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1070 Individual Positive End-expiratory Pressure Settings Optimize 
Intraoperative Mechanical Ventilation and Reduce Postoperative 
Atelectasis

While the protective role of more physiological tidal volume has been strongly suggested, there is no agreement on 
the value of optimal positive end-expiratory pressure. One fixed value of positive end-expiratory pressure is unlikely 
to fit all patients. The hypothesis that the optimized positive end-expiratory pressure guided by electrical impedance 
tomography would vary among different patients and that it would reduce postoperative atelectasis was tested in a 
randomized controlled trial of 40 patients undergoing elective abdominal surgery. Patients were randomized to have 
positive end-expiratory pressure titrated by electrical impedance tomography or a fixed positive end-expiratory pres-

sure of 4 cm H2O. The individually adjusted positive end-expiratory pressure, providing the optimum compromise between lung collapse and 
hyperdistention, ranged from 6 to 16 cm H2O. Optimal positive end-expiratory pressure not only reduced driving pressure and improved compli-
ance intraoperatively compared to a fixed positive end-expiratory pressure of 4 cm H2O, but also reduced atelectasis in the postoperative period. 
See the accompanying Editorial View on page 1057. (Summary: M. J. Avram. Illustration: A. Johnson, Vivo Visuals.)

1132 Ultrasound Is Superior to Palpation in Identifying the Cricothyroid 
Membrane in Subjects with Poorly Defined Neck Landmarks: A 
Randomized Clinical Trial

The success of a cricothyrotomy depends on accurate localization of the cricothyroid membrane, which can be 
challenging when the conventional approach of external palpation is used. The hypothesis that ultrasound is more 
accurate in identifying the cricothyroid membrane than external palpation was tested in a randomized single-blinded 
study of 223 patients with poorly defined neck landmarks. Accurate identification of the cricothyroid membrane was 
defined as identification of a localization point within 5 mm of a point identified by a computed tomography image of 
the neck. Ultrasound correctly identified the cricothyroid membrane in 92 of 114 (81%) patients but external palpation 

made a correct identification in only 9 of 109 (8%) patients. The mean ± SD distance from the ultrasound point to the computed tomography point 
was 3.4 ± 3.3 mm, while that from the external palpation point to the computed tomography point was 16.6 ± 7.5 mm. (Summary: M. J. Avram. 
Image: J. P. Rathmell.)

1082 Patient Blood Management Program Improves Blood Use and Clinical 
Outcomes in Orthopedic Surgery

Recent American Association of Blood Banks (AABB)-endorsed transfusion guidelines recommend a hemoglobin trig-
ger of 8 g/dl for orthopedic surgery patients, but a hemoglobin trigger of 7 g/dl for critically ill hospitalized patients. The 
hypothesis that after implementation of a patient blood management program encouraging a hemoglobin transfusion 
threshold of less than 7 g/dl, orthopedic patients would receive less allogeneic blood transfusions without an increase 
in adverse outcomes was tested in a retrospective analysis of 1,507 patients in the pre-blood management cohort and 
2,402 patients in the post-blood management cohort. Between the pre- and post-blood management time periods 
the mean hemoglobin transfusion trigger decreased from 7.8 ± 1.0 (mean ± SD) to 6.8 ± 1.0 g/dl. The percentage of 

patients transfused red blood cells decreased from 16.1% to 9.4% and there was a 32.5% decrease in the number of red blood cell units per 
1,000 patients. The composite outcome of any morbidity or mortality decreased by half. See the accompanying Editorial View on page 1060. 
(Summary: M. J. Avram. Image: ©ThinkStock.)

1149 Morbidity and Mortality of Crystalloids Compared to Colloids in Critically 
Ill Surgical Patients: A Subgroup Analysis of a Randomized Trial

The hypothesis that administration of colloids for fluid resuscitation alters 28-day mortality compared with adminis-
tration of crystalloids was tested in critically ill surgical patients in an a priori defined secondary analysis of a large 
pragmatic trial comparing the administration of crystalloids and colloids in a general population of critically ill patients. 
Eligible patients required fluid resuscitation for acute hypovolemia and were randomly allocated to fluid resuscitation 
with products belonging to a broad family of fluids, either crystalloids or colloids; 356 patients were allocated to the 
crystalloids arm and 385 were allocated to the colloids arm. There was no difference between groups in the occur-
rence of death by day 28; 84 (23.6%) patients died in the crystalloids arm while 100 (26%) died in the colloids arm 

(adjusted odds ratio 0.86 [95% CI, 0.61 to 1.21]). (Summary: M. J. Avram. Image: J. P. Rathmell.)

This Month in Anesthesiology
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411Innate Immune Dysfunction in
Trauma Patients: From
Pathophysiology to Treatment
(Clinical Concepts and
Commentary)
Recent insights into posttraumatic immune dysfunction
have defined new targets for immunointervention that
hold promise for improving outcomes in such critically ill
patients.

271High Intraoperative Inspired
Oxygen Does Not Increase
Postoperative Supplemental
Oxygen Requirements
High inspired oxygen may be reasonable in lower risk
surgery to improve wound oxygenation.

347Accuracy of Ultrasound-guided
Nerve Blocks of the Cervical
Zygapophysial Joints
Ultrasound imaging was an accurate technique for cervi-
cal zygapophysial joint nerve blocks in volunteers. See the
accompanying Editorial View on page 236.

353Estimation of the Contribution
of Norketamine to Ketamine-
induced Acute Pain Relief and
Neurocognitive Impairment in
Healthy Volunteers
Norketamine has an effect opposite to that of ketamine
on pain relief.

399Severe Emergence Agitation
after Myringotomy in a 3-yr-old
Child (Case Scenario)
Emergence agitation, the associated risk factors, and its
prevention and treatment are discussed.

243Factors Affecting Admission to Anesthesiology
Residency in the United States: Choosing the Future of
Our Specialty

The proportion of anesthesiology residents from U.S. medical schools has more than dou-
bled since 1995. This retrospective cohort study evaluated the 2010 and 2011 residency
applicants to determine the
factors associated with a suc-
cessful admission to resi-
dency training programs.
The sample represented 58%
of the total national applicant
pool; 66% of the applicants
successfully matched to anes-
thesiology.Theoddsforasuc-
cessful match were higher for
applicants from U.S. medical
schools, those with United
States Medical Licensing
Examination scores greater
than 210, younger appli-
cants, and females. Prior
graduate education or peer-
reviewed publications did not offer any advantage. This study suggests the potential for age
and gender bias in the selection process. See the accompanying Editorial View on page 230.

302What Factors Affect Intrapartum Maternal Temperature?
A Prospective Cohort Study: Maternal Intrapartum
Temperature

The cause of rises in intrapartum maternal temperature is not known. In this prospective
study of 81 women scheduled for labor induction, hourly oral temperatures were recorded
and analyzed based on race, body mass index, duration of labor, and time to epidural.
Overall, temperature rose in a significant linear trend over time. Positive temperature trends
were associated with significantly longer time from membrane rupture to delivery and higher
body mass index. Temperature slopes did not differ before compared with after epidural
analgesia. This study suggests that epidural analgesia alone does not increase the risk of high
temperatures in intrapartum women.

321Postoperative QT Interval Prolongation in Patients
Undergoing Noncardiac Surgery under General
Anesthesia

Electrocardiograms (ECG) can identify abnormal cardiac repolarization by observation of a
prolonged QT interval. QT interval prolongation is often caused by drugs and can result in
sudden cardiac death. In this ancillary study to the Vitamins in Nitrous Oxide trial, serial
postoperative 12-lead ECG were obtained from 469 patients undergoing major noncardiac
surgery under general anesthesia. Eighty percent of patients experienced a significant QT
interval prolongation, and approximately half had increases greater than 440 ms at the end of
surgery. One patient developed torsade de pointes. Drugs associated with prolonged QT
interval included isoflurane, methadone, ketorolac, cefoxitin, zosyn, unasyn, epinephrine,
ephedrine, and calcium. Although the exact cause of the association between perioperatively
administered drugs and QT interval prolongation is not known, further study is warranted to
determine the clinical relevance.
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1111 Prediction Score for Postoperative Neurologic Complications after Brain 
Tumor Craniotomy: A Multicenter Observational Study

The primary objective of this study was to develop and validate a score that could predict severe postoperative 
neurosurgical complications in the first 24 h in the intensive care unit after elective brain tumor neurosurgery in order 
to improve intensive care unit triage and safely discharge patients to wards. The learning cohort consisted of 1,094 
patients undergoing craniotomy for a brain tumor in one center between 2008 and 2012, 125 (11.4%) of whom pre-
sented with early postoperative neurosurgical complications. Eight factors were selected for the multivariable model, 
including Glasgow Coma Scale score before surgery ≤ 14, history of brain tumor surgery, greatest brain tumor diam-
eter, and midline shift ≥ 3 mm. The prediction score based on these factors provided a probability of postoperative 

neurosurgical complications for each patient, expressed as a percentage. In the learning cohort, a 3% threshold had a sensitivity of 100%, a 
specificity of 6.2%, a positive predictive value of 12.1%, and a negative predictive value of 100%. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1121 Hospital-, Anesthesiologist-, and Patient-level Variation in Primary 
Anesthesia Type for Hip Fracture Surgery: A Population-based  
Cross-sectional Analysis

There is substantial variation in the primary anesthesia type used for hip fracture surgery. A population-based cross-
sectional analysis of 107,317 hip fracture surgery patients admitted to 80 different hospitals on a nonelective basis 
from 2002 to 2014 was conducted to determine the extent of practice variation in choice of anesthesia type attributable 
to hospital-, anesthesiologist-, and patient-level factors. Neuraxial anesthesia without concurrent general anesthesia 
was used in 57,080 (53.2%) patients. Patient factors accounted for 60.1% of the variation in neuraxial anesthesia use 
while 20.0% of the variation was attributable to the hospital level and 19.9% was attributable to the anesthesiologist. 

The median odds of a given patient receiving neuraxial anesthesia varied by more than 2.3-fold between any two randomly selected hospitals or 
anesthesiologists, independent of baseline patient illness, sociodemographic characteristics, or other factors that were postulated to influence a 
patient’s probability of receiving neuraxial anesthesia. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1101 Early Resumption of β Blockers Is Associated with Decreased Atrial 
Fibrillation after Noncardiothoracic and Nonvascular Surgery: A Cohort 
Analysis

The incidence of postoperative atrial fibrillation was determined in β-blocker users who had noncardiac surgery 
between 2008 and 2016, stayed at least two postoperative nights, were still at risk of developing atrial fibrillation at the 
end of postoperative day 1, and did and did not restart β blockers by the end of postoperative day 1. The incidence 
of postoperative atrial fibrillation was 4.2% for 7,095 patients who had already restarted β blockers and 7.1% for 994 
patients who had not. To control for observed potential confounding variables, each patient who restarted β blockers 
after the end of postoperative day 1 was matched to a maximum of two patients who restarted by the end of postop-

erative day 1 using exact and propensity score matching. Within the subset of matched patients, 4.9% of 1,924 retaking β blockers by the end of 
postoperative day 1 experienced postoperative atrial fibrillation, as did 7.0% of 973 retaking after postoperative day 1 (odds ratio 0.69, 95% CI 
0.50 to 0.95). (Summary: M. J. Avram. Image: J. P. Rathmell.)

1171 Prothrombin Complex Concentrates for Perioperative Vitamin K 
Antagonist and Non–vitamin K Anticoagulant Reversal (Review Article)

Vitamin K antagonists, such as warfarin, are still widely used in patients with atrial fibrillation, venous thromboembo-
lism, and mechanical heart valves. Because of the increased risk for bleeding associated with vitamin K antagonist 
therapy, current treatment guidelines recommend 4-factor prothrombin complex concentrates (containing coagulation 
factors II, VII, IX, and X), with concomitant intravenous vitamin K, as the preferred therapy for urgent vitamin K antago-
nist reversal in patients who require an emergency surgical procedure. Thirty-six articles published between 2008 and 
2017 were reviewed to provide an update on the latest evidence for the use of prothrombin complex concentrates in 
patients requiring urgent vitamin K antagonist reversal for emergency surgery. The studies identified support current 

guideline recommendations. Prothrombin complex concentrates consistently and rapidly reduced patients’ international normalized ratio, had 
greater clinical efficacy than plasma, and were associated with lower rates of fluid overload due to its lower infusion volume compared to plasma 
and no instances of viral transmission. (Summary: M. J. Avram. Image: J. P. Rathmell.)
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Intraoperative lung-protective ventilation can reduce postoperative pulmonary complications. 
The added protection of positive end-expiratory pressure (PEEP) remains uncertain. In this 
issue of Anesthesiology, Pereira et al. demonstrate that PEEP requirements vary widely among 
patients. Individually-titrated PEEP during anesthesia reduces postoperative atelectasis while 
improving intraoperative oxygenation and driving pressures. In an accompanying Editorial View, 
Kacmarek and Villar discuss this new clinical trial in the context of previous trials evaluating the 
risks and benefits of using PEEP in the operating room. 

●	 Pereira et al.: Individual Positive End-expiratory Pressure Settings Optimize Intraoperative 
Mechanical Ventilation and Reduce Postoperative Atelectasis, p. 1070

● Kacmarek and Villar: Lung-protective Ventilation in the Operating Room: Individualized Positive 
End-expiratory Pressure Is Needed! p. 1057
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Perioperative lidocaine infusions for the prevention of chronic postsurgical pain:  
A systematic review and meta-analysis of efficacy and safety. Pain 2018; 159:1696–704.

Chronic postsurgical pain occurs in 12% of surgical populations and is a high priority for perioperative research. This 
systematic review synthesized the evidence linking lidocaine infusions and chronic postsurgical pain. The authors 
included trials that randomized adults without baseline pain to perioperative lidocaine infusion or placebo. The pri-
mary outcome was the presence of procedure-related pain at 3 months or longer after surgery. The authors included 
six trials with 5,420 patients from four countries. Perioperative lidocaine infusions significantly reduced the primary 
outcome (odds ratio, 0.29; 95% CI, 0.18 to 0.48). The difference in intensity of chronic postsurgical pain assessed 
by the short-form McGill Pain Questionnaire was not statistically significant (weighted mean difference, 21.55; 95% 

CI, 23.16 to 0.06). The authors identified trial design limitations and publication and other biases. Each study reported that no lidocaine-related 
adverse events occurred, but systematic safety surveillance strategies were absent. The authors concluded that current limited clinical trial data 
and biological plausibility support lidocaine infusions to prevent the development of chronic postsurgical pain without full assurances as to its 
safety. (Article Selection: J. David Clark. Image: A. Pisansky.)

Take home message: Limited clinical trial data support lidocaine infusions to prevent the development of chronic postsurgical pain but safety 
questions remain.

Ensuring equity, diversity, and inclusion in academic surgery: An American Surgical 
Association white paper. Ann Surg 2018; 268:403–7.

American Surgical Association leadership appointed a task force to address issues related to equity, diversity, and inclu-
sion within academic surgery. Nine work groups reviewed the current literature, performed primary qualitative interviews, 
and distilled available guidelines and published primary source materials. The resulting handbook, Ensuring Equity, Diver-
sity, and Inclusion in Academic Surgery, identifies challenges and develops a set of solutions and benchmarks to aid the 
academic surgical community in achieving diversity goals. The task force concluded that surgeons as a group must iden-
tify areas for improvement and work to correct past deficiencies. They note that this task requires the honest and ongoing 
identification and correction of implicit and explicit biases. Increasing diversity in surgical departments and residencies 
will improve patient care and enhance productivity. (Article Selection: Beatrice Beck-Schimmer. Image: ©ThinkStock.)

Take home message: Identification and correction of biases can lead to increased diversity, equity, and inclusion.

Assessment of the safety of discharging select patients directly home from the  
intensive care unit: A multicenter population-based cohort study. JAMA Intern Med 
2018; 178:1390–9.

The safety of discharging adult patients recovering from critical illness directly home from the intensive care unit (ICU) 
is unknown. This retrospective population-based cohort study of adult ICU patients compared healthcare utilization 
and clinical outcomes for patients discharged directly home from the ICU with those of patients discharged home 
via the hospital ward. The primary outcome was readmission to the hospital within 30 days of hospital discharge. Of 
6,732 patients included in the study, 922 (14%) were discharged directly home. In the 1,632-patient propensity score 
matched cohort, patients discharged directly home had median ICU stays of 3 days but significantly shorter length 

of hospital stay (median, 3.3 days vs. 9.2 days; P < 0.001). There were no significant differences between patients discharged directly home or 
home via the hospital ward for readmission to the hospital within 30 days of hospital discharge (10% [n = 81] vs. 11% [n = 92]; HR, 0.88; 95% CI, 
0.64 to 1.20). The authors concluded that the common practice of discharging select adult patients directly home from the ICU is not associated 
with increased health care utilization or increased mortality. (Article Selection: Martin J. London. Image: ©ThinkStock.)

