� c quality measures in the U.S. Merit-
based Incentive Payment System.  

  Anesthesiologists Can Make a Difference 
 Of all the pandemics that have a�  icted humanity, the 
tobacco pandemic is among the most tragic because it is sus-
tained by human greed and could be largely eliminated—if 
societies can muster the political will to do so. As observed 
by Robert Proctor in his book  Golden Holocaust ,  6   “…the 
cigarette is the deadliest artifact in human history…and is 
still, apparently, the only consumer product that kills when 
used as directed. Half its users, in fact.” Anesthesiologists can 
play a unique role in the � ght against this pandemic, provid-
ing both immediate (reduction in perioperative risk) and 
long-term (reduction in tobacco-related diseases) bene� ts 
to their patients’ health—if we choose to do so. 
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Hold Hope
Alexander Doyal, M.D., M.P.H., F.A.S.A.

Heavy-hearted, I awake before dawn and sit in the silence on the back porch. The low 

clouds roll quickly by, veiling and revealing the stars. Far off, bright burning beacons 

of light and joy and hope blazing in the firmament.

So clear one moment…obscured the next...

The moon’s shining silver sliver paints the world in dim shades of blue-grey. Colors 

muted. Forms indistinct. Textures vague. Only the faint scent of spring’s first blooming 

buds whisper the end of a long winter.

And a long winter we have endured. Full of fear, frustration, famine, pestilence, war. 

The world feels drab and colorless. Faceless masked forms pass expressionless in the 

streets. Another variant. Another tragedy.

Will this ever end?

Yet, as I sit in silence, a lonely bird voices a cry of joy in the darkness. Suddenly, the 

sky seems less dark. The stars fade. A change is coming! A second bird enters the 

aria. An enchanting duet of mirrored melodies fills the heavens. Hope builds in my 

heart with the coming dawn. So slowly, so very slowly, and almost imperceivable the 

sky lightens. More and more singers fill the trees with numerous instruments, a great 
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triumphant symphony erupts in the stillness. The coming light exposes a world of 

shape and form, color and hue, texture and depth.

This long winter will not endure forever.

Take courage, my heart, and wait and see the coming of the dawn of spring.

Hold hope and wait and sing.
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Induction
brian r. Smith, M.S.

Julio was a nervous boy, and his anesthesia started at 11:43.

Dr. M, the anesthesiologist I was shadowing, explained that this was not Julio’s first 

time in the hospital. Far from it. He had been through a lot—unexplained seizures, a 

brain tumor diagnosis, excisional surgery, and chemo. In comparison, his visit today 

was minor: a restaging MRI. But Dr. M said Julio had been nervous the last time and 

would probably be today. He needed to be perfectly still for imaging, so he needed 

general anesthesia.

We walked into his room at 11:00. Sitting on the bed—no, crouching—was 

Spiderman. He looked up as we entered and flicked some imaginary webs at us. Dr. 

M’s hands flailed in an exaggerated backstroke motion. With her hands up, she rein-

troduced herself and asked if she could approach the tiny superhero. He looked at the 

other person in the room, his sister Marietta, and nodded.

Dr. M explained the anesthesia procedure to Julio and Marietta. Julio’s hands and 

feet never stopped moving and his eyes were constantly flicking around the room as 

if memorizing every detail. I went up to him and waved. He waved back and the first 

thing he said was, “I’m not nervous!” My mask hid my smile, and I gave him a high-

five. He said it again, so forcefully I could hear the exclamation marks, as if saying it 

with enough force would make it true. Then he asked if I wanted to arm-wrestle.
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While I arm-wrestled with Spiderman… with Julio, I heard Dr. M ask Marietta about 

how Julio had been doing. “He misses Mom, but otherwise he’s been a trooper. He’s 

been watching a lot of basketball lately.” I was later told that their grandparents had 

recently gotten custody because living at home was no longer safe.

After their sidebar, Dr. M and Marietta turned back toward us just in time to see me 

lose my seventh match in a row. Dr. M knelt so she was eye-level with Julio and asked 

if she could see his special mask.

He carefully unwrapped his blanket and pulled out a lovingly decorated anesthesia 

mask, cradling it like a baby rabbit he was afraid would hop away. I saw Marietta nod 

toward Dr. M and Julio extended the mask forward. The whole outside was decorated 

with stickers. It made me feel old, not recognizing the latest Disney characters. A dis-

quieting feeling, for sure. Marietta piped up and said, “And he got to choose the flavor, 

too. Bubblegum.”