Take home message: Discharge of select patients directly to home from the ICU may not be associated with a higher risk of hospital readmis-
sion or mortality.

Science, Medicine, and the Anesthesiologist

Deborah J. Culley, M.D., Editor

SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST

411Innate Immune Dysfunction in
Trauma Patients: From
Pathophysiology to Treatment
(Clinical Concepts and
Commentary)
Recent insights into posttraumatic immune dysfunction
have defined new targets for immunointervention that
hold promise for improving outcomes in such critically ill
patients.

271High Intraoperative Inspired
Oxygen Does Not Increase
Postoperative Supplemental
Oxygen Requirements
High inspired oxygen may be reasonable in lower risk
surgery to improve wound oxygenation.

347Accuracy of Ultrasound-guided
Nerve Blocks of the Cervical
Zygapophysial Joints
Ultrasound imaging was an accurate technique for cervi-
cal zygapophysial joint nerve blocks in volunteers. See the
accompanying Editorial View on page 236.

353Estimation of the Contribution
of Norketamine to Ketamine-
induced Acute Pain Relief and
Neurocognitive Impairment in
Healthy Volunteers
Norketamine has an effect opposite to that of ketamine
on pain relief.

399Severe Emergence Agitation
after Myringotomy in a 3-yr-old
Child (Case Scenario)
Emergence agitation, the associated risk factors, and its
prevention and treatment are discussed.

243Factors Affecting Admission to Anesthesiology
Residency in the United States: Choosing the Future of
Our Specialty

The proportion of anesthesiology residents from U.S. medical schools has more than dou-
bled since 1995. This retrospective cohort study evaluated the 2010 and 2011 residency
applicants to determine the
factors associated with a suc-
cessful admission to resi-
dency training programs.
The sample represented 58%
of the total national applicant
pool; 66% of the applicants
successfully matched to anes-
thesiology.Theoddsforasuc-
cessful match were higher for
applicants from U.S. medical
schools, those with United
States Medical Licensing
Examination scores greater
than 210, younger appli-
cants, and females. Prior
graduate education or peer-
reviewed publications did not offer any advantage. This study suggests the potential for age
and gender bias in the selection process. See the accompanying Editorial View on page 230.

302What Factors Affect Intrapartum Maternal Temperature?
A Prospective Cohort Study: Maternal Intrapartum
Temperature

The cause of rises in intrapartum maternal temperature is not known. In this prospective
study of 81 women scheduled for labor induction, hourly oral temperatures were recorded
and analyzed based on race, body mass index, duration of labor, and time to epidural.
Overall, temperature rose in a significant linear trend over time. Positive temperature trends
were associated with significantly longer time from membrane rupture to delivery and higher
body mass index. Temperature slopes did not differ before compared with after epidural
analgesia. This study suggests that epidural analgesia alone does not increase the risk of high
temperatures in intrapartum women.

321Postoperative QT Interval Prolongation in Patients
Undergoing Noncardiac Surgery under General
Anesthesia

Electrocardiograms (ECG) can identify abnormal cardiac repolarization by observation of a
prolonged QT interval. QT interval prolongation is often caused by drugs and can result in
sudden cardiac death. In this ancillary study to the Vitamins in Nitrous Oxide trial, serial
postoperative 12-lead ECG were obtained from 469 patients undergoing major noncardiac
surgery under general anesthesia. Eighty percent of patients experienced a significant QT
interval prolongation, and approximately half had increases greater than 440 ms at the end of
surgery. One patient developed torsade de pointes. Drugs associated with prolonged QT
interval included isoflurane, methadone, ketorolac, cefoxitin, zosyn, unasyn, epinephrine,
ephedrine, and calcium. Although the exact cause of the association between perioperatively
administered drugs and QT interval prolongation is not known, further study is warranted to
determine the clinical relevance.
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Effect of nitrous oxide as a treatment for subjective, idiopathic, nonpulsatile 
 bothersome tinnitus: A randomized clinical trial. JAMA Otolaryngol Head Neck Surg 
2018; 144:781–7.

Studies have suggested that N-methyl-D-aspartate receptor antagonists like nitrous oxide may help reduce tinnitus. 
This randomized, placebo-controlled crossover trial investigated whether nitrous oxide can reduce tinnitus. Adults with 
tinnitus of at least 6 months’ duration (n = 40) were randomized to receive either placebo or nitrous oxide, then attend 
two interventional sessions at least 14 days apart. The sessions lasted for 40 min; the placebo session consisted 
of 50% nitrogen and 50% oxygen, and the treatment session consisted of 50% nitrous oxide and 50% oxygen. The 
authors assessed tinnitus before and after intervention, with the change in the Tinnitus Functional Index (TFI) as the 

primary outcome. The TFI after intervention was a mean (SD) of 1.8 (8.8) points lower in the placebo arm and a mean (SD) of 2.5 (11.0) points 
lower in the nitrous oxide arm. The within-participant mean difference in the change in the TFI of the placebo arm compared with the nitrous oxide 
arm was −1.1 points (95% CI, −5.6 to 3.4 points). The authors concluded that nitrous oxide was no more effective than placebo for the treatment 
of tinnitus. (Article Selection: Deborah J. Culley. Image: J. P. Rathmell.)

Take home message: Nitrous oxide appears to be ineffective for the treatment of tinnitus.

Six-month outcomes after restrictive or liberal transfusion for cardiac surgery. N Engl J 
Med 2018; 379:1224–33.

A previous publication demonstrated that a restrictive transfusion strategy in high-risk patients undergoing cardiac 
surgery was noninferior to a liberal strategy for the composite outcome of death from any cause, myocardial infarction, 
stroke, or new-onset renal failure by hospital discharge or 28 days after surgery in 5,243 patients. This publication 
reports on the same outcomes in this patient population 6 months after surgery. The primary composite outcome had 
occurred in 402 patients (17.4%) in the restrictive group and in 402 patients (17.1%) in the liberal group (absolute 
risk difference before rounding, 0.22 percentage points; 95% CI, −1.95 to 2.39; odds ratio, 1.02; 95% CI, 0.87 to 1.18;  
P = 0.006 for noninferiority). The authors concluded that a restrictive red-cell transfusion strategy was noninferior to a 
liberal strategy in high-risk patients undergoing cardiac surgery in terms of all-cause mortality, myocardial infarction, 

stroke, or new-onset renal failure at 6 months after surgery. (Article Selection: Martin J. London. Image: J. P. Rathmell.)
Take home message: Restrictive transfusion strategies in patients undergoing cardiac surgery may be noninferior to liberal transfusion strate-

gies in the first 6 months after surgery.

Fourth universal definition of myocardial infarction (2018). J Am Coll Cardiol 2018  
Aug 23 [Epub ahead of print].

The European Society of Cardiology, American College of Cardiology Foundation, American Heart Association, and 
the World Heart Federation have published a revised definition of myocardial infarction. The term myocardial injury 
should be used when there is evidence of elevated cardiac troponin values (cTn) with at least one value above the 
99th percentile of the upper reference limit (URL). The myocardial injury is considered acute if there is a rise and/or fall 
of cTn values. The term acute myocardial infarction should be used when there is acute myocardial injury with clinical 
evidence of acute myocardial ischemia and detection of a rise and/or fall of cTn values with at least one value above 
the 99th percentile URL and at least one of the following: symptoms of myocardial ischemia; new ischemic electrocar-
diographic changes; development of pathological Q waves; imaging evidence of new loss of viable myocardium or 

new regional wall motion abnormality in a pattern consistent with ischemia; or identification of a coronary thrombus by angiography or autopsy. 
The definition also includes criteria for coronary procedure-related myocardial infarction and for prior or silent/unrecognized myocardial infarction. 
(Article Selection: Martin J. London. Image: J. P. Rathmell.)

Take home message: There is a revised definition of myocardial infarction from the European Society of Cardiology, American College of 
 Cardiology Foundation, American Heart Association, and the World Heart Federation.

Persistent opioid use after wisdom tooth extraction. JAMA 2018; 320:504–6.

Opioid-naive patients are at risk for persistent opioid use after elective surgery, but the risk following dental proce-
dures is unknown. This study investigated the association of filled perioperative opioid prescriptions with persistent 
use of prescription opioid medications following wisdom tooth extraction. The authors used a dental insurance claims 
database to identify filled prescriptions. The exposure was ≥ 1 filled perioperative opioid prescription and the primary 
outcome was persistent opioid use (≥ 1 opioid prescription filled during postprocedure days 4 to 90 and 91 to 365). 
Among 70,942 included patients, 56,686 patients filled a perioperative opioid prescription. Hydrocodone was the most 
common (70.3%), followed by oxycodone (24.3%). Patients who filled an opioid prescription were more often younger 
and female with higher rates of risk factors like chronic pain, depression, and anxiety. With a filled opioid prescription 
persistent opioid use occurred at an adjusted rate of 13 per 1,000 patients (95% CI, 9 to 19) compared with 5 per 

1,000 patients (95% CI, 3 to 7) without a filled prescription. The authors noted that persistent use was not explained by patient characteristics or 
tooth impaction alone. (Article Selection: J. David Clark. Image: ©ThinkStock.)

Take home message: Patients who fill an opioid prescription following wisdom tooth extraction may have a higher rate of persistent opioid use.
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Long-term quality of life in neonatal surgical disease. Ann Surg 2018; 268:497–505.

Quality of life in pediatric patients who receive surgery as neonates for complex congenital conditions is seldom 
explored longitudinally. This prospective observational study assessed postoperative quality of life for patients with 
congenital diaphragmatic hernia, esophageal atresia/tracheoesophageal fistula, Hirschsprung disease, gastroschi-
sis, omphalocele, and necrotizing enterocolitis. The authors collected institutional clinical outcomes registry data from 
241 patients. Aggregate physical, psychosocial, and overall quality of life scores were determined for each diagnosis. 
Physical scores trended up for all diagnoses except congenital diaphragmatic hernia and necrotizing enterocolitis 
beyond age 10. Psychosocial scores trended up for all diagnoses except necrotizing enterocolitis and esophageal 
atresia/tracheoesophageal fistula beyond age 10. Beyond age 12, quality of life is significantly impaired in necrotizing 
enterocolitis, moderately impaired in omphalocele and esophageal atresia/tracheoesophageal fistula, and within nor-

mal range for congenital diaphragmatic hernia, Hirschsprung disease, and gastroschisis patients. The authors concluded that variation exists in 
long-term quality of life scores after neonatal surgery for complex disease. These data may be helpful in prenatal and perioperative discussions 
with families. (Article Selection: Beatrice Beck-Schimmer. Image: ©ThinkStock.)

Take home message: Quantifying long-term quality of life measures in infants undergoing surgery for complex congenital conditions may aid 
in prenatal and perioperative counseling.

Global surgical, obstetric, and anesthetic task shifting: A systematic literature review. 
Surgery 2018; 164:553–8.

Task shifting is commonly used to expand the global surgical workforce, which is experiencing severe shortages. This 
systematic review examined the use of surgical, obstetric, and anesthetic task shifting worldwide. The authors extracted 
data for types of tasks, training, and levels of supervision, and compared these across regions and countries’ income 
groups. They examined 55 relevant studies that included surgery data for 52 countries and anesthesia data for 147 
countries. Surgical task shifting was documented in 19 countries and anesthetic task shifting in 119 countries. This prac-
tice was observed across all World Bank income groups. No nonphysician clinicians performed unsupervised surgical 
procedures in high-income countries. Independent anesthesia care by associate clinicians occurred in 3 of 19 countries 

with data. In low-income countries, associate clinicians performed surgical procedures independently in two of three countries and independent 
anesthesia care in 17 of 17 countries with data. The authors concluded that associate clinicians are ubiquitous among the global surgical workforce 
and should be considered in plans to scale up the surgical workforce. (Article Selection: Beatrice Beck-Schimmer. Image: ©ThinkStock.)

Take home message: Associate clinicians are ubiquitous in the global surgical workforce but are less common in high-income countries.

Drug-coated balloons for small coronary artery disease (BASKET-SMALL 2): An open-
label randomised non-inferiority trial. Lancet 2018; 392:849–56.

Drug-coated balloons are a novel therapeutic strategy for the treatment of coronary artery disease. However, their 
safety and efficacy is poorly defined in comparison with drug-eluting stents. BASKET-SMALL 2 was a multicenter, 
open-label, randomized noninferiority trial. The authors randomized 758 patients with de novo lesions (less than 3 mm 
in diameter) in coronary vessels and an indication for percutaneous coronary intervention. Patients received either 
angioplasty with drug-coated balloon or implantation of a second-generation drug-eluting stent. The primary objective 
was to show noninferiority of balloons versus stents with regard to major adverse cardiac events (cardiac death, myo-
cardial infarction, and target-vessel revascularization) after 1 yr. The noninferiority margin was an absolute difference 
of 4% in cardiac events. The authors found drug-coated balloons to be noninferior to drug-eluting stents because the 

95% CI of the absolute difference in major cardiac events was below the predefined margin (–3.83% to 3.93%, P = 0.0217). After 12 months, the 
proportions of major cardiac events were also similar in both groups (7.5% for the balloon group vs. 7.3% for the stent group; hazard ratio, 0.97 
[95% CI, 0.58 to 1.64], P = 0.9180). (Article Selection: Martin J. London. Image: J. P. Rathmell.)

Take home message: Angioplasty with drug-coated balloons may be noninferior to drug-eluting stents for the treatment of small lesion (less 
than 3 mm) coronary artery disease.

A bifunctional nociceptin and mu opioid receptor agonist is analgesic without opioid 
side effects in nonhuman primates. Sci Transl Med 2018; 10:eaar3483.

Misuse of prescription opioids, opioid addiction, and overdose underscore the urgent need for developing effective addic-
tion-free medications for treating severe pain. Mu opioid peptide receptor agonists provide very effective pain relief. How-
ever, severe side effects limit their use in the clinical setting. Agonists of the nociceptin/orphanin FQ peptide receptor have 
been shown to modulate the antinociceptive and reinforcing effects of mu opioid peptide receptor agonists. The authors 
report the discovery and development of a bifunctional nociceptin/orphanin FQ peptide/mu opioid peptide receptor ago-
nist, AT-121, which has partial agonist activity at both nociceptin/orphanin FQ peptide and mu opioid peptide receptors. 
AT-121 suppressed oxycodone’s reinforcing effects and exerted morphine-like analgesic effects in nonhuman primates. 
AT-121 treatment did not induce side effects commonly associated with opioids, such as respiratory depression, abuse 

potential, opioid-induced hyperalgesia, and physical dependence. The authors conclude that their results in nonhuman primates suggest that bifunc-
tional nociceptin/orphanin FQ peptide/mu opioid peptide agonists with the appropriate balance of nociceptin/orphanin FQ peptide and mu opioid pep-
tide agonist activity may provide a dual therapeutic action for safe and effective pain relief and treatment of opioid abuse. (Article Selection: J. David 
Clark. Image: ©ThinkStock.)

Take home message: In nonhuman primates, a bifunctional nociceptin/orphanin FQ peptide and mu opioid peptide agonist may provide for 
safe and effective pain relief and treatment for opioid abuse.
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Impaired efferocytosis and neutrophil extracellular trap clearance by macrophages in 
ARDS. Eur Respir J 2018; 52:1702590.

Exaggerated release of neutrophil extracellular traps along with decreased clearance may contribute to sustained 
inflammation in acute respiratory distress syndrome (ARDS). This study investigated neutrophil and neutrophil extra-
cellular trap clearance by macrophages from control and ARDS patients. Metformin and neutralizing antibody against 
high-mobility group box 1 were applied to improve efferocytosis and neutrophil extracellular trap clearance. Conversely, 
neutrophil extracellular trap formation was significantly enhanced in ARDS patients. Exposure of neutrophils to ARDS 
lavage fluid promoted neutrophil extracellular trap production, while control lavage fluid had no effect. Macrophage 
engulfment of neutrophil extracellular traps and apoptotic neutrophils was diminished in ARDS patients. Notably, activa-
tion of adenosine monophosphate-activated protein kinase in macrophages or neutralization of high-mobility group box 

1 in lavage fluid improved efferocytosis and neutrophil extracellular trap clearance. The authors concluded that restoring adenosine monophos-
phate-activated protein kinase activity with metformin or specific neutralization of high-mobility group box 1 in lavage fluid are promising therapeutic 
strategies to decrease sustained lung inflammation during ARDS. (Article Selection: Beatrice Beck-Schimmer. Image: ©ThinkStock.)

Take home message: Restoring adenosine monophosphate-activated protein kinase activity with metformin or specific neutralization of high-
mobility group box 1 in lavage fluid are promising therapeutic strategies to decrease lung inflammation in ARDS.