Dr. M nodded and said, “Good choice!” Just before leaving, she asked Julio to pull 

his hospital mask down so she could check inside his mouth. He yanked it off and 

beamed at us, aiming his mouth at each of us deliberately in turn to make sure we saw 

the gaps of a few newly missing teeth. His smile widened a bit more with each of our 

claps and cheers.

With Marietta in tow, we entered the operating room and finalized preparations. Dr. 

M handed me some sheets of paper and told me to crumple them up into balls while 

she added the bubblegum flavor to Julio’s anesthesia mask. She asked Julio to hold the 

mask himself for a minute and breathe, without any gas, to get used to the feeling and 

smell. Marietta squeezed his hand.

When we were ready to begin the induction, I handed the paper balls back to Dr. M. 

She gave them to Julio and had him shoot free throws into a trash bin. We all cheered 

every time he scored. I had not noticed, but the gas was on. He made one last shot 

with his eyes half-closed— another score—and Dr. M cradled his head, lowering him 

gently down to rest. Marietta squeezed his hand one more time, kissed his forehead, 

then headed to the waiting room. The MRI proceeded without any incident.

Since that day, I’ve thought a lot about Julio’s visit—the elegance of it. The appoint-

ment had been seamless. Despite being warned that Julio was nervous, I had watched 
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his fear evaporate and be replaced by excitement. Dr. M had reinforced his confidence 

and courage by playing along with his Spiderman outfit. She had thoroughly involved 

Marietta, someone he trusted completely. She gave him autonomy in the process 

with his mask decorating and anesthetic gas flavoring. She validated and encouraged 

his emotions, especially when they were positive, like with his lost teeth. She had 

shown personalized care and comfort, having his last pre-anesthesia memories be 

about “basketball” and holding his sister’s hand. When I contemplated all of the steps 

she had taken, it was nothing short of pure artistry. From the very start of his 11:00 

appointment—from the moment we entered the room—she had been easing his pain 

and anxiety.

Julio had been a nervous boy, and his anesthesia start time was documented as 11:43. 

But in my head, I have it down as 11:00.

Author’s note: Names and identifying details have been changed to protect patient 

privacy. Dialogue has been reconstructed to the best of my memory.
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 Practice Guidelines 
for Diffi cult Airway 
Management: Comment                     

To the Editor: 

 We read with interest the 2022 America Society 
of Anesthesiologists Practice Guidelines for 

Management of the Di�  cult Airway by Apfelbaum  et al .  1 

We applaud the authors’ e� orts and, in particular, the inclu-
sion of a pediatric-speci� c algorithm for the � rst time. We 
question the recommendation to “minimize the use of an 
airway exchange catheter with pediatric patients.” The cited 
pediatric literature includes only a single case report of suc-
cessful, uncomplicated use of an airway exchange catheter to 
facilitate extubation in a 30-kg patient with a di�  cult intu-
bation.  2   The reported survey � ndings indicate strong con-
sensus to consider airway exchange catheter use with only 
2 of 163 survey respondents dissenting (refer to table 5).  1 

So why make this strongly worded recommendation, which 
we fear will discourage, if not altogether eliminate, the use 
of airway exchange catheters in pediatric patients? 

 Airway exchange catheters are helpful in facilitating tra-
cheal extubation and providing a pathway for rapid reintu-
bation in patients in whom tracheal intubation was di�  cult, 
as well as patients in whom � uid shifts and/or surgical 
manipulation may lead to airway edema and upper airway 
obstruction after extubation. There is limited literature on 
the use of airway exchange catheters in pediatric patients, 
but what has been published supports their usefulness and 
safety, although the study populations are small.  3 , 4 

 There are many reports of airway exchange catheter fail-
ure, trauma, barotrauma, and death in adult patients.  5-8    We are 
unable to � nd similar published reports in pediatric patients, 
although children are susceptible to similar serious adverse 
events. Most if not all such events appear to be associated 
with insu�  ation of oxygen through the airway exchange 
catheter.  5 , 6 , 8 