Hepatocyte spheroids as an alternative to single cells for transplantation after ex vivo 
gene therapy in mice and pig models. Surgery 2018; 164:473–81.

Autologous hepatocyte transplantation and gene therapy may be an alternative to liver transplantation in the setting 
of metabolic liver disease. This study evaluated ex vivo gene therapy followed by transplantation of single-cell or 
spheroid hepatocytes. The authors isolated and labeled pig and mouse hepatocytes and returned them to the liver as 
single cells or spheroids. Animals received portal vein infusion of autologous hepatocytes after ex vivo gene deliv-
ery. Differences in engraftment and expansion of ex vivo single-cell or spheroid hepatocytes were followed through 
histologic analysis and animals’ ability to thrive off 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione. Positron 
emission tomography–computed tomography imaging showed spheroid hepatocytes with increased heterogeneity in 

biodistribution as compared with single cells, which spread more uniformly throughout the liver. Animals receiving spheroids experienced higher 
mean changes in portal pressure than animals receiving single cells (P < 0.01). The authors concluded that ex vivo gene correction of autolo-
gous hepatocytes in fumarylacetoacetate hydrolase–deficient pigs can be performed using hepatocyte spheroids or single-cell hepatocytes, with 
spheroids showing a more heterogeneous distribution within the liver and higher risks for portal vein thrombosis and increased portal pressures. 
(Article Selection: Beatrice Beck-Schimmer. Image: ©ThinkStock.)

Take home message: This study suggests that engraftment of ex vivo single cell hepatocytes may be associated with a more uniform spread 
of cells throughout the liver and lower portal pressure when compared to engraftment of spheroid hepatocytes.
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PCV, pressure control ventilation; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure; RR, respiratory rate.
Infographic created by Jonathan P. Wanderer, Vanderbilt University Medical Center and James P. Rathmell, Brigham and Women’s Health Care/Harvard Medical 
School; illustration by Annemarie Johnson, Vivo Visuals. Address correspondence to Dr. Wanderer: jonathan.p.wanderer@vanderbilt.edu.
1. Kacmarek RM, Villar J. Lung-protective ventilation in the operating room: Individualized positive end-expiratory pressure is needed! Anesthesiology 2018; 129:1057–9

2. Pereira SM, Tucci MR, Morais CCA, Simões CM, Tonelotto BFF, Pompeo MS, Kay FU, Pelosi P, Vieira JE, Amato MBP. Individual positive end-expiratory pressure settings optimize 
intraoperative mechanical ventilation and reduce postoperative atelectasis. Anesthesiology 2018; 129:1070–81

Complex Signals with a Complex History: EEG Monitoring 
in Anesthesia

INFOGRAPHICS IN ANESTHESIOLOGY

411Innate Immune Dysfunction in
Trauma Patients: From
Pathophysiology to Treatment
(Clinical Concepts and
Commentary)
Recent insights into posttraumatic immune dysfunction
have defined new targets for immunointervention that
hold promise for improving outcomes in such critically ill
patients.

271High Intraoperative Inspired
Oxygen Does Not Increase
Postoperative Supplemental
Oxygen Requirements
High inspired oxygen may be reasonable in lower risk
surgery to improve wound oxygenation.

347Accuracy of Ultrasound-guided
Nerve Blocks of the Cervical
Zygapophysial Joints
Ultrasound imaging was an accurate technique for cervi-
cal zygapophysial joint nerve blocks in volunteers. See the
accompanying Editorial View on page 236.

353Estimation of the Contribution
of Norketamine to Ketamine-
induced Acute Pain Relief and
Neurocognitive Impairment in
Healthy Volunteers
Norketamine has an effect opposite to that of ketamine
on pain relief.

399Severe Emergence Agitation
after Myringotomy in a 3-yr-old
Child (Case Scenario)
Emergence agitation, the associated risk factors, and its
prevention and treatment are discussed.

243Factors Affecting Admission to Anesthesiology
Residency in the United States: Choosing the Future of
Our Specialty

The proportion of anesthesiology residents from U.S. medical schools has more than dou-
bled since 1995. This retrospective cohort study evaluated the 2010 and 2011 residency
applicants to determine the
factors associated with a suc-
cessful admission to resi-
dency training programs.
The sample represented 58%
of the total national applicant
pool; 66% of the applicants
successfully matched to anes-
thesiology.Theoddsforasuc-
cessful match were higher for
applicants from U.S. medical
schools, those with United
States Medical Licensing
Examination scores greater
than 210, younger appli-
cants, and females. Prior
graduate education or peer-
reviewed publications did not offer any advantage. This study suggests the potential for age
and gender bias in the selection process. See the accompanying Editorial View on page 230.

302What Factors Affect Intrapartum Maternal Temperature?
A Prospective Cohort Study: Maternal Intrapartum
Temperature

The cause of rises in intrapartum maternal temperature is not known. In this prospective
study of 81 women scheduled for labor induction, hourly oral temperatures were recorded
and analyzed based on race, body mass index, duration of labor, and time to epidural.
Overall, temperature rose in a significant linear trend over time. Positive temperature trends
were associated with significantly longer time from membrane rupture to delivery and higher
body mass index. Temperature slopes did not differ before compared with after epidural
analgesia. This study suggests that epidural analgesia alone does not increase the risk of high
temperatures in intrapartum women.

321Postoperative QT Interval Prolongation in Patients
Undergoing Noncardiac Surgery under General
Anesthesia

Electrocardiograms (ECG) can identify abnormal cardiac repolarization by observation of a
prolonged QT interval. QT interval prolongation is often caused by drugs and can result in
sudden cardiac death. In this ancillary study to the Vitamins in Nitrous Oxide trial, serial
postoperative 12-lead ECG were obtained from 469 patients undergoing major noncardiac
surgery under general anesthesia. Eighty percent of patients experienced a significant QT
interval prolongation, and approximately half had increases greater than 440 ms at the end of
surgery. One patient developed torsade de pointes. Drugs associated with prolonged QT
interval included isoflurane, methadone, ketorolac, cefoxitin, zosyn, unasyn, epinephrine,
ephedrine, and calcium. Although the exact cause of the association between perioperatively
administered drugs and QT interval prolongation is not known, further study is warranted to
determine the clinical relevance.
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O N September 11, 2018, the Lasker Foundation 
announced the award recipients for 2018, with Iain 

Glen named winner of the Clinical Medical Research Award 
for his central role in the development of propofol. The Lasker 
Clinical Medical Research Award (www.laskerfoundation.
org) is awarded annually to recognize individuals who have 
made innovative contributions to medical science that have 
improved the lives of many thousands of people. The Albert 
and Mary Lasker Foundation has made the awards since 1945 
recognizing the most important discoveries in medical science, 
such that the awards are frequently described as “America’s 
Nobels.” Many Lasker recipients have subsequently received 
Nobel Prizes. It was our honor to nominate Iain Glen for this 
year’s award in recognition of the vast number of patients who 
have benefited from the use of propofol.

When one of us (M.W.) graduated from medical school 
in 1970 and started specialty training in anesthesiology, 
thiopental was the intravenous anesthetic induction agent 
of choice, maintenance of anesthesia was with an inhalation 
anesthetic agent, and a frequent specialty board examination 
question was to discuss the relative complications of intrave-
nous anesthetic induction agents. I (M.W.) vividly remember, 
as a young trainee, anesthetizing a patient for a repeat inci-
sion and drainage of a breast abscess and electing to administer 
Althesin for induction of anesthesia. Althesin was a mixture 
of two water-insoluble steroids—alphaxalone and alphado-
lone—that were solubilized in Cremophor EL. Immediately 
after administration, my patient became hypotensive and 
developed severe bronchospasm. Although my patient fully 
recovered, additional such anaphylactic reactions to Althe-
sin eventually resulted in its removal from the market. Pro-
panidid, another induction agent solubilized in Cremophor 
EL, was also withdrawn following the incidence of anaphy-
lactoid reactions, although at the time, the relative contribu-
tion to the reaction of the drug itself or the Cremophor EL 
was hotly debated. In the 1970s, Dr. Glen, working at ICI 
Pharmaceuticals in Alderly Park, Cheshire, England, stud-
ied a large series of compounds to identify those with desir-
able anesthetic and hypnotic properties, eventually selecting 
2,6-diisopropylphenol ( propofol first tested on May 23, 1973)  

to progress.1 He chose propofol because of the characteristics 
that subsequently made it so widely used—limited effects 
on both the respiratory and cardiovascular system, rapid and 
complete recovery after administration, and lack of accumu-
lation after multiple doses.2 However, propofol is an oil and 
therefore, solubilization—a problem that others had tried 
to solve by solubilizing previous novel induction agents in 
Cremophor EL—was a problem. Solving this led to a more 
than 10-yr delay before the new agent could be introduced 
into anesthetic practice. It was initially hoped, and against 
Dr. Glen’s advice, that propofol could be formulated in Cre-
mophor EL. After clinical studies in 1,000 patients made it 
clear that the Cremophor EL formulation caused anaphy-
laxis, the clinical trials were stopped. At this stage the whole 
project might have been shelved and we would still be using 
thiopental in 2018. However, impressed by the promising 
clinical efficacy, Dr. Glen persuaded the company’s manage-
ment to continue the search for a formulation that would be 
safe. Dr. Glen was able to show that an emulsion formula-
tion containing soybean oil and purified egg lecithin did not 

John (Iain) Glen Wins 2018 Lasker Prize for 
Development of Propofol 

An Award for All of Anesthesiology
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produce the anaphylaxis-like reaction in pigs—a species that 
had shown anaphylaxis-like reactions to Cremophor EL.3,4 
Thus, the “milky white” formulation that we know today 
was born. The clinical evaluation of the emulsion formula-
tion of propofol began in 1983, and regulatory approvals for 
induction and short-term maintenance of anesthesia were 
received in 1986. Clinical anesthesiologists quickly recog-
nized the potential for this new drug, and following clinical 
trials in a myriad of settings, subsequent approvals broad-
ened the use of propofol to its ubiquitous use today. The 
successful development of propofol, like so many projects 
in life, required a visionary committed individual who was 
able to “stick with” the project in the face of challenges that 
frequently threatened to sink the project.

As is often the case, the development of one paradigm-
changing discovery (propofol) made possible multiple other 
discoveries and innovations, which, though apparently inde-
pendent, required the first innovation for their implementa-
tion and, importantly, could not have occurred without the 
first. The explosion of imaging technology in the 1980s and 
its subsequent widespread adoption in medical imaging was 
made possible by the ability to use propofol-induced seda-
tion for diagnostic and therapeutic radiologic procedures; 
many of these studies would not have been possible without 
propofol. Of particular importance is the role that propofol 
has had in the safe use of imaging studies in young chil-
dren. Such studies often require prolonged immobility for 
adequate imaging, and became possible in the large num-
ber of children undergoing such imaging only after propo-
fol became available. The administration of propofol, using 
techniques developed by Dr. Glen, has saved and improved 
countless patient lives. In the procedural arena, screening 
colonoscopy and cataract extraction have a huge impact on 
the quality of life…and propofol is a major anesthetic for 
these two frequently performed procedures, allowing not 
only a reduction in patient morbidity and mortality but 
also an increased volume of procedures to be performed 
per session—improving patient access to life-enhancing 
procedures.

An additional impact of Dr. Glen’s development of pro-
pofol is illustrated by the laryngeal mask airway, which was 
introduced by Dr. Archie Brain in 1983,5 with the first com-
mercial laryngeal mask airway made available in the United 
Kingdom in 1987. The laryngeal mask airway is a device 
that provides excellent airway patency, protects the airway, 
and has in large part replaced mask/inhalational anesthe-
sia. When the airway cannot be secured due to difficulty in 
intubating the trachea, the laryngeal mask airway allows the 
patient to be rescued. However, the laryngeal mask airway 
could never have been introduced or used with only intra-
venous barbiturate agents available as anesthetic induction 

agents. It was indeed serendipitous that both propofol and 
the laryngeal mask airway appeared on the scene at the same 
time in the mid-1980s. Propofol, with its special pharmaco-
dynamic properties, allowed its safe and efficient use.

Propofol has revolutionized anesthesia throughout the 
world and affected countless patient lives. In the developed 
world, almost every person who undergoes a surgical proce-
dure, screening colonoscopy, or complex imaging study may 
receive propofol—meaning that most of us have received, or 
will receive, propofol at some point in our lives. All of those 
who have undergone procedures—surgical, imaging, and 
screening—in the modern era have received propofol, per-
haps without recognizing the enormous impact its discovery 
has had on medicine and the public’s health. This impact was 
made possible by Dr. Glen’s vision in recognizing the poten-
tial impact and importance of developing a novel anesthetic 
such as propofol. There are few families who have not ben-
efitted from Dr. Glen’s discovery. In spite of the challenges, 
it was Dr. Glen’s vision, creativity, and persistent stewardship 
that gave us a drug whose advantages, safety, and ease of use 
have benefitted vast numbers of patients and remains a stan-
dard of care today. However, Dr. Glen did not do this alone. 
The notion that propofol could be more than an induc-
tion agent was carried forward by a successful collaboration 
between anesthesiologists and drug developers. This award 
underlines the importance of our specialty to medicine as a 
whole, and we both congratulate Dr. Glen on this award and 
celebrate our specialty and its contributions to medicine, sci-
ence, and our patients.
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T HE concept of lung-protec-
tive ventilation is well estab-

lished in patients with acute lung 
injury and is now considered a 
fundamental approach when man-
aging any patient under mechani-
cal ventilation in an intensive care 
unit. The concept of lung-protec-
tive ventilation in the operating 
room has taken a little longer to 
develop, but data establishing the 
beneficial results of intraoperative 
lung-protective ventilation are 
increasing.1–3 Regardless of loca-
tion, it has become well accepted 
that tidal volume (VT) should be 
maintained between 4 and 8 ml/kg  
of predicted body weight, that 
plateau pressure should be main-
tained at less than 28 cm H2O, 
and that driving pressure (plateau 
pressure minus end-expiratory 
pressure [PEEP]) should be main-
tained at less than 15 cm H2O. 
However, the establishment of guidelines for the setting of 
PEEP in any of these settings has been very challenging. 
There are no guidelines for PEEP setting based on the results 
of randomized controlled trials. In fact, the current litera-
ture is nonconclusive. The only established guideline is that 
patients with moderate-to-severe acute respiratory distress 
syndrome require “high” PEEP levels, whereas patients with 
mild adult respiratory distress syndrome require “low” PEEP.

In this issue of the Journal, Pereira et al.4 performed 
a small physiologic trial to evaluate the ability of titrated 
PEEP to prevent intraoperative atelectasis using electrical 
impedance tomography. Optimal PEEP was selected based 
on the specific response of the given patient’s respiratory 
system. They selected 40 patients without previous lung 
disease undergoing elective abdominal surgery (20 under 
laparoscopy and 20 by open abdomen) admitted to the 
same institution during a 21-month period. All patients 
received a recruitment maneuver using pressure control 

ventilation to 40 cm H2O. Upon 
completion of the recruitment 
maneuver and before the ini-
tiation of the surgical procedure, 
the patients were randomized 
to be ventilated with 4 cm H2O 
PEEP or with the PEEP level that 
resulted in the least collapse and 
least overdistension using electri-
cal impedance tomography. At 
the end of surgical anesthesia, 
patients in both arms were extu-
bated without any adjustment of 
PEEP or fractional inspired oxy-
gen tension; within 30 to 60 min 
of extubation, a chest computed 
tomography was performed. 
Compared with the 4 cm H2O 
group, the PEEP by electrical 
impedance tomography group 
had a lower intraoperative driv-
ing pressure, better oxygenation, 
and equivalent hemodynamics. 
No other postoperative pulmo-

nary complications were recorded, and no adverse events 
associated with the recruitment maneuver were reported.