 Airway exchange catheters have great value when used 
properly to facilitate extubation and tracheal tube exchange 
in both pediatric and adult patients. Rather than discouraging 
the use of airway exchange catheters in pediatric patients, we 
recommend that clinicians be aware of risks, including airway 
trauma and barotrauma in both pediatric and adult patients, 
and consider steps to mitigate these risks, including providing 
oxygen by other means such as a simple facemask.  6 
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 Practice Guidelines 
for Diffi cult Airway 
Management: Comment               

To the Editor:

 The new American Society of Anesthesiologists 
(ASA) Difficult Airway Guidelines  1   shift a para-

digm on mask ventilation: the definition of difficulty 
now emphasizes patient outcome. Previous literature  2-5 

focused on the complexity of this procedure for the 
clinician—as the word “difficulty” implies.  6   The ASA 
update rightly redirects the focus onto objective results 
in the patient. 

 The outcome measure recommended is end-
tidal carbon dioxide. The ASA definition of difficulty 
includes it, and the flowcharts specify mask ventilation 
adequate “as confirmed by end-tidal carbon dioxide.”  1 

This measure is both valid and accessible: capnography 
is objective, immediate, and highly visible to all, right 
there on our monitors. 

 The update does not de� ne what end-tidal carbon diox-
ide re� ects “adequate ventilation,” however. There is a sim-
ple scale  7   that can be used to characterize and document 
ventilation based on end-tidal carbon dioxide: its grades C 
and D � t the ASA de� nition of di�  culty (inadequate or 
absent end-tidal carbon dioxide).    
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 Practice Guidelines 
for Diffi cult Airway 
Management: Reply               

In Reply:

 We thank the authors  1 , 2   for their letters addressing 
the American Society of Anesthesiologists (ASA) 

Practice Guidelines on Management of the Di�  cult Airway 
published in January 2022.  3 

 Regarding the letter from Drs. Nielsen and Lim address-
ing mask ventilation, we respectfully disagree with the let-
ter’s premise stating that “the new ASA Di�  cult Airway 
Guidelines shift a paradigm on mask ventilation: the de� -
nition of di�  culty now emphasizes patient outcome.”  2   The 
2022 update has the same focus on patient outcomes as the 
original guidelines (1993)  4   and of previous updates (2003  5 

and 2013  6  ); each of the published ASA Di�  cult Airway 
evidence-based practice parameters have addressed patient 
outcome in both the evidentiary information collected and 
in the � nal recommendations. 
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 We appreciate Drs. Nielsen and Lim’s assessment of cap-
nography as an objective, immediate, and visible measure 
for assessing adequate mask ventilation, and their reference 
to a scale for reporting ventilatory outcomes based on end-
tidal carbon dioxide. Although our guideline development 
process did not evaluate such a scale, perhaps with addi-
tional evaluation and validation it could be considered in a 
future practice parameter. 

 The letter from Dr. Stein  et al.  on the use of airway 
exchange catheters in pediatric patients questioned the rec-
ommendation to “minimize the use of an airway exchange 
catheter with pediatric patients.”  1   They accurately addressed 
the limited available literature addressing this topic for 
pediatric patients. They noted that survey responses from 
consultants and members of participating organizations 
(addressing all patients, both adult and pediatric) strongly 
agreed with the primary recommendation to “assess the 
relative clinical merits and feasibility of the short-term use 
of an airway exchange catheter and/or supraglottic airway 
that can serve as a guide for expedited reintubation.”  3   This 
recommendation was followed by the subrecommendation 
to “minimize the use of an airway exchange catheter with 
pediatric patients.”  3 

 Dr. Stein  et al.  additionally noted, as we did, that lit-
erature reporting adverse events in adult di�  cult airway 
patients, such as airway exchange catheter failure, trauma, 
pneumothorax, and death, was extremely limited in the 
pediatric patient population. To minimize such potential 
harms to pediatric di�  cult airway patients, we placed the 
recommendation to minimize the use of airway exchange 
catheters in this population  after  the recommendation to 
address the “relative clinical merits and feasibility” of the 
short-term use of airway exchange catheters.   These recom-
mendations contain a footnote as follows: “These interven-
tions are considered advanced techniques.” The Task Force 
exercised caution for both this recommendation and the 
subrecommendation due to the paucity of evidence (par-
ticularly in the pediatric population) and the consideration 
that some advanced techniques such as airway exchange 
catheter may not be commonly used by a majority of adult 
or pediatric anesthesiologists. Although experienced anes-
thesiologists who have considerable clinical expertise with 
this technique may use airway exchange catheters success-
fully in their own practices, the lack of evidence of the 
safety of this practice in this population led to the subrec-
ommendation to “minimize the use of an airway exchange 
catheter.” 