Electrical impedance tomography is a portable, radiation-
free imaging technique that can easily be used at the bedside. 
It provides real-time dynamic assessment of gas movement 
into and out of the respiratory system. As noted, it is very use-
ful in identifying the PEEP level, resulting in minimal collapse 
and overdistention. The major problem with electrical imped-
ance tomography is its availability. At present, no electrical 
impedance tomography device is commercially available in 
the United States. The only techniques that provide compa-
rable information are the titration of PEEP postrecruitment 
using esophageal manometry or the best dynamic compliance 
PEEP.5,6 These techniques require invasive placement of an 
esophageal balloon or the careful assessment of compliance as 
PEEP is decreased. Limited data are available comparing these 
techniques, but electrical impedance tomography appears 
more precise in identifying the optimal PEEP level.
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Of concern is the fact that the results of the study by 
Pereira et al.4 seem to differ from the recently published 
Spanish study by Ferrando et al.7 The Spanish study did 
not find a difference in postoperative complications among 
groups.7 The design of the Spanish study at first glance is 
similar to that of Pereira et al.4 except (1) they enrolled 
1,012 patients with healthy lungs scheduled for abdomi-
nal surgery in 21 hospitals during a 16-month period; (2) 
patients were randomly assigned to four arms, each evaluat-
ing different operative and postoperative ventilatory support 
strategies; and (3) the PEEP level in the control group was 
5 cm H2O, although 69 patients in the control group had 
their PEEP adjusted during surgery. Of interest is the fact 
that one of the groups had essentially the same intraopera-
tive protocol as the recruitment maneuver used by Pereira et 
al.4 followed by a decremental PEEP trial identifying opti-
mal PEEP by best dynamic compliance. As we noted above, 
this should establish approximately the same PEEP level as 
with electrical impedance tomography. However, the PEEP 
levels applied to the open lung groups after the recruitment 
maneuver were different: median PEEP of 10 cm H2O 
(interquartile range, 8 to 12 cm H2O) in the Ferrando et al.7  
study (n = 479) versus the median PEEP of 12 cm H2O 
(interquartile range, 10 to 14 cm H2O) in the study by 
Pereira et al.4 (n = 20). In addition, 50% of patients in the 
study by Pereira et al.4 (n = 20) had laparoscopic surgery 
and 50% (n = 20) had open-abdomen surgery, whereas in 
the study by Ferrando et al.,7 60% of patients (n = 580) had 
open-abdomen surgery, and 40% (n = 364) had laparoscopic 
surgery. Of note, Ferrando et al.7 reported the main surgi-
cal procedures performed in their study population, whereas 
Pereira et al.4 did not.

The major difference between the two studies is that the 
primary outcome of interest in the study by Ferrando et al.7 
was the combined prevalence of pulmonary and systemic 
postoperative complications, not just postextubation atelec-
tasis. In fact, their list of pulmonary complications included 
aspiration, pneumonitis, atelectasis, bronchospasm, dys-
pnea, pleural effusion, hypoxemia, pneumothorax, pneumo-
nia, adult respiratory distress syndrome, and the need for 
reintubation and mechanical ventilation. In addition, they 
included surgical-site infection, anastomotic dehiscence, 
sepsis, cardiac failure, renal failure, and need for surgical 
reintervention. All of this was determined over the first 7 
days after extubation. In the study by Pereira et al.,4 patients 
had a computerized tomography scan performed 30 to 
60 min after extubation, and the primary outcome of inter-
est was the level of atelectasis postextubation. Pereira et al.4 
did not follow patients beyond the immediate postopera-
tive period, and Ferrando et al.7 only provided composite 
data, although as a secondary outcome, they found that the 
recruitment maneuver group had a significantly lower preva-
lence of combined pulmonary complications than the con-
trol PEEP groups. As a result, it is impossible to compare the 
outcomes of these two studies, and their outcome may have 

been the same if their primary outcomes were the same. We 
hope that in a future secondary analysis, Ferrando et al.7 will 
provide detailed analysis on each individual complication for 
comparison.

On the basis of current available literature and the study 
of Pereira et al.,4 recruitment maneuvers with peak airway 
pressure of 40 cm H2O are safe. The two primary concerns 
with recruitment maneuvers are pneumothorax and hemo-
dynamic instability. The peak airway pressure obtained 
with bag mask ventilation can easily exceed 40 cm H2O. 
Clinicians often do not precisely control and monitor air-
way pressure when they perform mask ventilation. Conse-
quently, air pressures exceeding 40 cm H2O in adults are 
common. Pneumothorax have only been reported occurring 
in association with recruitment maneuvers when peak air-
way pressures are 55 cm H2O or more.8,9 When peak recruit-
ment maneuver airway pressures are 50 cm H2O or less 
and patients are passively ventilated during the recruitment 
maneuver, pneumothorax is an extreme rarity. In the five 
most recent randomized controlled trials4,7,8,10,11 in which 
recruitment maneuvers were used, pneumothorax was only 
associated with recruitment maneuvers in one of the trials,8 
and in that trial, recruitment maneuver peak pressure was set 
at 60 cm H2O. Hemodynamic instability in another issue. 
Any patient may development hemodynamic instability dur-
ing a recruitment maneuver. Before the recruitment maneu-
ver, hemodynamic stability should be assured. However, 
even in the most hemodynamically stable patient, problems 
can occur. Clinicians must be ready to abort the recruitment 
maneuver and provide fluid or vasopressors to stabilize the 
patient unable to tolerate the recruitment maneuver. How-
ever, in a recent randomized controlled trial by Leme et al.,11 
the investigators found that recruitment maneuvers were 
well tolerated by postoperative cardiac surgical patients and 
had a positive effect on postoperative pulmonary complica-
tions and patient outcomes.

Pereira et al.4 have examined the importance of an indi-
vidualized approach to setting PEEP in abdominal surgery 
patients. However, the patients enrolled in their study were 
relatively homogenous. It is interesting to note that they 
indeed found a correlation between the body mass index and 
PEEP by electrical impedance tomography in spite of the 
range of body mass index in the studied patients being rela-
tively small (29.5 ± 4.3). It is likely that the variation of PEEP 
by electrical impedance tomography in a patient population 
with greater body mass index is much larger. In addition, 
certain positioning may lead to higher and more variable 
PEEP by electrical impedance tomography, for instance dur-
ing surgery of robotic assisted laparoscopic prostatectomy 
where abdominal insufflation and steep Trendelenburg posi-
tion are applied. Although not the end of the story of setting 
PEEP in the operating room, their results provide essential 
pilot data for the development of future trials assessing the 
use of PEEP in the operating room. Most importantly, they 
have found that recruitment maneuvers and high levels of 
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PEEP can be safely used in the operating room and may have 
a positive impact on patient outcome.
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IN this issue of ANESTHESIOLOGY, 
Gupta et al.1 report on the 

results of a retrospective cohort 
study comparing transfusion 
practices and clinical outcomes 
before and after the implemen-
tation of a blood management 
program in orthopedic surgery 
at a single center. The motiva-
tion stems in part from inter-
est in reducing the number of 
transfusions by the use of more 
restrictive hemoglobin triggers 
for red blood cell transfusions in 
orthopedic surgery patients. The 
authors observe that both lower 
utilization and comparable or 
improved patient outcomes fol-
lowed implementation of the 
blood management program 
and conclude that a “hemoglo-
bin threshold of 7 g/dl appears 
to be safe for many orthopedic 
patients.” There is a clear need 
to understand the relationship 
between transfusion triggers and 
outcomes to ensure that limited 
resources are used judiciously, to minimize exposures of 
patients, and to optimize patient outcomes.

The study by Gupta et al.1 offers a good illustration of 
the kinds of retrospective analyses often conducted based 
on data from large registries or administrative databases. 
There have been a number of studies in transfusion medi-
cine which involved retrospective database analyses yielding 
findings that, when tested in prospective randomized tri-
als, were not validated. For example, in a large retrospective 
analysis of 4,470 intensive care unit patients, Hébert et al.2 
observed an association between lower hemoglobin concen-
trations and death. However, when they tested this hypothe-
sis in a subsequent randomized trial in 838 similar intensive 
care unit patients, there was no evidence of differences in 
mortality between the liberally and restrictively transfused 
groups that were transfused to hemoglobin concentrations 
of 10.7 and 8.5 g/dl.3 In a retrospective analysis directed at 
the effect of red blood cell storage duration, Koch et al.4 sug-
gested that cardiac surgery patients transfused with red cells 

stored for longer periods of time 
experienced a higher mortality 
rate than did patients transfused 
with red cells having shorter stor-
age durations; a subsequent larger 
retrospective analysis of all trans-
fusions in Denmark and Sweden 
by Edgren et al.5 showed differ-
ent results. Exposure of patients 
with cardiovascular disease to red 
cells of particularly long storage 
duration was also associated with 
increased in-hospital mortality in 
a retrospective registry analysis 
by Eikelboom et al.,6 but these 
findings were not validated in a 
subsequent analysis based on an 
expanded dataset.7 Seven prospec-
tive randomized trials addressing 
this question did not substantiate 
the findings of Koch et al., find-
ing no difference between red cells 
storage duration and mortality, 
change in multiple organ dysfunc-
tion scores, composite morbidity, 
pulmonary and immune func-
tion, lactate clearance, and rever-

sal of anemia-induced neurocognitive function in a wide 
range of populations: cardiac surgery, critically ill adults, 
children with severe anemia, low-weight premature infants, 
all hospitalized patients, and healthy volunteers.8–14

The current publication affords an opportunity to discuss 
some challenges arising in retrospective analyses, which are 
highlighted below. The themes include the post hoc defini-
tion exposure variables and the interpretation of their effects, 
the challenge of dealing completely and rigorously with the 
effect of confounding variables, incomplete data, and the use 
of composite outcomes. These, and other issues, are impor-
tant to bear in mind when trying to explain conflicting find-
ings between publications on different database analyses, 
and the results of randomized trials.

Post Hoc Definition of Exposure
Although a central theme of this work is examination of the 
effect of a new blood management program on red blood cell 
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use and outcome, some statements made by the authors suggest 
a causal effect of hemoglobin threshold on clinical outcome. 
The post hoc definition of hemoglobin threshold used here is 
“the lowest (nadir) hemoglobin concentration during the hos-
pital stay.” This crude summary of exposure over the course of a 
hospitalization may be reasonable for descriptive purposes, but 
there is danger in overinterpreting the relation between such an 
exposure summary and its association with the composite mor-
bidity and mortality outcome. The principle reason is that this 
minimum hemoglobin concentration was simply an observed 
value over a period of time, with an unknown temporal rela-
tionship to any morbid event, rather than an actual predefined 
threshold as would be specified in a prospective randomized 
trial. The statement “[t]o our knowledge, ours is the first 
study in orthopedics to assess hemoglobin thresholds as low as  
7 g/dl” and the concluding statement in the abstract are there-
fore inappropriate.

Ecological Fallacy and Confounding
Large databases are appealing to exploit for investigating 
focused scientific questions, but the data necessary for a rigor-
ous analysis are often lacking; the lack of preoperative hemo-
globin values is one such example in this article, but there is 
a myriad of factors influencing patient care, some of which 
are dynamic and responsive to early treatment. When a rela-
tively small number of factors are adjusted for such as age, sex, 
hip fracture status, surgical procedure, and a case-mix index 
are used, concerns arise about whether the data are sufficient 
and the adjustments are adequate. A prospective observational 
study would have enabled collection of a more comprehen-
sive set of variables enabling a more complete adjustment for 
potential confounders and findings more consistent with the 
prospective interpretation of real clinical interest. The rationale 
for many interventions is not generally available in databases; 
information on the reason for the transfusion would also be 
useful for causal analysis and would be easily collected in a 
prospective study. We also note that the propensity score used 
by the authors appears to include the same factors adjusted for 
in the multivariate regression analysis, so it does not represent 
a casual sensitivity analysis in the usual sense. Some principle 
advantages of propensity score analyses include the ability to 
adjust for a larger number of confounders while maintaining a 
relatively simply model for the outcome. This can be achieved 
by matching, stratification, or regression on the propensity 
score, or using inverse probability of exposure weights. The 
latter would yield estimates of the effect of the blood manage-
ment program on the response more in line with what would 
be estimated in a randomized clinical trial.15

The selection criteria for potentially confounding  vari-
ables to adjust for raises challenging issues. Confounding 
variables have an association with the outcome and the expo-
sure variable, and although this is a relatively simple concept 
when dealing with cross-sectional studies, when exposure 
variables change over time in complex feedback systems, 

identifying, selecting, and modeling the effect of confound-
ing variables is a daunting challenge. Moreover, selection of 
variables to adjust for in causal analyses should be based on 
scientific context rather than statistical significance. We refer 
readers to a timely, sobering, and stimulating recent paper 
by Hernán,16 from which one can learn to calibrate expecta-
tions and interpretations from registry-based studies.

Composite Outcomes
There is often compelling practical rationale for use of com-
posite outcomes but these also introduce substantial challenges 
in interpretation of findings.17 This challenge is particularly 
important when the components of a composite outcome are 
of unequal importance, when they represent quite different 
clinical outcomes, and when the relative weighting of the 
components is unclear in the final analysis. The magnitude 
of the effect reported on the composite outcome in Gupta 
et al. is striking, but for reasons stated earlier caution is war-
ranted before attributing this large effect to a lower hemoglo-
bin threshold. With such a large effect, however, it should be 
feasible to carry out a randomized clinical trial confirming 
this finding in the elderly population of orthopedic surgery 
patients. Some may consider that this had already been investi-
gated in the prospective, randomized Transfusion Trigger Trial 
for Functional Outcomes in Cardiovascular Patients Under-
going Surgical Hip Fracture Repair (FOCUS) trial, in which 
patients age 65 yr or more with a history of, or risk factors 
for, cardiovascular disease and undergoing surgical repair of 
hip fracture were randomly allocated to a liberal or restrictive 
transfusion protocol.18 There were no differences in functional 
recovery or mortality found in this trial. Even such a random-
ized, clinical trial can have limitations, however: there was a 
highly significant increase in the use of “rescue” transfusion 
for cardiovascular symptoms (i.e., red blood cell transfusion 
at a trigger greater than that specified by the protocol) in the 
restrictive group compared with the liberal group. Moreover, 
the population in the FOCUS trial was quite different than 
that analyzed by Gupta et al. We note that the numbers of 
patients experiencing even the composite outcome are quite 
low. To gain better insight into the nature of any effects, larger 
samples would be useful so that the effects could be explored 
in the component outcomes of the composite outcome in a 
meaningful way.19 Finally, we note that the FOCUS trial is yet 
another example of arandomized trial yielding different results 
from the databaseanalyses from which it was spawned.20

In many circumstances it is not possible to conduct ran-
domized clinical trials, and other types of data are the best 
that can be obtained. Randomized trials are possible to test 
the hypothesis that less frequent red cell transfusion does not 
increase risk, and the results have been mixed, attesting to the 
challenges in conducting experimental research in complex 
settings. Comroe21 in his book, Retrospectroscope, described 
the origins of some great discoveries in medicine. He did not 
envision his imaginary instrument being used for retrospec-
tive database examinations; in such settings the instrument’s 
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lens can indeed be quite clouded. However, results generated 
from retrospective database analyses can be thought provok-
ing, hypothesis generating, and help set the agenda for future 
investigations, as do the findings of Gupta et al.
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QUALITY care is the goal of all clinicians and of health 
care. Quality was defined in the 2001 Institute of Medi-

cine report titled “Crossing the Quality Chasm” as “the degree 
to which health services for individuals and populations increase 
the likelihood of desired health outcomes and are consistent 
with current professional knowledge.”1 In that report, the 
authors identified six domains of quality: effective, equitable, 
timely, efficient, safe, and patient centered (table 1). Anesthe-
siologists have been lauded for their accomplishments in the 
domain of patient safety, as well as being focused on the first 
four domains of quality. However, to ensure quality, we must 
increase our focus on patient-centeredness. The focus of this 
Rovenstine lecture was to describe the history and importance 
of quality measurement and the need to move to more measures 
of patient-oriented outcomes and patient satisfaction (table 2).

Measurement Is Critical to Improvement
Within the framework of measurement, Albert Einstein has 
been attributed with saying, “Not everything that counts can 
be counted, and not everything that can be counted counts,” 
suggesting that we need to be careful to measure something 
of utility. However, W. Edwards Deming, the father of per-
formance improvement, has been attributed with saying, 
“You can’t improve what you don’t measure.” Therefore, to 
provide the best care, it is critical to choose outcomes care-
fully and use measurement to improve care.

The concept of measuring hospital performance was first 
established more than 150 yr ago. One of the first recorded 

hospital report cards was created by Florence Nightingale.2 
Rates of mortality varied between the hospitals in London 
and those in the countryside (fig.  1). Although the con-
cept of reporting is important, it brings up the question of 
whether the differences in mortality observed by Florence 
Nightingale are a function of differences in quality of care 
or differences in the baseline risk of the patient popula-
tion served. Today, most hospital report cards include risk-
adjustment techniques to appropriately compare quality, a 
technique not available 150 yr ago.3 A more detailed discus-
sion of quality measurement, including the inclusion of risk 
adjustment, can be found elsewhere.4

The next major figure in quality measurement is Ernest 
Codman, a surgeon who lived from 1869 to 1940. He said, 
“Hospitals, if they wish to be sure of improvement, must 
find out what their results are, must analyze their results, and 
must compare their results with those of other hospitals.”5 
Unfortunately, his ideas were not well accepted by his col-
leagues at the time, which led him to resign from the Mas-
sachusetts General Hospital, but his ideas were later accepted 
and eventually led to the founding of The Joint Commis-
sion. The epitaph on his gravestone, erected by the American 
College of Surgeons, reads, “It may take a hundred years for 
my ideas to be accepted.” He was correct in his assumption.