 Dr. Stein  et al.  recommend preferentially providing 
oxygen by other means ( e.g.,  simple facemask) when pos-
sible, and “if rescue ventilation  via  an airway exchange 
catheter is needed, use the minimum pressure necessary 
to achieve chest wall rise and allow adequate time for 
exhalation” followed by “additional risk mitigation steps 
include advancing the catheter no further than the distal 
tip of the endotracheal tube, noting the depth marking, 

securing the catheter to prevent distal migration, and 
obtaining imaging, as indicated.” Unfortunately, at the 
time of publication, we had no evidentiary information 
to address these interventions either. 

 We do agree that airway exchange catheter use needs 
to be re-addressed to assess whether airway exchange cath-
eters have value for pediatric di�  cult airway patients and 
encourage those who have experience with this technique 
to publish their experience. We certainly intend to revisit 
this topic when the current guidelines are updated in the 
future. Thank you for your valuable feedback.    
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 Admissions: Life as a Brain Surgeon         
 By        Henry     Marsh  , C.B.E., F.R.C.S.  New York , Thomas Dunne Books, St. Martin’s Press, 2017. Pages: 261. Price: $26.99 (hardcover); 
$12.99 (ebook); $18.00 (paperback).        

 When the eminent British neurosurgeon Henry 
Marsh’s celebrated � rst memoir titled  Do No Harm: 

Stories of Life, Death, and Brain Surgery  was published in 
2014,  1   the English novelist and screenwriter Ian McEwan 
commented, “Neurosurgery has met its Boswell in Henry 
Marsh.” I would argue that Marsh’s second memoir, 
Admissions: Life as a Brain Surgeon,  is even more insight-
ful, introspective, and compelling than his � rst given its 
more expansive and probing re� ections on the man rather 
than the surgeon. In this thoughtful, disarming, and ele-
gantly written book, the author reveals poignant admissions 
(truths) about his admissions (patients). 

 Henry Marsh was the youngest of four children, born 
in 1950, to a German mother and an English father who 
was a storied academic lawyer at Oxford University. 
Y oung Henry read politics, philosophy, and economics 
at Oxford before studying medicine at the Royal Free 
Hospital in London, graduating with honors from both 
institutions. He became a Fellow of the Royal College of 
Surgeons in 1984. In 1987, he was appointed Consultant 
Neurosurgeon at Atkinson Morley’s, St. George Hospital 
in London, where he worked until his abrupt retire-
ment, triggered by a � t of anger and frustration related 
to administrative, bureaucratic, and regulatory miasma, in 
2014.  Marsh, who introduced and popularized awake cra-
niotomy under local anesthesia in England, was made a 
Commander of the British Empire in 2010. 

 Henry’s brilliance and enviable pedigree did not shelter 
him from life’s vicissitudes. He brie� y rebelled against his 
well-meaning and kindly father, temporarily abandoning 
his university studies to work as a hospital porter in a min-
ing town north of Newcastle. Subsequently, he developed 
psychologic issues, was transiently suicidal, and was hospi-
talized for psychiatric care. It was, however, his experience 
as a theater porter, watching surgeons operate, that led him 
to become a surgeon. Newly motivated, Marsh reapplied 
himself to his studies with focus and enthusiasm. After 
becoming a surgeon, Marsh’s personal challenges included 
dealing with his son’s (successful) surgery for a brain tumor 
diagnosed at age 3 months, an acrimonious divorce with its 
attendant disorientation and recalibration, his own retinal 
detachments, his mother’s terminal cancer, and his father’s 
eventual dementia resulting in death at age 96 yr. 

Admissions  a� ords an intriguing glimpse into the life 
of a neurosurgeon, who is also a deeply thoughtful, sear-
ingly honest human being. What sort of person has the 

requisite fearlessness, boldness, and con� dence to cut into 
and manipulate the physical substrate of consciousness? 
 Marsh represents himself as an impatient, irascible, and 
sometimes arrogant neurosurgeon. With rigorous, un� inch-
ing candor, he reveals his own medical/surgical errors and 
miscalculations. He also exposes and sharply scrutinizes his 
failings as a human being. 