Measurement has been a key component of modern anes-
thesia practice, with the initial focus being on anesthetic mor-
tality. Shortly after the first reported use of an anesthetic, the 
first reported death from the administration of an anesthetic 
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occurred. According to burial documents, Hannah Greener 
died from the effects of chloroform.6 However, it took almost 
a century before anesthetic mortality was measured in a large 
systematic study. Beecher and Todd7 measured death directly 
attributable to anesthesia in 10 centers between the years 1948 
to 1952 (fig. 2). The rate of mortality was shown to decrease 
dramatically between their initial report and subsequent stud-
ies with a currently frequently quoted rate of 1 in 185,096 
based on data from 1982 from the Confidential Enquiries 
into Perioperative Deaths.8 The field of anesthesiology’s focus 
on developing systems of care and checklists clearly had a pro-
found effect on mortality, particularly for healthy individu-
als. The accomplishments of the field of anesthesiology were 
lauded in the 1999 Institute of Medicine report titled, “To Err 
Is Human,” which stated, “few professional societies or groups 

have demonstrated a visible commitment to reducing errors 
in health care and improving patient safety. … The exception 
most often cited is the work that has been done by anesthesi-
ologists to improve safety and outcomes for patients.”9

Anesthesiology has successfully reduced mortality directly 
attributable to anesthesia care from two deaths per 10,000 
anesthetics administered in 1952 to one death per 200,000 to 
300,000 anesthetics administered in 1982. The most recent 
rate of direct-anesthetic mortality is consistent with six-
sigma quality. Although overall surgical mortality in healthy 
individuals has decreased, there continue to be high rates of 
anesthetic complications such as hospital-acquired infections, 
postoperative nausea and vomiting, and adverse drug events. 
However, Lagasse10 has questioned the overall safety of anes-
thesia when additional studies and definitions of perioperative 
mortality are used. Nonetheless, high-quality anesthetic care 
can reduce these rates of complications and should be every 
practitioner’s goal. As Ludwig Wittgenstein said, “Resting on 
your laurels is as resting when you are walking in the snow. 
You doze off and die in your sleep.” Anesthesiologists should 
be cautious in remaining complacent with current complica-
tion rates and strive to improve all surgical outcomes.

Anesthesia-related Complications
In reviewing the history of measurement of anesthesia-
related outcomes, Macario et al.11 published a study asking 
anesthesiologists’ expert opinion of those outcomes attrib-
uted to anesthesia care which patients value. They plotted the 
importance of the outcome against the frequency. For exam-
ple, death and recall with pain are very important but of low 
frequency. Pain at the intravenous site is not very important 
but of high frequency. All of the outcomes cited were almost 
entirely within the control of the anesthesiologist.

In the United States, the National Quality Forum endorses 
measures that can be incorporated into federal value-based 
purchasing programs. National Quality Forum–endorsed 
measures represent a group of outcomes on which the field 

Fig. 1. Rate of mortality in 106 hospitals in England, based on location, created by Florence Nightingale in 1863. Reproduced 
with permission from Reference 2.

Table 1. Institute of Medicine: Six Domains of Quality

Domain Description

Safe Avoiding harm to patients from the care that is 
intended to help them

Effective Providing services based on scientific knowl-
edge to all who could benefit and refraining 
from providing services to those not likely 
to benefit (avoiding underuse and misuse, 
respectively)

Patient  
centered

Providing care that is respectful of and respon-
sive to individual patient preferences, needs, 
and values and ensuring that patient values 
guide all clinical decisions

Timely Reducing waits and sometimes harmful 
delays for both those who receive and 
those who give care

Efficient Avoiding waste, including waste of equip-
ment, supplies, ideas, and energy

Equitable Providing care that does not vary in quality 
because of personal characteristics such as 
gender, ethnicity, geographic location, and 
socioeconomic status

Adapted from Reference 1.
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of anesthesiology is willing to be measured. The anesthesiol-
ogy measures were initially focused entirely on processes of 
care, such as the Surgical Care Improvement Project goals of 
antibiotics administered within 1 h before incision.12 There 
initially was minimal willingness on the part of the Ameri-
can Society of Anesthesiologists House of Delegates to be 
measured on outcomes that can be shared with our surgical 
colleagues and the hospital, although shared outcome mea-
sures have been endorsed more recently. Most of these out-
come measures represent postoperative complication rates as 
well as mortality. There are clearly some complications that 
can be attributed uniquely to the anesthesiologist, such as 
failed intubation, or attributed uniquely to the surgeon’s 
skill, such as cutting through the bile duct, and each practi-
tioner should be measured on those outcomes. With respect 
for more general morbidity, such as pneumonia or mortality, 
we should focus on what matters to patients and share the 
accountability for these outcomes with the surgeons.

The probability of developing a complication is deter-
mined in part by patient comorbidities. Clearly, the clinical 
skill of the anesthesiologist, nurse anesthetists, and anes-
thesia assistants in managing comorbidities is critical to 
outcome. Finally, anesthesiologists have been shown to posi-
tively impact the rate of failure to rescue or the likelihood of 
death after developing a complication. This likely reflects the 
anesthesiologist’s role in the postanesthesia care unit, inten-
sive care unit and ward.

Shared Accountability
Measuring individual anesthesiologist performance was first 
reported by Slogoff and Keats13 in their paper on the rela-
tionship between the presence of preoperative myocardial 
ischemia and perioperative myocardial infarction and death. 

One anesthesiologist, number 7 in the paper, had signifi-
cantly higher rates of tachycardia and associated myocardial 
ischemia and infarction. Measuring outcome on an individ-
ual basis is critical for quality improvement, and education 
should be the first strategy for those providers who are outli-
ers. One example of using local outcome metrics for quality 
and performance improvement is the Multicenter Periopera-
tive Outcomes Group and the ASPIRE (Anesthesiology Per-
formance Improvement and Reporting Exchange) quality 
initiative. Using data from the electronic medical record, the 
ASPIRE team is able to provide individual practitioners with 
their own dashboard of quality metrics and compare them 
with the rest of their department or national norms. They 
are currently going beyond process measures and using Inter-
national Classification of Diseases (10th edition) codes and 
laboratory data to develop quality reports on outcomes such 
as perioperative myocardial injury and acute kidney injury.

If anesthesiologists are to be viewed as perioperative phy-
sicians, then they must be engaged in improving all aspects 
of surgical and anesthetic outcomes. As discussed earlier, 
anesthesiologists should be measured on intraoperative out-
comes directly attributed to their care as well as be jointly 
accountable for postoperative outcomes. Essentially, periop-
erative care is a team sport, and shared accountability of all 
perioperative outcomes is key (fig. 3). Improvements in sur-
gical morbidity and mortality occur when measurement and 
feedback is provided. The Veterans Administration National 
Surgical Quality Improvement Program was commissioned 
because of concerns regarding increased mortality associated 
with surgical care at the Veterans Administration Hospitals. 

Fig. 2. Beecher and Todd: A Study of the Deaths Associated 
with Anesthesia and Surgery. A copy of the monograph in the 
Dripps Library. In the public domain.

Fig. 3. Shared accountability is a function of patient, clinician, 
and system factors. QI, quality improvement; SES, socioeco-
nomic status. Reproduced with permission from Peterson 
ED, Ho PM, Barton M, et al. ACC/AHA/AACVPR/AAFP/ANA 
concepts for clinician-patient shared accountability in perfor-
mance measures: A report of the American College of Cardiol-
ogy/American Heart Association Task Force on Performance 
Measures. Journal of the American College of Cardiology 
2014; 64:2133–45. Reproduced with permission.
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With implementation of National Surgical Quality Improve-
ment Program outcome-based assessment and report card 
back to the hospitals, there was a marked improvement in 
both mortality and complication rates during the implemen-
tation phase.14 During a period of increasing transparency of 
perioperative outcomes in nonfederal hospitals, Finks et al.15 
used Medicare data to demonstrate reductions in surgical 
mortality over a 10-yr period in major abdominal and tho-
racic procedures. Despite the improvement in the public and 
private sectors, 30-day mortality remained high in this group 
of high-risk surgeries, which suggests room for improvement, 
as opposed to the ambulatory surgery population where rates 
of complications are much lower. Because complications are 
a function of the interaction of patient factors, system fac-
tors, and clinical skills, it will require attention to all three 
domains to achieve optimal patient outcomes. If all groups 
assume joint ownership, including patients, hospitals, and 
providers, then outcomes will be improved.

The Journey from Anesthesiology to Perioperative 
Medicine
Anesthesiologists, as perioperative physicians, can impact 
care preoperatively, intraoperatively, and postoperatively to 
change the trajectory of the outcome. There are several strat-
egies that have been implemented by anesthesiologists and 
anesthesiology departments to lead to improved outcome 
by being engaged in perioperative medicine. There are mul-
tiple such examples. The preoperative cardiovascular evalu-
ation based on perioperative guidelines has been used in 
clinics as screening tools to optimize medical management, 
and strategies continue to evolve with the production of 
new evidence.16 There is increasing evidence of the value of 
prehabilitation and exercise on outcomes after surgery, and 
prehabilitation clinics and protocols are being developed.17 
Anemia clinics and the use of preoperative erythropoietin 
and intravenous iron supplementation are other strategies 
that anesthesiologists can use in their preoperative clinic to 
improve perioperative outcomes.18 Postoperative critical care 
has been an integral part of our departments since the devel-
opment of the specialty.

Anesthesiologists can also impact patient care through 
efforts to address the opiate crisis. There is a great deal of 
attention on the risk of prolonged opiate use and the conver-
sion to opiate substance disorder after surgery.19 This con-
cern has sparked a movement toward developing opiate-free 
or sparing techniques and the increasing use of regional anes-
thesia. Patients themselves are increasingly interested in more 
active participation during surgery, and patients are opting 
to be more awake, especially during orthopedic procedures. 
Globally, anesthesiologists are demonstrating leadership in 
developing postdischarge pain management strategies. For 
example, members of the faculty at the University of Penn-
sylvania Department of Anesthesiology and Critical Care are 
redefining discharge prescription order sets within the elec-
tronic medical record for opiates. The new order sets have 

demonstrated similar patient satisfaction with pain manage-
ment while reducing the number of dispensed, and therefore 
unnecessary, opiates.

A major area of interest, particularly in the elderly, is 
the issue of postoperative delayed neurocognitive recovery. 
There are stories of patients developing cognitive changes, 
delirium, and even hallucinations after surgery, with mem-
ory deficits for up to three months, or in some cases lon-
ger. There is interest in the role of neuroinflammation and 
the impact of surgery and potential impact of anesthesia in 
patients with a vulnerable brain who already demonstrate 
some degree of mild cognitive impairment.20–22 The effects 
on cognition have been known for more than 60 yr and 
have been reported in the geriatric literature (fig. 4).23,24 As 
described earlier, anesthesiologists should stop resting on 
their laurels and embrace new patient safety opportunities, 
hence the development of the American Society of Anesthe-
siologists Perioperative Brain Health Initiative. The mission 
of this Initiative is to arm anesthesiologists and other clini-
cians, hospitals, patients, and their families with tools and 
resources necessary to optimize the cognitive recovery and 
perioperative experience for adults 65 yr and older undergo-
ing surgery. The Perioperative Brain Health Initiative website 
(www.asahq.org/brainhealthinitiative) includes tools and 
resources that clinicians can use to implement change locally. 
It includes a series of questions to ask patients preopera-
tively, which will help identify those at risk as well as remind 
patients to bring cognitive aids (e.g., hearing devices, glasses) 
to the hospital (fig. 5). The Perioperative Brain Health Initia-
tive is requesting that patients and providers submit stories 
of delirium and cognitive problems postoperatively as well as 
hospital-based improvement strategies so that these stories 
can be shared with others and allow anesthesiologists to lead 
through this patient safety initiative.

In the context of defining the cause and treatment of 
perioperative complications, it is critical that anesthesiolo-
gists continue to perform research that will help our patients. 
Without such innovative research, we will become extinct 
as a profession.25 For example, anesthesiologists are actively 
engaged in both basic and clinical science, trying to under-
stand the underlying pathophysiology as well as develop 
strategies to reduce the incidence and potential harm of 
postoperative delirium and delayed neurocognitive recovery. 

Fig. 4. The 1955 article by P.D. Bedford described postop-
erative delayed neurocognitive recovery after surgery in The 
Lancet. Reproduced with permission.
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It will be important for the profession to advocate in the U.S.  
Congress to ensure continued funding and maintain interest 
in perioperative research through support for the National 
Institutes of Health budget.

Patient Expectations and Satisfaction with Care
Patients traditionally visit physicians and hospitals based 
on reputation and recommendations from colleagues and 
friends. Quality measurement and public reporting have 
been advocated by both consumers and insurers as a means 
of helping patients decide where to receive care. Multiple 

studies have shown that only a small percentage of patients 
actually look at quality ratings on websites, although this is 
changing, particularly with the publication of patient satis-
faction ratings and comments.26

As these quality metrics are increasingly viewed by the 
public, the traditional medical metrics are being reevaluated. 
For example, readmission penalties are included in many 
value-based purchasing programs.27 Although well-being 
and the incidence of being admitted after hospitalization is 
of concern to the patient, a more patient-centered outcome 
would be the number of days patients spend at home after 
surgery.28 Using that metric, a short readmission is viewed 
very differently than a prolonged readmission. In addition, 
using other types of acute or postacute care besides the hos-
pital are taken into account by such a measure.

It is clear that we are in an age of healthcare consumer-
ism. Patients are looking for physicians to be more engaged 
in listening to their concerns. This can be accomplished 
through the development and assessment of measures that 

Fig. 5. The American Society of Anesthesiologists Perioperative Brain Health Initiative includes numerous resources on the 
website. These include key questions that elderly patients should answer regarding memory issues and items and aids patients 
should bring to the hospital. Reproduced with permission.

Table 2. Key Messages

1. Measurement is good!
2.  Anesthesiologists should be engaged in improving all surgical 

outcomes.
3.  Anesthesiologists should take more ownership of the journey.
4. Patients’ expectations have changed.
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matter, including those that are important and meaningful 
to the patients themselves. These measures can drive both 
the national aims as well as local quality improvement. By 
the National Quality Forum definition, a patient-reported 
outcome is any report on the status of a patient’s health con-
dition that comes directly from the patient, without inter-
pretations of the patient’s response by the clinician or anyone 
else.29 Patient-reported outcomes are increasingly being 
used to evaluate and improve patient care and experience 
through assessing factors such as functional status. Patients 
also want to ensure that they understand their risk and have 
truly informed consent. This may include understanding the 
quality of their recovery and return to baseline function or 
improvement in their activities of daily living. The Ameri-
can Society of Anesthesiologists is engaged in furthering 
the development of measures as a member of The National 
Health Council Patient-Centered Value Model Rubric.

Patient satisfaction with care is another form of patient-
reported outcome measure. Increasingly, patients are viewing 
patient comments on Yelp and are viewing Press–Ganey sur-
vey comments posted voluntarily on health system websites. 
The University of Utah has demonstrated the effect of pub-
lication of the Press–Ganey physician ratings and comments 
on their health system website and demonstrated that with 
public transparency the physician ratings markedly improved.

One clear example of using patient satisfaction in value-
based care is the Geisinger Healthcare System (Danville, 
Pennsylvania) and its “Proven Experience” program. This pro-
gram includes a “warranty” on the experience of care received 
within their system. If patients believe that an aspect of care 
did not meet expectations, they can open an app on their 
smart device and request a refund of a percentage of their  
copayments. Ashish Jha, M.D., M.P.H., a Harvard health pol-
icy expert, has suggested that a percentage of Medicare pay-
ments be linked to patient satisfaction with care measures.30

Are We Ready to Be Measured by Our Patients on 
Satisfaction with Care?
Measurement of satisfaction with anesthesia care has been 
proposed in academic publications, but such measurements 
have focused on defined procedures such as monitored anes-
thesia care for cataract surgery. One domain of satisfaction 
with anesthesiologists, certified registered nurse anesthetists, 
and anesthesia assistants is our level of empathy. As a spe-
cialty, are we ready to be measured by our patients on the 
empathy that we project? Many providers would feel a strong 
sense of vulnerability in such a paradigm. Brene Brown, 
Ph.D., L.M.S.W., has written extensively on the importance 
of vulnerability as the birthplace of creativity, innovation, 
and change. Candace Morrissey, M.D., M.S.P.H., an anes-
thesiologist at the University of Utah, wrote a piece for the 
NEJM Catalyst in which she said: “Countless eyes glazing 
over helped me realize that to explain what we do medi-
cally was not precious time well spent. Patients assumed I’d 
be technically competent. What they wanted to know was 

that we cared.”31 Although the competency and excellence 
of the anesthesiologist remains paramount, Morrissey’s essay 
emphasized the importance of empathy to many patients.