 The author underscores the di�  culties of working 
in a profession that deals in probabilities, not certainties. 
Although he does not use the term “second victim,” he 
revealingly writes, “As the French surgeon René Leriche 
observed, we all carry cemeteries within ourselves. They are 
� lled with the headstones of all the patients who have come 
to harm at our hands. We all have guilty secrets, and silence 
them with self-deception and exaggerated self-belief.” 

  Marsh tangentially suggests that the technical details of 
neurosurgery are less di�  cult to master than acquiring and 
exercising the judgment needed to know when  not  to oper-
ate. He worries that in some situations, the destructive con-
sequences of surgery might be worse than death itself. He 
does not avoid these di�  cult conversations with his patients 
and their families, attempting to help them realize that pal-
liative measures might be more humane than prolonging 
su� ering.  Marsh observes, “We are told we must not act like 
gods, but sometimes we must, if we believe that a doctor’s 
role is to reduce su� ering and not just to save life at any 
cost.” (Parenthetically,  Marsh is a vocal advocate of phy-
sician-assisted suicide in circumstances when a competent 
person has persistently expressed his or her wish for that 
intervention.) 

 Generally speaking, when anesthesiologists are asked 
to list personality traits of their neurosurgical colleagues, 
humility is not top of mind. Yet genuine humility is per-
vasive in this pitch-perfect memoir.  Marsh is profoundly 
grateful for the contributions his colleagues make to safe 
and compassionate patient care. He is speci� cally apprecia-
tive of anesthesiologists, noting, “The relationship between 
anesthetist and surgeon is critical, especially if there is going 
to be trouble, and having colleagues who are friends is all-
important.” Marsh is appropriately generous in highlight-
ing the vital role anesthesiologists have, particularly during 
an awake craniotomy when their kindness, sensitivity, and 
communication skills are invaluable. He writes, “I always 
relied on my anaesthetists, in particular Judith Dinsmore, 
whose highly skilled and reassuring manner never failed to 
keep the patients calm and cooperative.” 
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  Marsh spent approximately 30 yr doing  pro bono  neuro-
surgical work in both Nepal and Ukraine, a service he con-
tinued into retirement. No doubt the reader will � nd his 
observations about the challenges of practicing medicine in 
regions with language barriers, limited resources, and sub-
optimal infrastructure, as well as in cultures where clinical 
practice is “eminence-based” rather than evidence-based, 
illuminating. The author � rmly believes that health care 
systems re� ect the societies they serve, and he shows no 
di�  dence in criticizing both the British National Health 
Service and the American system. 

 Although Henry Marsh is a lifelong atheist who holds 
no belief in an afterlife, this memoir has a spiritual feel that is 
di�  cult to explain. Perhaps it is because the book is su� used 
with deep gratitude for all the opportunities and privileges 
a� orded the author, as well as his genuine compassion for 
struggling people and his intense respect for human dignity. 

 Querulously likeable in spite of himself, the author is as 
gifted with the pen as the scalpel. This exquisitely quilted 
cache of memories, opinions, and trenchant observations 
seen through the eyes of an accomplished neurosurgeon is a 
gem. I enthusiastically recommend this captivating memoir 

to all but the terminally queasy. Nonetheless,  Admissions
will have particular resonance for medical students, train-
ees, clinician–educators, and retirees who are determined to 
retain their identity and sense of purpose in life. Sadly, Henry 
Marsh was diagnosed with advanced metastatic prostate can-
cer in 2021, but we can look forward to his next book, titled 
And, Finally , which is scheduled for release in early 2023.   

Kathryn Elizabeth     McGoldrick    ,   M.D., F.C.A.I. (Hon)  .
   New York Medical College, Valhalla, New York.  kathryn_

mcgoldrick@nymc.edu  or  kemcgoldrick@aol.com        
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LWW’s All Access Recruitment bundle offers advertisers 

access to the strongest portfolio of print journals, and 

online advertising in medical media. Build and deploy a 

powerful and targeted campaign to raise awareness and 

drive results anytime, anywhere and across all platforms. 

Contact an LWW Sales Specialist to learn more.

For rates and dealines, visit:

advertising.lww.com

Contact

Dave Wiegand

847-361-6128

dave.wiegand@wolterskluwer.com

Massachusetts General Hospital, a major Boston teaching hospital and 
an affiliate of Harvard Medical School, seeks a Division Chief to lead the 
Division of Pain Medicine for the Department of Anesthesia, Critical Care 
and Pain Medicine (DACCPM). 

The Division Chief will provide strategic direction and oversight for all 
aspects of pain medicine including clinical practice, education, research, 
and community health at Mass General. In this role, the individual will also 
serve as the institutional leader within Pain Medicine. The Division Chief 
will also be responsible for providing strategic direction for the Division, 
including ensuring innovation and the highest level of quality and safety.

The incumbent will partner with leaders in medicine, surgery and 
administration to develop appropriate plans for patient care within their 
clinical area of responsibility.

The Division Chief must be a role model for clinical scientists and 
anesthesiologists in training. Therefore, the position requires an 
outstanding physician who is a distinguished leader, an exemplary teacher, 
and has a background and accomplishments in research. The individual 
must also have experience in leadership, including clinical and personnel 
oversight.

Chief, Division of Pain MeDiCine

Interested candidates should submit a cover letter and CV to:
Dr. Paul Alfille, Chair, Search Committee, Department of Anesthesia

Critical Care and Pain Medicine, palfille@mgh.harvard.edu

Mass General is an Equal Opportunity/Affirmative Action Employer

LEADERSHIP
O P P O R T U N I T I E S

REQUIRED:
Active Wisconsin medical license
(or eligibility)

American Board of Anesthesiology
Board Certification (or eligibility).

WWW.ANESTHESIA.WISC.
EDU/CAREERS

Dual appointment with
UW Madison and UW Medical
Foundation.

Vice Chair of Education
Vice Chair of Quality and Safety
Associate Vice Chair of Clinical
Affairs

ABOUT THE ROLES: These leadership
positions report to the Chair and collaborate
with other leaders to oversee the
Department's current programs. The
incumbents will be in charge of program
development as well as providing managerial
assistance to a large team. Clinical candidates
who are chosen will care for patients while
also teaching residents, fellows, medical
students, and other learners. Candidates
should be Associate Professors or higher in
status and have prior program experience.

WE'RE GROWING.
JOIN OUR TEAM.

Q U A T E R N A R Y
A C A D E M I C
M E D I C A L
C E N T E R

CLINICAL SPECIALTIES

63
RESIDENTS/

INTERNS

80
CRNAS/CAAS 100+ FACULTY

AND FELLOWS
GLOBAL

PROGRAM
1ST U.S.

ACADEMIC DEPT.
OF

ANESTHESIOLOGY

EXCELLENCE
IN CLINICAL
PRACTICE,
EDUCATION,
AND RESEARCH U W – M A D I S O N  I S  A N  E O / A A  E M P L O Y E R ,

W O M E N  A N D  M I N O R I T I E S  A R E  E N C O U R A G E D  T O  A P P L Y .
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A

moca part IV
simulation course

https://med.uth.edu/anesthesiology/moca
Register by phone or online: 713-500-6688

Earn 25 MOCA 
Part IV Points &

 7 AMA PRA CMEs 
Patient Safety 

Credits

Savor cuisine from around the globe, browse world-class museums, catch a Broadway musical 
and immerse yourself in all the culture when you visit Houston.

VISIT TEXAS

Practice surgical airway techniques on animal cadaver tissue.  Review the preparation and 
managment of a difficult airway in various setttings.

ADVANCED AIRWAY LABORATORY

Experience simulation sessions aimed at enhancing clinical skills, patient safety & effective 
communication.  Participate in trauma, neuroanesthesia & cardiovascular scenarios with 
fellowship trained experts.

ADVANCED ANESTHESIOLOGY SIMULATION SESSIONS

Come join our team in the heart of the Blue Ridge Mountains! We are rapidly 
expanding our services with the addition of several new operating rooms on 
our main UVA Health campus, a community surgery center, and the opening of 
the new Orthopedic Center at Ivy Road. The Department of Anesthesiology at 
the University Of Virginia School Of Medicine seeks multiple American Board 
of Anesthesiology certified or Board-eligible candidates. Qualified candidates 
can consider opportunities to join our academic faculty or our newly created 
Community Practice Division. Duties include clinical care; medical supervision 
of residents and Certified Registered Nurse Anesthetists (CRNA); teaching 
fellows, residents, and medical students; and research (if interested). The 
department offers competitive compensation, excellent benefits, and a generous 
retirement plan. Administrative time is available for academic, research, and/or 
administrative projects.