As an anesthesiologist, I am constantly amazed at how 
poorly focused the rest of the operating room personnel 
are on the patient during that period when they are awake 
before induction. How can empathy be taught? The Cleve-
land Clinic has produced a video that is internally facing for 
their providers to remind them of the importance of empa-
thy for their patients, providers, and staff. I urge all to view it 
at https://www.youtube.com/watch?v=cDDWvj_q-o8.

Summary
In summary, medicine has moved from metrics of medical 
outcomes to patient-reported outcome measures and assess-
ing patient satisfaction. As anesthesiologists, it is critical for 
us to continue to provide exemplary and safe care while also 
listening carefully to what our patients are interested in and 
deserve. We will remain relevant only if we ensure that we 
do both.
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LUNG protective ventilation has been shown to improve 
outcomes in patients undergoing general anesthesia.1–4 

Anesthesia, paralysis, and mechanical ventilation under 
high concentrations of oxygen without adding positive end-
expiratory pressure (PEEP) all result in persistent atelectasis, 
lung heterogeneities, and postoperative pulmonary compli-
cations.2,5–7 High driving pressures (ΔP) during anesthesia 
have been associated with the development of postoperative 
pulmonary complications, including adult respiratory dis-
tress syndrome.8,9 The presence of a high ΔP indicates cyclic 
lung overstress caused by atelectasis and lung heterogene-
ities, often exacerbated by suboptimal ventilator settings.10,11 
Thus, a lower intraoperative ΔP has been associated with a 
reduction in postoperative pulmonary complications.8,9

Editor’s Perspective

What We Already Know about This Topic

• In patients with adult respiratory distress syndrome, 
physiologic tidal volume and positive end-expiratory pressure 
(PEEP) are protective

• In patients without lung diseases undergoing mechanical 
ventilation under general anesthesia, optimal PEEP is unknown

What This Article Tells Us That Is New

• Optimal positive end-expiratory pressure (PEEP) values for patients 
with normal lungs and under general anesthesia vary significantly

• Application of individualized optimal PEEP intraoperatively 
not only reduces driving pressure and improves respiratory 
compliance and oxygenation but also reduce the incidence 
and severity of postoperative atelectasis

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1070-81

ABSTRACT

Background: Intraoperative lung-protective ventilation has been recommended to reduce postoperative pulmonary complications 
after abdominal surgery. Although the protective role of a more physiologic tidal volume has been established, the added protection 
afforded by positive end-expiratory pressure (PEEP) remains uncertain. The authors hypothesized that a low fixed PEEP might 
not fit all patients and that an individually titrated PEEP during anesthesia might improve lung function during and after surgery.
Methods: Forty patients were studied in the operating room (20 laparoscopic and 20 open-abdominal). They underwent elec-
tive abdominal surgery and were randomized to institutional PEEP (4 cm H2O) or electrical impedance tomography–guided 
PEEP (applied after recruitment maneuvers and targeted at minimizing lung collapse and hyperdistension, simultaneously). 
Patients were extubated without changing selected PEEP or fractional inspired oxygen tension while under anesthesia and 
submitted to chest computed tomography after extubation. Our primary goal was to individually identify the electrical imped-
ance tomography–guided PEEP value producing the best compromise of lung collapse and hyperdistention.
Results: Electrical impedance tomography–guided PEEP varied markedly across individuals (median, 12 cm H2O; range, 6 to 
16 cm H2O; 95% CI, 10–14). Compared with PEEP of 4 cm H2O, patients randomized to the electrical impedance tomography–
guided strategy had less postoperative atelectasis (6.2 ± 4.1 vs. 10.8 ± 7.1% of lung tissue mass; P = 0.017) and lower intraoperative 
driving pressures (mean values during surgery of 8.0 ± 1.7 vs. 11.6 ± 3.8 cm H2O; P < 0.001). The electrical impedance tomogra-
phy–guided PEEP arm had higher intraoperative oxygenation (435 ± 62 vs. 266 ± 76 mmHg for laparoscopic group; P < 0.001), 
while presenting equivalent hemodynamics (mean arterial pressure during surgery of 80 ± 14 vs.  78 ± 15 mmHg; P = 0.821).
Conclusions: PEEP requirements vary widely among patients receiving protective tidal volumes during anesthesia for abdominal 
surgery. Individualized PEEP settings could reduce postoperative atelectasis (measured by computed tomography) while improv-
ing intraoperative oxygenation and driving pressures, causing minimum side effects. (Anesthesiology 2018; 129:1070-81)

This article is featured in “This Month in Anesthesiology,” page 1A. Corresponding article on page 1057. Supplemental Digital Content is 
available for this article. Direct URL citations appear in the printed text and are available in both the HTML and PDF versions of this article. 
Links to the digital files are provided in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org). This article has a 
video abstract. This article has an audio podcast. This article has a visual abstract available in the online version. Partial results were pre
sented as a poster at ESICM Lives in Milan, Italy, October 1–5, 2016. S.M.P. and M.R.T. contributed equally to this article.
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Recent analyses of protective strategies have suggested the 
use of more physiologic tidal volumes (VT; VT = 6 to 8 ml/kg 
of ideal body weight) in combination with fixed, minimum 
PEEP levels, although with recommendations that vary from 
2 up to 6 cm H2O.1–4 Although the protective role of more 
physiologic tidal volume (VT) has been strongly suggested, 
no agreement exists on the value of optimal PEEP. A recent 
trial showed no benefit of high PEEP of 12 cm H2O ver-
sus ≤ 2 cm H2O, but harms including hemodynamic insta-
bility and increased requirement of fluid administration.12 
Therefore, low PEEP (≤ 2 cm H2O) was recommended.4,13 
Meanwhile, others have suggested the use of moderate lev-
els of PEEP (5 to 8 cm H2O),2,9,14 advocating its preventive 
role against postoperative atelectasis. Such lack of consensus 
occurs, in part, because PEEP is not typically individualized 
according to patient physiology. Evidence suggests that one 
fixed value of PEEP is unlikely to fit all patients, with large 
variability in PEEP requirements caused by individual char-
acteristics, such as chest wall dimensions and shape, abdomi-
nal content, lung weights, and pleural pressures.15–21

This study evaluated the impact of the optimized PEEP 
guided by electrical impedance tomography (PEEP-EIT) 
versus fixed PEEP of 4 cm H2O applied during the intraoper-
ative period, in patients with healthy lungs and submitted to 
abdominal surgery. We hypothesized that PEEP-EIT would 
vary among different patients and that it would reduce post-
operative atelectasis. Our primary goal was to individually 
identify the PEEP-EIT value that produced the best pos-
sible compromise of lung collapse and hyperdistention. Our 
secondary aim was to observe the effects of such PEEP-EIT 
on the postoperative atelectasis measured by computed 
tomography scan after extubation. Additional exploratory 
end points were the impact of PEEP selection (according to 
randomization) on pulmonary function and hemodynamics.

Materials and Methods
Between August 2014 and April 2016, 40 eligible patients 
undergoing elective abdominal surgery were included in the 
study after obtaining Institutional Review Board approval 
and written informed consent. This trial was registered at 
clinicaltrials.gov (trial registration: NCT02314845). All 
patients were submitted to anesthesia induction, ventilation 
with PEEP of 4 cm H2O, first recruitment maneuver fol-
lowed by PEEP titration, and second recruitment maneuver. 
Then, patients were randomized to one of two treatment 
arms: PEEP titrated by EIT (PEEP-EIT), within the range 

from 4 to 20 cm H2O or a fixed PEEP of 4 cm H2O (PEEP4) 
(fig. 1A). The randomization was stratified by type of sur-
gery. The inclusion criteria were abdominal surgery and age 
above 18 years old. Exclusion criteria were American Society 
of Anesthesiologists Physical Status III or greater and moder-
ate/severe obstructive or restrictive pulmonary disease.

Intravenous anesthesia was induced with patients lying 
supine. After insertion of intravenous and arterial lines, an 
EIT belt was placed at the fifth intercostal space, and the 
EIT monitoring (Enlight 1800, Timpel, Brazil) was started 
with continuous recording. All patients were preoxygenated 
with 100% oxygen before intubation.

Mechanical ventilation was started under vol-
ume-controlled ventilation with fractional inspired 
oxygen tension (Fio2)= 0.5, PEEP = 4 cm H2O,  
VT = 6 to 7 ml/kg of predicted body weight,22 an inspiratory 
pause of 30%, and respiratory rate was adjusted to maintain 
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Fig. 1. A, Flowchart of the study. B, Criteria to choose posi-
tive end-expiratory pressure (PEEP) titrated by electrical im-
pedance tomography (PEEP-EIT). PEEP-EIT was considered 
as the nearest PEEP above the crossing of the curves repre-
senting overdistension and collapse, indicating a mechanical 
compromise at which both lung collapse and hyperdistension 
were minimized.
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end-tidal carbon dioxide between 35 and 45 mmHg. The 
synchronized pressure-flow sensor of the EIT monitor was 
connected to the proximal airway. After recording the base-
line EIT signals, all patients (in both arms) were submitted 
to a recruitment maneuver in pressure-controlled ventilation 
mode with 20 cm H2O of PEEP and inspiratory pressures 
reaching 40 cm H2O for 2 min. At this PEEP level, a decre-
mental PEEP-titration maneuver was started in volume-con-
trolled ventilation mode, decreasing PEEP in steps of 2 cm 
H2O every 40 s, and keeping constant respiratory rate (20 
breaths/min), inspiratory pause of 30%, and VT = 6 ml/kg. 
At the end of the procedure, the EIT monitor automatically 
plotted a graph showing the percentage of overdistended and 
collapsed lung units (corresponding to the percent mass of 
collapsed or overdistended lung-tissue) at each PEEP. PEEP-
EIT was considered as the nearest PEEP above the cross-
ing of the curves representing overdistension and collapse 
(fig. 1B), indicating a mechanical compromise where both 
lung collapse and overdistension were minimized.

After the decremental PEEP titration (performed in all 
patients before randomization), a new recruitment maneu-
ver was performed, and PEEP-EIT was applied for 2 min, 
only for monitoring purposes. Subsequently, the patient was 
randomized and, according to group allocation, the PEEP-
EIT was then maintained (PEEP-EIT arm) or reduced to 
4 cm H2O (PEEP4 arm). This randomized PEEP level was 
maintained throughout surgery, until extubation.

Data acquisition in laparoscopic and open abdominal 
surgery occurred in several time points: baseline (after intu-
bation), during PEEP titration, after randomization, within 
1 h of surgery, and before extubation. Data acquisition in 
patients undergoing laparoscopic surgery also occurred at 
the start of pneumoperitoneum and before pneumoperito-
neum deflation. Mechanical ventilation, EIT, and hemody-
namic data were collected. Arterial blood gas samples were 
also analyzed during surgery (fig. 2, A and B). Mechanical 

ventilation parameters, such as RR and Fio2, could be 
changed according to arterial blood gas results or SpO2. 
Fluid administration, pain management, vasoactive drugs, 
and blood transfusion were implemented according to rou-
tine protocols.

Weaning was performed under pressure-support mode, 
keeping Fio2 at 50% and maintaining PEEP according to 
the patient’s randomization (i.e., at 4 cm H2O in controls, 
and at PEEP-EIT for the treatment arm). Thirty to 60 min 
after extubation, a chest computed tomography scan was 
obtained, during which patients were instructed to perform 
an expiratory hold at functional residual capacity. Ten slices 
were optimally selected to interpolate and calculate the per-
centage of nonaerated lung mass tissue (densities between 
−200 and +100 UH).23

The primary outcome of this trial was to identify the PEEP 
value, for each patient, that produced the best possible com-
promise of lung collapse and hyperdistention during a PEEP 
titration procedure using EIT. The secondary end point was 
to calculate the amount of atelectasis, as the percentage of 
lung mass, evaluated by chest computed tomography scan 
after extubation. Additional exploratory end points were the 
impact of PEEP selection (according to randomization) on 
pulmonary function and hemodynamics.  Additional infor-
mation on some procedures is provided in the Supplemental 
Digital Content, http://links.lww.com/ALN/B784.

Statistical Analysis
The sample size was estimated for our secondary end point, 
the amount of atelectasis. A previous study24 observed, in 
patients ventilated with and without PEEP (=6 cm H2O), 
a median area of atelectasis postoperatively of 5.2 cm2 
(range 1.6 to 12.2) versus 8.5 cm2 (3–23.1). A sample size of  
40 patients (20 patients in each PEEP arm) would be 
needed to observe this difference, assuming α = 0.05 and 
power of 85%, using two-tailed Wilcoxon-Mann-Whitney 

Fig. 2. Data collection times in laparoscopic (A) and open abdominal surgery (B). ABG, arterial blood gas; CT, computed  
tomography; EIT, electrical impedance tomography; MV, mechanical ventilation; PEEP, positive end-expiratory pressure; RM, 
recruitment maneuver.
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test (asymptotic relative efficiency method) with software 
G*Power 3.125 and considering a data loss of 10%.

Normal distribution for continuous variables was deter-
mined using the Shapiro-Wilk test and, accordingly, the 
results were reported as mean ± SD and median (interquar-
tile range). Unpaired t tests or Mann–Whitney tests were 
used for univariate analyses of continuous variables. For cor-
relation between two variables, the Pearson correlation test 
was used.

For the analysis of variables collected at many time points 
during surgery and for computed tomography collapse, a 
mixed-model analysis, without random factors, was per-
formed using the following variables as fixed factors: type 
of surgery (laparoscopic and open), time (from “PEEP-
EIT,” during PEEP titration, to “before extubation”), group 
(PEEP-EIT arm or PEEP4 arm), and the interaction between 
time and group. For comparisons between time points the 
Sidak correction test was used. Mean values for driving pres-
sure, mean arterial pressure, PaO2/FIO2, and respiratory 
compliance after randomization were calculated for one or 
both types of surgery (laparoscopic and open), representing 
the average of three time points during surgery.

No data nor outlier values were excluded. The amount 
of missing data is less than 5%, in general, with no single 
variable presenting more than 15% of missing data. No data 
imputation was performed. SPSS 17 for Windows (SPSS 
Inc., USA) and GraphPad Prism V 6 (GraphPad Software, 
USA) were used for the statistical analyses and to plot the 
graphs. Statistically significant values were considered to 
have P values less than 0.05 using two-tailed tests.

Results
A total of 40 patients were included in this study. Patients’ 
characteristics and comorbidities are summarized in table 1 
and table E1 in the Supplemental Digital Content (http://
links.lww.com/ALN/B784). No complication associated 
with the study was observed in any participant.

After anesthesia induction and intubation, when all 
patients received PEEP = 4 cm H2O (before recruiting 
maneuvers), there were no statistically significant differences 
in respiratory variables between the two study arms (table 2). 
Equivalent respiratory variables were also observed after 
recruitment maneuver, when patients in both study arms 
were briefly submitted, during PEEP titration, to PEEP-EIT 
(table 2).

Primary Outcome: Identified PEEP
Before randomization, PEEP-EIT was assessed by for all 
patients after a recruiting maneuver. The median PEEP-
EIT was 12 cm H2O (10 to 14; 95% CI, 10–14; table 3 and 
fig. E1  in the Supplemental Digital Content (http://links.
lww.com/ALN/B784)). Patients submitted to laparoscopic 
surgery exhibited statistically significantly higher PEEP-
EIT than patients submitted to open surgery (13.5 ± 1.6 
vs.  10.2 ± 2.3 cm H2O; P < 0.001). Of note, PEEP 

requirements for the laparoscopic patients were assessed 
before abdominal insufflation of CO2. There was some cor-
relation (R2 = 0.371, P < 0.001) between body mass index 
and PEEP-EIT (fig. 3), which partially explained such differ-
ence in PEEP-EIT (patients in the open surgery group had a 
lower body mass index, requiring a lower PEEP-EIT).

Secondary Outcome: Postoperative Collapse
After extubation and anesthesia recovery, the whole-lung 
computed tomography evaluation confirmed the reduction in 
atelectasis, with a significantly lower percentage of collapsed 
lung tissue in the PEEP-EIT arm (percent of nonaerated 
tissue = 6.2 ± 4.1% vs.  10.8 ± 7.1%; PEEP-EIT vs. PEEP4, 
respectively; P = 0.017; fig. 4). The amount of atelectasis in 
the two types of surgery was not different (P = 0.457). Repre-
sentative images of computed tomography (after surgery) and 
EIT (during surgery) are shown in figure 5.

Exploratory Outcomes: PEEP, Body Mass Index, and 
Driving Pressure
When comparing ΔP before and after PEEP titration (i.e., 
comparing ΔP at PEEP = 4 cm H2O [after anesthesia induc-
tion] vs.  the ΔP at the titrated-PEEP [after a recruiting 

Table 1. Baseline Characteristics of the Patients

Demographic and Clinical 
Variables

All  
(n = 40)

PEEP4  
(n = 20)

PEEP-EIT  
(n = 20)

Age, median (IQR), yr 52.5 (26–74) 54.2 (33–68) 50.7 (26–74)
Male sex, n (%) 18 (45.0) 8 (40.0) 10 (50.0)
Weight, mean ± SD, kg 77.9 ± 15.6 79 ± 15.9 76.8 ± 15.6
Predicted body weight,  

mean ± SD, kg
56.4 ± 9.5 54.3 ± 9.9 58.6 ± 8.8

Body mass index,  
mean ± SD, kg/m2

29.5 ± 4.3 30.6 ± 4.2 28.3 ± 4.2

Thoracic perimeter,  
mean ± SD, cm

100.4 ± 8.6 102 ± 9.0 99 ± 8.0

Type of Surgery
 Urology, n (%) 13 (32.5) 5 (25) 8 (40)
 Gastric, n (%) 19 (47.5) 10 (50) 9 (45)
 Gynecology, n (%) 8 (20) 5 (25) 3 (15)
ASA Physical  

Status I, n (%)
12 (30) 6 (30) 6 (30)

ASA Physical  
Status II, n (%)

28 (70) 14 (70) 14 (70)

Hypertension, n (%) 18 (45) 8 (40) 10 (50)
Hypothyreoidism, n (%) 3 (7.5) 1 (5) 2 (10)
Diabetes, n (%) 7 (17.5) 2 (10) 5 (25)
Chronic kidney disease,  

n (%)
1 (2.5) 0 (0) 1 (5)

Smoking status    
 Never, n (%) 27 (67.5) 16 (80) 11 (55)
 Former, n (%) 5 (12.5) 2 (10) 3 (15)
 Current, n (%) 8 (10) 2 (10) 6 (30)
Active cancer, n (%) 14 (35) 5 (25) 9 (45)
Chemotherapy, n (%) 0 (0) 0 (0) 0 (0)

Chronic kidney disease as defined according to Kidney Disease: Improv-
ing Global Outcomes. ASA, American Society of Anesthesiologists; IQR, 
interquartile range; PEEP4, PEEP of 4 cm H2O; PEEP-EIT, PEEP guided by 
electrical impedance tomography.
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maneuver]), we observed a statistically significant reduc-
tion from 9.9 ± 2.6 to 5.7 ± 1.1 cm H2O (P < 0.001). This 
reduction in ΔP was associated with a marked reduction 
in lung collapse (from an average of 38 ± 15% to 6 ± 4% 
of lung parenchyma; P < 0.001) and correlated with body 
mass index: the higher the body mass index, the greater the 
response to recruitment and the larger the reduction in ΔP 
(fig. 6; R2 = 0.454, P < 0.001).

After randomization, PEEP was kept at the PEEP-EIT 
within the PEEP-EIT arm and decreased to 4 cm H2O 
within the PEEP4 arm. Consequently, patients in the 
PEEP-EIT arm showed higher PEEP and higher plateau 
pressure (VT was kept constant, table 2 and table E2 in the 
Supplemental Digital Content, http://links.lww.com/ALN/
B784). During surgery, we observed a marked increase in 
ΔP in the PEEP4 arm when compared with PEEP-EIT: 
mean values for both types of surgeries of 11.6 ± 3.8 ver-
sus 8.0 ± 1.7 cm H2O (P < 0.001 for the PEEP arm factor 

of the mixed model analysis; fig.  7). Respiratory-system 
compliance decreased for the PEEP4 arm: mean values of 
35.4 ± 13.4 versus 54.3 ± 13.9 ml/cmH2O (P < 0.001 for 
the PEEP arm factor; fig. E2). Parallel to these changes, 
ventilation in dependent lung zones decreased (fig. E3  in 
the Supplemental Digital Content, http://links.lww.com/
ALN/B784), and oxygenation worsened, especially in the 
laparoscopy group (fig.  8). These deteriorating changes 
were especially observed in the PEEP4 arm undergoing 
laparoscopic surgery and were associated with progres-
sive, dependent lung collapse that persisted until the end 
of surgery, as shown by the EIT-derived estimates of lung 
collapse (table E2   in the Supplemental Digital Content, 
http://links.lww.com/ALN/B784). As for open abdomi-
nal surgery, within 1 h of surgery and before extubation, 
neither ΔP nor collapse on EIT was statistically different 
between groups (table E2  in the Supplemental Digital 
Content, http://links.lww.com/ALN/B784).

Table 2. Ventilation Parameters

Time of Acquisition Parameters

Laparoscopic (n = 20) 
Randomized Group

Open Surgery (n = 20)  
Randomized Group

PEEP4  
(n = 10)

PEEP-EIT  
(n = 10) P Value

PEEP4  
(n = 10)

PEEP-EIT  
(n = 10) P Value

Baseline VT/Kg (ml/kg) 7 ± 0.7 6.4 ± 0.5 0.073 6.6 ± 0.5 6.2 ± 0.7 0.144
PEEP (cmH2O) 4.2 ± 0.3 4.1 ± 0.4  4.1 ± 0.1 4.4 ± 0.4  
Plateau pressure (cmH2O) 15.7 ± 2.4 13.9 ± 3.3 0.195 13.3 ± 2.5 13.4 ± 1.9 0.883
Compliance (ml/cmH2O) 33.5 ± 8.1 37.7 ± 9.7 0.317 42.1 ± 15.7 43.5 ± 7.9 0.807
Driving pressure (cmH2O) 11.6 ± 2.5 9.8 ± 3.1 0.188 9.3 ± 2.5 9.1 ± 1.7 0.869
Collapse on EIT (%) 44.6 ± 15.4 41.7 ± 18.0 0.711 35 ± 16.1 31.3 ± 9.2 0.530

During titration  
(at PEEP-EIT)

VT/Kg (ml/kg) 7.1 ± 0.5 6.7 ± 0.5 0.086 6.8 ± 0.5 6.5 ± 0.6 0.125

PEEP (cmH2O) 14.3 ± 1.5 12.9 ± 1.6  10.2 ± 2.3 10.3 ± 2.3  
Plateau pressure (cmH2O) 19.5 ± 2.0 18.1 ± 1.9 0.130 16.1 ± 3.1 16.8 ± 3.3 0.660
Compliance (ml/cmH2O) 77.1 ± 14.0 75.3 ± 8.6 0.742 75.9 ± 18.0 71.9 ± 15.7 0.601
Driving pressure (cmH2O) 5.3 ± 0.7 5.2 ± 0.7 0.796 6.0 ± 1.3 6.5 ± 1.1 0.336
Collapse on EIT (%) 6.5 ± 5.6 4.5 ± 3.9 0.375 3.6 ± 1.8 5.4 ± 2.8 0.097

After randomization  
(selected PEEP)

VT/Kg (ml/kg) 7.1 ± 0.7 6.5 ± 0.8 0.071 6.6 ± 0.4 6.3 ± 0.6 0.206
PEEP (cmH2O) 3.8 ± 0.3 13.2 ± 1.4 <0.001 3.9 ± 0.3 10.1 ± 2.0 <0.001
Plateau pressure (cmH2O) 13.7 ± 1.4 18.7 ± 2.0 <0.001 11.7 ± 1.4 16.6 ± 3.1 <0.001
Compliance (ml/cmH2O) 39.6 ± 7.2 67.6 ± 6.7 <0.001 48.8 ± 13.2 66.2 ± 14.2 0.011
Driving pressure (cmH2O) 9.8 ± 1.4 5.5 ± 0.8 <0.001 7.7 ± 1.5 6.5 ± 1.3 0.070
Collapse on EIT (%) 42.5 ± 12.6 10.3 ± 10.2 <0.001 29.8 ± 14.2 8.5 ± 5.1 <0.001

Data are expressed as mean ± SD; VT/Kg is expressed in ml/kg; PEEP, plateau pressure, and driving pressure are expressed in cmH2O; Respiratory compli-
ance is expressed in ml/cmH2O; “Collapse on EIT”: collapse on electrical impedance tomography is expressed as percentage of total lung mass; PEEP4, 
group randomized to PEEP of 4 cm H2O; PEEP-EIT, group randomized to PEEP titrated by EIT. P (t test) for the difference between PEEP4 and PEEP-EIT in 
the same type of surgery (laparoscopic or open surgery). P values less than 0.05 are shown in bold.
EIT, electrical impedance tomography; PEEP, positive end-expiratory pressure; PEEP4, PEEP of 4 cm H2O; PEEP-EIT, PEEP guided by electrical imped-
ance tomography; VT, tidal volume.

Table 3. Median Values of Titrated PEEP by Electrical Impedance Tomography

Criteria to  
Choose PEEP

All Patients  
(n = 40)

Laparoscopic (n = 20)  
Randomized Group

Open Surgery (n = 20)  
Randomized Group

PEEP4 (n = 10) PEEP-EIT (n = 10) PEEP4 (n = 10) PEEP-EIT (n = 10)

PEEP-EIT, cmH2O 12 (10–14) 14 (12–16) 14 (12–14) 10 (10–12) 10 (8–10)

Data are expressed as median (interquartile range).
EIT, electrical impedance tomography; PEEP, positive end-expiratory pressure; PEEP4, PEEP of 4 cm H2O; PEEP-EIT, PEEP guided by electrical impedance 
tomography.
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Respiratory parameters were better preserved, with dif-
ferences between arms exacerbated in the laparoscopic pro-
cedures. Minutes after peritoneal insufflation, the difference 
in ΔP between study arms reached 6.4 cm H2O (95% CI, 
3.4–9.4; P = 0.001), with the PEEP-EIT arm always pre-
senting lower ΔP.

Along the intraoperative period, the differences in PaO2/
Fio2 ratio mirrored the physiologic alterations described 
above. Patients in the PEEP-EIT arm presented higher PaO2/
Fio2 ratios, with pronounced and statistically significant dif-
ferences when considering the laparoscopic procedure (mean 

of all samples along the surgery, PEEP-EIT vs. PEEP4 arm, 
435 ± 62 vs. 266 ± 76 mmHg, P < 0.001; fig. 8). There is no 
difference in PaO2/Fio2 ratio between the two types of sur-
gery (P = 0.064). Fio2 was set at 0.5 throughout the surgery 
in all but one patient of the PEEP4 arm (submitted to open 
surgery), in which Fio2 was increased to 0.6. The PaCO2 was 
not significantly different between the study arms (P = 0.805 
in laparoscopic surgery vs. P = 0.964 in open surgery), but it 

Fig. 4. Box plot (median with 25th and 75th percentiles) of 
nonaerated mass tissue on computed tomography after ex-
tubation. Gray boxes represent patients submitted to laparo-
scopic surgery, and white boxes represent patients submitted 
to open surgery. The positive end-expiratory pressure titrated 
by electrical impedance tomography (PEEP-EIT) arm had less 
atelectasis than PEEP4 arm after extubation. CT, computed 
tomography; PEEP4, PEEP of 4 cm H2O.

Fig. 5. Examples of electrical impedance tomography (EIT) images (at positive end-expiratory pressure guided by electrical im-
pedance tomography [PEEP-EIT] and PEEP of 4 cm H2O) and computed tomography images (after extubation) of two patients: 
in (A) a patient randomized for PEEP4 arm, and in (B) a patient randomized for PEEP-EIT arm. At left, EIT images show in blue 
the estimative of lung mass collapsed during PEEP titration in two values of PEEP (PEEP-EIT and PEEP of 4 cm H2O). At right, 
one axial slice of the lung computed tomography and three-dimensional reconstruction of the lungs show the collapsed lung in 
blue (areas between −200 to +100 UH). BMI, body mass index; CT, computed tomography.

Fig. 3. Correlation and prediction interval of positive end-
expiratory pressure titrated by electrical impedance tomog-
raphy (PEEP-EIT) of all patients and body mass index (BMI). 
Open circles represent open surgery and closed circles rep-
resent laparoscopic surgery.
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was consistently higher in the laparoscopic than in the open 
surgery procedure (P = 0.014; fig. E4 in Supplemental Digital  
Content, http://links.lww.com/ALN/B784).

Exploratory Outcomes: Anesthetic Management, 
Hemodynamics, and Length of Hospital Stay
The anesthetic management of patients is shown in table 4. 
In both types of surgery, a high percentage of patients needed 
vasoactive drugs during the recruitment maneuvers, but 
none needed continuous infusion throughout surgery. There 
were no differences between PEEP4 and PEEP-EIT arms in 
urine output or total fluids per hour in both types of surgery. 

Patients submitted to open surgery were commonly submit-
ted to neuroaxial anesthesia without any difference between 
the two study arms. No difference was observed in mean 
arterial pressure (mean of three time points during both 
types of surgery: PEEP-EIT of 80 ± 14 vs. PEEP4 of 78 ± 15 
mmHg; P = 0.821) over time (fig. 9). Length of hospital stay 
was also not different between the two study arms (fig. E5 in 
Supplemental Digital Content, http://links.lww.com/ALN/
B784). The length of both anesthesia and surgery, however, 
were longer in the PEEP4 arm when compared with the 
PEEP-EIT arm (P = 0.013 and P = 0.009, respectively).

Discussion
This pilot, randomized study tested the physiologic impact 
of individualized PEEP-EIT in anesthetized patients with 
healthy lungs receiving protective ventilation (VT strictly 
lowered to 6 ml/kg, predicted body weight). The main find-
ings were: (1) PEEP-EIT had a wide distribution among 
patients; (2) the beneficial effects persisted after extubation: 
those patients ventilated with PEEP-EIT presented less atel-
ectasis on the chest computed tomography; (3) PEEP-EIT 
minimized lung collapse, reduced ΔP, and improved oxy-
genation and respiratory system compliance when compared 
with standard PEEP of 4 cm H2O; (4) patients receiving 
PEEP-EIT did not present intraoperative hemodynamic 
instability nor did they require more vasoactive drugs or 
fluids.

Identified PEEP
The EIT has an algorithm that estimates recruitable alveo-
lar collapse and hyperdistension during a decremental PEEP 
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Fig. 6. Correlation of body mass index (BMI) and drop in driv-
ing pressure between time “baseline” (using positive end-
expiratory pressure [PEEP] of 4 cm H2O) and “during titration” 
(at PEEP titrated by electrical impedance tomography [PEEP-
EIT]). Open circles represent open surgery, and closed circles 
represent laparoscopic surgery.

Fig. 7. Mean driving pressure during intraoperative period in open surgery (A) and laparoscopic surgery (B). Shaded areas 
represent standard error of mean. Closed circles represent positive end-expiratory pressure titrated by electrical impedance 
tomography (PEEP-EIT) arm, and open circles represent PEEP of 4 cm H2O (PEEP4) arm. In both types of surgery, driving pres-
sure was lower in PEEP-EIT arm.
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titration.26 High PEEP might result in more hyperdistension 
than collapse whereas low PEEP might result in more col-
lapse than hyperdistension. Our data suggest that an individ-
ually adjusted PEEP—providing the optimum compromise 
between lung collapse and hyperdistension—presents wide 
between-patient variability (from 6 to 16 cm H2O). Recent 
trials individualizing PEEP during general anesthesia also 
showed wide variability.20,21,27 Such variability means that 
the use of a standardized PEEP for patients with “normal 
lungs” is problematic. For instance, when looking at our 
patients before randomization, when all were submitted to 
decremental PEEP titration, we observed that a fixed-PEEP 

of 6 cm H2O caused a wide range of lung collapse (from 
3 to 33% of parenchymal collapse), whereas a fixed-PEEP 
of 16 cm H2O caused 5 to 52% of parenchymal hyperdis-
tension, with all of this variability depending exclusively on 
individual patient characteristics.

Some other aspects of this study are potentially rel-
evant. We tested a method that has been shown to be fast 
(~5 min) and reproducible at the bedside.16,26 When PEEP 
challenges are performed in a decremental fashion and in 
small steps, the new equilibrium of imaging and mechan-
ics is quickly achieved, within just three to five ventilation 
cycles. Thus, the complete lung response to each PEEP step 

A B

Fig. 8. Box plot (median with 25th and 75th percentiles) of PaO2/FIO2 ratio during intraoperative period in open surgery (A) and 
laparoscopic surgery (B). Gray boxes represent positive end-expiratory pressure titrated by electrical impedance tomography 
(PEEP-EIT) arm, and white boxes represent PEEP of 4 cm H2O (PEEP4) arm.