SPECIFICALLY RECRUITING NOW FOR:
 Pediatric Anesthesiology  Regional Anesthesia  Adult Multi-Specialists

 Neuro Anesthesia  Community Practice

For additional information about the positions, please send your questions via 
email: anesthesia-apply@virginia.edu. 

To Apply: https://uva.wd1.myworkdayjobs.com/UVAJobs

UVA DEPARTMENT of ANESTHESIOLOGY | PO Box 800710 | Charlottesville, VA 22908 
434.924.2283 | Fax 434.982.0019

Open Rank Faculty Position in Anesthesiology, 
Position #: R0027663

University of Virginia School of Medicine, Department of Anesthesiology 

The University of Chicago’s Department of Anesthesia & Critical 
Care is searching for full-time faculty members at any rank. Clinical 
responsibilities include providing patient care in the general 
operating room and non-operating room locations. We welcome 
applicants with fellowship training or a special interest in regional 
anesthesia, liver transplantation, neuro-anesthesia, trauma anesthesia 
and/or a military background. Duties include teaching and 
supervision of trainees and students, and scholarly activity. Academic 
rank and compensation are dependent upon qualifications.

Prior to the start of employment, qualified applicants must: 1) have 
a medical doctorate or equivalent, 2) hold or be eligible for medical 
licensure in the State of Illinois, and 3) be a BC/BE Anesthesiologist. 
Assessment of applicants will consider research and funding track 
record and training and, if applicable, mentorship record.

A separate search is for similar appointees, at 80% effort. We 
encourage applications to either or both searches. To be considered, 
those interested must apply through The University of Chicago’s 
Academic Recruitment job board, which uses Interfolio to accept 
applications:

Those seeking full-time, 100% effort please apply via this link: 
https://apply.interfolio.com/106937.

Those seeking part-time, 80% effort please apply via this link: 
https://apply.interfolio.com/106943.

EOE/Vet/Disability.

SOM Faculty:
Academic Anesthesiologists

Deliver your message in

THE SOURCES
PHYSICIANS TRUST

Visit for more information advert is ing. lww.com

www.physiciansjobsplus.com

Lippincott Williams & Wilkins

HAVE SOMETHING
IMPORTANT
TO SAY?
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We are Growing!

The Department of Anesthesiology
Northwell Health

We are seeking talented BE/BC Anesthesiologists and CRNAs
for opportunities throughout Long Island and New York City.
At our 21 hospital locations, grow within one of the largest
Health Systems in the country.

Seeking specialties in:

For more information, please contact Alice Perkins at OPR@Northwell.edu

Emphasis on Personal and Professional Growth
• Leadership Development opportunities
• Tuition assistance for graduate degrees from Hofstra University
• Residency teaching opportunities
• Workshops – Nerve Block, Cricothyrotomy, Tracheostomy, and Intraosseous Placement
• Continuing Medical Education credit through Grand Rounds

Our Benefits
•
•
•
•
•

Comprehensive health benefits package
Vacation plus paid conference/CME/CEU time
Academic appointment commensurate with experience
College Tuition reimbursement for dependent children
Eligible for Public Service Loan Forgiveness

Seeking
Transplant

Pediatrics

Cardiothoracic

OBGYN 

 Opportunities
including...
Cohen Children's Medical Center 
Glen Cove Hospital
Forest Hills Hospital 
Huntington Hospital 
Lenox Hill Hospital/MEETH
Long Island Jewish Medical Center 
North Shore University Hospital 
Plainview Hospital 
Staten Island University Hospital 
South Shore University Hospital 
Syosset Hospital
Valley Stream Hospital
...and more! 
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Wood Library-Museum of AnesthesiologyWood Library-Museum of Anesthesiology

Make the WLM part of your 
ANESTHESIOLOGY® 2022 Annual Meeting activities, and 

please visit our booth in the exhibit hall

Doris K. Cope, MD, CPP

Saturday, October 22: 1:00PM-4:00PM

WLM Board of Trustees Meeting

AHA/WLM Dinner

WLM Lewis H. Wright Memorial Lecture

WLM History Panel I

WLM History Panel II

Patrick Sim Forum on the History of Anesthesiology & Friends TeaPatrick Sim Forum on the History of Anesthesiology & Friends Tea

Saturday, October 22: 6:30PM-9:00PM

Sunday, October 23: 8:45AM-10:45AM

Culture Wars in Creole New Orleans-Effects on the 
Practice of Anesthesia and Surgery
Presented by Doris K. Cope, MD, CPP

Sunday, October 23: 1:15PM-2:15PM

What If? Counterfactual Episodes in Anesthesiology History Part I
Moderator: Melissa L. Coleman, MD

Sunday, October 23: 2:30PM-3:30PM

What If? Counterfactual Episodes in Anesthesiology History Part IIWhat If? Counterfactual Episodes in Anesthesiology History Part II
Moderator: Douglas R. Bacon, MD, MA, FASA

Monday, October 24: 1:15PM-4:15PM

12 Years Later: Lessons from Patrick P. Sim, MLS
Presented by David B. Waisel, MD

w o o d l i b r a r y m u s e u m . o r g
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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

ALNclass117_5:Sept 2012 10/8/2012 5:35 PM Page 25

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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The University of Chicago’s Department of Anesthesia and Critical 
Care seeks Clinical Associates at various levels of clinical effort for 
renewable terms of up to two years. The appointees will provide 
clinical care in the general operating room and non-operating room 
locations. Compensation (including a generous package of fringe 
benefits) is dependent on qualifications. These positions require 
neither scholarly activity nor advancement in academic rank. 

Prior to the start of employment, qualified applicants must: 1) have 
a medical doctorate or equivalent, 2) hold or be eligible for medical 
licensure in the State of Illinois, and 3) be BC/BE or equivalent in 
anesthesiology. 

We encourage applications to one, some, or all of the following 
searches. To be considered, those interested must apply through The 
University of Chicago’s Academic Recruitment job board, which uses 
Interfolio to accept applications:

100% effort Clinical Associates:
http://apply.interfolio.com/106945

80% effort Clinical Associates:
http://apply.interfolio.com/106946

60% effort Clinical Associates:
http://apply.interfolio.com/106947

50% effort Clinical Associates:
http://apply.interfolio.com/106948

EOE/Vet/Disability.

Clinical Associates 
in Anesthesia

The Department of Anesthesiology at Emory University School of Medicine is seeking 
board eligible/board certified Anesthesiologists to join our Grady Health Systems team. We 
are currently expanding services with a new multi OR outpatient center. Grady is the 1000 
bed tertiary care Level I trauma center of Atlanta, with an extensive burn unit, high-risk OB, 
acute pain service, POCUS, growing cardiac service, high volume Neuro-IR, GI and other 
offsite responsibilities.
Our highly diverse group of Emory @ Grady Anesthesiologists actively engage in the tripartite
mission delivering high-quality clinical care, participating in innovative research, and 
education. Emory University’s Anesthesiology program includes 48 residents, and 20 fellows 
in ACGME programs such as cardiac, critical care, OB, pain, as well as non-ACGME programs 
in neuro anesthesia, regional and liver transplant.

Positions available:
1.  2 Generalists with POCUS expertise desirable
2.  Regional Anesthesiologist
3.  30-50% Cardiac Anesthesiologist

Description:
  Several in-house Anesthesiologists nightly (covering Trauma & OB)
  Multiple backup Residents and Anesthetists nightly.
  Robust and collaborative care team model provides exceptional resources and peer

support.
  Medical Direction: 1:2 – 1:3
  Full call responsibilities.
  Leadership and academic advancement within both Grady and Emory systems, with time 

allotted and financial support.
  Salary is AAMC rank-based with additional productivity compensation for extra duty.

BE/BC Anesthesiologists

Emory University is an equal employment opportunity and affirmative action employer. 
Women, minorities, people with disabilities, and veterans are strongly encouraged to apply.

Apply now
Interested applicants should apply online to be considered and include in their submission a 

CV and Letter of Interest. Inquiries should be sent to: Dr. Raphael Gershon, MD, MBA
Chief of Anesthesiology Grady Health Systems Professor of Anesthesiology

Emory University School of Medicine rgersho@emory.edu

•  Reach professionals in virtually every medical specialty who 
are actively engaged in reading and researching valued 
clinical content

•  Gain exposure across our network of 250+ journal websites  

•  Quickly measure results with reporting and management 
tools

•  Enhance your listings with Visibility Enhancement Upgrades 
and Posting Packages

Connect to 
the Best 

Talent Pool in 
Healthcare

PhysiciansJobsPlus.com
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Visit the journal at www.bjanaesthesia.org 
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