Table 4. Anesthetic Management and Outcomes

 PEEP4 (n = 20) PEEP-EIT (n = 20) P Value

Anesthetic management    
       Length of anesthesia, median (IQ), min 235 (220–248) 205 (175–240) 0.013
       Length of surgery, median (IQ), min 180 (158–195) 138 (115–168) 0.009
       Urine output per hour, median (IQ), ml 141 (77–223) 139 (75–175) 0.683
       Total fluids per hour, median (IQ), ml 552 (444–619) 667 (491–720) 0.175
    Neuraxial anesthesia    
     Intradural (%) 4 (20) 6 (30)  
     Epidural (%) 3 (15) 3 (15)  
    Vasoactive drug    
     During recruitment maneuver (%) 16 (80) 15 (75)  
     Continuous (%) 0 (0) 0 (0)  
Outcome    
       Length of hospital stay, median (IQ), days 3 (2–3) 3 (2–3) 0.138
Computed tomography after extubation    
       Time to computed tomography, median (IQ), 

min
50 (45–59) 55 (39–62)  

Data are expressed as median (IQ [interquartile range]) or number of patients (percent). P (Mann–Whitney test) for the difference between PEEP 4 and PEEP-
EIT (laparoscopic and open surgery together). PEEP4, PEEP of 4 cm H2O; PEEP-EIT, PEEP guided by electrical impedance tomography.
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can be measured in just 20 to 30 s.16 In contrast, when using 
blood gases, the equilibrium takes 4 to 10 min,28 which is 
impractical. Recently, a new approach using pulse-oximetry 
(which takes only 1 or 2 min for each step) was proposed.21 
This procedure, however, could not offer any information 
about hyperdistension. In contrast, a key aspect of our EIT-
based procedure is its high sensitivity to detect parenchymal 
hyperdistension or collapse,26,29 providing objective param-
eters to accomplish a dual target during PEEP titration: 
minimal postoperative collapse, as confirmed by computed 
tomography after extubation, and minimal hyperdisten-
sion, as suggested by lower ΔP and good hemodynamic 
tolerance.

Of note, we tested individual PEEP settings applied to 
two relevant populations of patients: open abdominal sur-
gery and laparoscopic surgery. The PEEP titration procedure 
was applied after recruitment and homogenization of the 
lungs in both populations, demonstrating not only that anes-
thesia induction promotes massive lung collapse (despite the 
application of a standard PEEP of 4 cm H2O), but also that 
an objective improvement in lung function can be achieved 
for these two populations, with long-lasting effects after sur-
gery and minimal side effects.

Lung Injury and Postoperative Collapse
Patients undergoing laparoscopic surgery and ventilated at 
PEEP-EIT had ΔP consistently less than 12.5 cm H2O, a 
threshold associated with a lower incidence of postoperative 
pulmonary complications.9 In contrast, patients allocated 
to PEEP4 frequently exceeded this threshold (fig. 7), thus 
being exposed to a higher risk of postoperative pulmonary 
complications.

We also demonstrated that optimal PEEP, compared 
with low fixed PEEP of 4 cm H2O, not only reduces ΔP 
and improves compliance intraoperatively, but also reduces 
atelectasis in the postoperative period. The benefit is more 
profound for the patients in the laparoscopic than open sur-
gery subgroup. Of note, in this study we did not evaluate the 
effect of the optimal intraoperative PEEP on the incidence 
and severity of postoperative pulmonary complications. In 
addition, the association of postoperative atelectasis with 
worse outcomes has not been a consensus.30,31 However, a 
fair majority of studies suggests that postoperation atelec-
tasis is harmful. It can last for several days after surgery,32 
increasing pulmonary complications, impairing respiratory 
function, and ultimately delaying patient discharge.31,33

It is convenient, therefore, that a single ventilator adjust-
ment, such as PEEP-EIT, minimized the two main factors 
implicated in perioperative complications without increas-
ing length of hospital stay (fig. E5 in Supplemental Digital 
Content, http://links.lww.com/ALN/B784). Nevertheless, 
the hypothesis that individualized PEEP could produce bet-
ter outcome remains to be proven and, if proven, the meth-
ods to titrate PEEP should be accessible at the bedside. Of 
note, in a recent trial,34 an individualized PEEP followed by 
individualized continuous positive airway pressure postoper-
atively did not reduce the primary end point (a composite of 
postoperative pulmonary and systemic complications) when 
compared with a standard PEEP of 5 cm H2O and oxygen 
therapy, but it did improve secondary outcomes.

PEEP and Body Mass Index
A significant correlation between optimum individual PEEP 
with body mass index was observed (fig.  3, P < 0.001), 

Fig. 9. Individual mean arterial pressure (MAP) and patients’ mean during intraoperative period in open surgery (A) and lapa-
roscopic surgery (B). Baseline was recorded after intubation. Closed circles represent patients ventilating under positive end-
expiratory pressure titrated by electrical impedance tomography (PEEP-EIT), and open circles represent patients ventilating 
under positive end-expiratory pressure (PEEP) of 4 cm H2O. There was no difference between groups in both types of surgery.
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although we noticed a wide variation, suggesting that the 
consideration of body mass index could not replace the 
physiologic individualization of PEEP.

Previous research has shown that, during the intraopera-
tive period, atelectasis is positively correlated with body mass 
index.35 Also, recent physiologic studies identifying “opti-
mum” PEEP by sequential measurements of respiratory sys-
tem compliance or deadspace during anesthesia consistently 
showed a higher PEEP requirement in obese patients.19,36 
This higher PEEP requirement has been explained by 
increased pleural pressures during exhalation, strongly 
affected by the increased weight of chest-wall and abdominal 
structures.10 The increased weight, however, does not affect 
the intrinsic compliance of the chest wall, causing only a con-
tinuous offset of pleural pressures, thus generating “negative” 
transpulmonary pressures and favoring end-expiratory lung 
collapse.37 Consequently, higher mean PEEP was required 
in our population to counterbalance the highest compressive 
forces in those patients with the highest body mass index, 
especially in those submitted to laparoscopic surgery (fig. 3).

This correlation between body mass index and PEEP-EIT 
also explains the strong correlation between the drop in ΔP 
(from baseline to PEEP-EIT) and body mass index (fig. 6). 
The higher the body mass index, the higher the pleural pres-
sures and the higher the PEEP needed to counterbalance 
this offset in transpulmonary pressures. Interestingly, after 
overcoming this high pressure-offset with PEEP, not only the 
chest wall but also the lung compliance was preserved after 
recruitment and, consequently, ΔP at the PEEP-EIT were 
similar in the obese and slim patients (fig. E6 in Supplemen-
tal Digital Content, http://links.lww.com/ALN/B784). This 
explains why the most expressive drop in ΔP (up to 12 cm 
H2O after PEEP-EIT; fig. 6) was found in the most obese: in 
these patients, the difference in respiratory-system compliance 
between PEEP4 (with very negative transpulmonary pressures 
and massive atelectasis) and PEEP-EIT was maximal.

Hemodynamics
When comparing study arms, there were no differences in 
arterial pressures, cardiac rate, or use of fluids or continuous 
vasoactive drugs during the intraoperative period. Despite 
the requirement of vasoactive agents during the recruitment 
maneuver in most patients, none needed it continuously, a 
result that is in line with previous studies.38 A recent large, 
randomized, clinical trial34 showed similar results, corrobo-
rating that recruitment maneuvers are safe and the use of 
individualized higher PEEP might not necessarily lead to 
hemodynamic instability or increased fluid administration. 
Multiple factors are associated with good hemodynamic tol-
erance, including previous optimization of fluids before the 
maneuvers,38 use of pressure-controlled breaths for recruit-
ment (instead of sustained pressures or continuous positive 
airway pressure),39 and individualized PEEP, probably lower-
ing pulmonary vascular resistance and preserving right ven-
tricular function.40

Study Limitations
The present study was a small, single-centered, physiologic 
proof-of-concept study, not powered to detect differences in 
hard outcomes. First, our number of patients was limited 
and heterogeneous. As expected, we did not detect signifi-
cant differences in length of hospital stay or postoperative 
complications other than atelectasis. Second, our patients 
were graded American Society of Anesthesiologists Physical 
Status I or II. The use of recruitment maneuvers and titrated 
PEEP in more unstable patients was not tested and could 
increase the side effects of the strategy. Of note, a recent 
study testing an intensive recruiting strategy in vasoplegic 
patients after cardiac surgery33 did not describe significant 
side effects. Third, the length of anesthesia and surgery 
were longer in the PEEP4 arm, which might have contrib-
uted to atelectasis formation in these patients. However, the 
computed tomography scan in this study was performed 
after extubation, and some patients might have performed 
uncontrolled recruitment maneuvers (by sighing or cough-
ing), whereas others may have collapsed after falling asleep. 
Because most patients were fully awake during computed 
tomography, such confounding would only have decreased 
the chances of finding a significant difference in atelectasis. 
Performing computed tomography scans while patients were 
still under mechanical ventilation could have shown us the 
exact effect of PEEP, but it would not have provided the sec-
ondary outcome we were looking for (atelectasis after extu-
bation). Fourth, the recruitment maneuver applied in this 
study lasted for 2 min. Because of the vasoplegia associated 
with anesthesia induction, many patients required vasoactive 
drugs during the first recruitment maneuver (table 4); in the 
second maneuver, however, such need was rare. It is possible 
that a shorter recruitment maneuver (15 to 30 s) might be 
used instead, showing preserved efficacy, but milder hemo-
dynamic consequences as in a recent study.41 EIT was used 
to set PEEP according to lung hyperdistention and collapse. 
Titrating PEEP in a decremental way according to driving 
pressure might lead to similar results, though we did not test 
for this hypothesis.

Conclusions
Optimal PEEP values vary widely in healthy patients ven-
tilated with protective VT during general anesthesia for 
abdominal surgery. The application of the optimal PEEP 
obtained with EIT for each individual patient improves 
intraoperative oxygenation, lowers ΔP, and minimizes inci-
dence and severity of postoperative atelectasis with minimal 
side effects. Large randomized trials should be conducted 
to determine the effect of physiologic tidal volume together 
with individualized optimal PEEP on the patient.
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B LOOD transfusions are the most frequently per-
formed hospital procedure in the United States,1 and 

according to the Joint Commission in 2012, they are also 
one of the top five overused procedures.2 Because of the 
risks, costs, and adverse outcomes associated with blood 
transfusions,3–8 recent studies have focused on investigat-
ing methods to reduce the number of unnecessary trans-
fusions performed. According to the AABB (formerly the 
American Association of Blood Banks), erythrocyte trans-
fusions in hospital settings nationwide have significantly 
decreased (by approximately 25%) during the past 5 yr.9,10 
In particular, patient blood management programs imple-
menting techniques such as restrictive hemoglobin triggers, 
clinical decision support, educational efforts, and techno-
logic advances in surgery and blood conservation across 
hospitals and health systems have been effective in decreas-
ing blood use.11–20

A number of reports, including nine landmark random-
ized controlled trials,21–29 have investigated clinical outcomes 
in patients after decreased blood transfusions. These studies 

demonstrate that giving less blood through restrictive hemo-
globin triggers results in similar outcomes for most patients 
or improved outcomes for some subgroups of patients. 
Only one of these nine studies, however, the Functional 
Outcomes in Cardiovascular Patients Undergoing Surgical 
Repair of Hip Fracture (FOCUS) trial,27 specifically enrolled 

Editor’s Perspective

What We Already Know about This Topic

• A transfusion threshold of 8 g/dl of hemoglobin is considered 
safe for asymptomatic orthopedic surgery patients, but lower 
thresholds have not been tested

What This Article Tells Us That Is New

• A blood management program using a hemoglobin transfusion 
threshold of 7 g/dl in asymptomatic orthopedic patients 
reduces blood use by 32.5% and results in similar or improved 
clinical outcomes

• Improved outcomes occurred primarily in patients 65 yr of age 
and older

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1082-91

ABSTRACT

Background: Although randomized trials show that patients do well when given less blood, there remains a persistent impres-
sion that orthopedic surgery patients require a higher hemoglobin transfusion threshold than other patient populations (8 g/
dl  vs. 7 g/dl). The authors tested the hypothesis in orthopedic patients that implementation of a patient blood manage-
ment program encouraging a hemoglobin threshold less than 7 g/dl results in decreased blood use with no change in clinical 
outcomes.
Methods: After launching a multifaceted patient blood management program, the authors retrospectively evaluated all adult 
orthopedic patients, comparing transfusion practices and clinical outcomes in the pre- and post-blood management cohorts. 
Risk adjustment accounted for age, sex, surgical procedure, and case mix index.
Results: After patient blood management implementation, the mean hemoglobin threshold decreased from 7.8 ± 1.0 g/dl 
to 6.8 ± 1.0 g/dl (P < 0.0001). Erythrocyte use decreased by 32.5% (from 338 to 228 erythrocyte units per 1,000 patients; 
P = 0.0007). Clinical outcomes improved, with decreased morbidity (from 1.3% to 0.54%; P = 0.01), composite morbid-
ity or mortality (from 1.5% to 0.75%; P = 0.035), and 30-day readmissions (from 9.0% to 5.8%; P = 0.0002). Improved 
outcomes were primarily recognized in patients 65 yr of age and older. After risk adjustment, patient blood management 
was independently associated with decreased composite morbidity or mortality (odds ratio, 0.44; 95% CI, 0.22 to 0.86; 
P = 0.016).
Conclusions: In a retrospective study, patient blood management was associated with reduced blood use with similar or 
improved clinical outcomes in orthopedic surgery. A hemoglobin threshold of 7 g/dl appears to be safe for many orthopedic 
patients. (Anesthesiology 2018; 129:1082-91)
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orthopedic surgery patients, and these patients were elderly 
with hip fracture and high-risk with a high prevalence (more 
than 60%) of cardiovascular disease. Based primarily on this 
study, and several others that also included elderly high-risk 
patients,30–33 recent AABB-endorsed transfusion guidelines 
recommend a hemoglobin trigger of 8 g/dl for orthopedic 
surgery patients (strong recommendation, moderate qual-
ity evidence), but a hemoglobin trigger of 7 g/dl even for 
critically ill hospitalized patients (also strong recommenda-
tion, moderate quality evidence34). The guidelines recognize, 
however, that a hemoglobin trigger of 7 g/dl is likely com-
parable to 8 g/dl, but not enough evidence is available for 
orthopedic patients to make this determination.

In light of this suggestion that orthopedic patients may 
require more liberal transfusion than other patients, and 
thus may be vulnerable at lower hemoglobin levels, we 
were specifically interested in the effect of a patient blood 
management program on orthopedic surgery patients. Dur-
ing the past 5 yr, in alignment with recent trends in blood 
management, our health system instituted a comprehensive 
patient blood management program with an aim to decrease 
unnecessary blood transfusion across the health system. The 
various methods we endorse are evidence-based best prac-
tices that result in reduced overall transfusions, and in the 
interest of safety and quality, we want to ensure that we are 
not putting our orthopedic patients at risk by giving them 
less blood than is needed. Therefore, we did a retrospective 
analysis to test the hypothesis that after implementation of 
a patient blood management program, orthopedic patients 
would receive fewer allogeneic blood transfusions without an 
increase in adverse outcomes.

Materials and Methods
Institutional review board approval with a waiver for written 
informed consent was obtained to assess changes in blood use 
and clinical outcomes across The Johns Hopkins Health Sys-
tem. The patient blood management database with clinical 
outcomes covers the period from January 2013 to May 2017. 
At The Johns Hopkins Bayview Medical Center (Baltimore, 
Maryland), the primary orthopedic center at our institution, 
the patient blood management program was phased in over 
time; however, for the purposes of this study, patient blood 
management was considered to be initiated in January 2015, 
when the majority of patient blood management efforts were 
implemented. Further details on the timing of individual inter-
ventions are outlined in the section, “Phasing In of Patient 
Blood Management Interventions.” These methods were 
implemented as part of larger health system-wide patient blood 
management program. All patients aged 18 and over admit-
ted to the orthopedic surgery service during this period were 
included in the current study. Categories of surgical procedure 
included hip fracture repair, hip and knee arthroplasty (pri-
mary and revision), and “other” (all patients except those men-
tioned). Spine surgery was not included because orthopedic 
spine cases are done at another hospital in our health system.

Patient Blood Management Program
The patient blood management program employed several 
strategies outlined in table 1, which included (1) obtaining 
support from hospital leadership; (2) assembling multidisci-
plinary teams of stakeholders and holding monthly meetings; 
(3) providing education based on rigorous peer-reviewed 
studies; (4) implementing transfusion guidelines; (5) imple-
menting clinical decision support with best-practice advi-
sory alerts; (6) performing data acquisition and analytics35; 
(7) creating blood use electronic dashboards35; (8) providing 
transfusion guideline compliance audit reports with feed-
back15; and (9) enacting specific methods to decrease blood 
use, including a “Why Give 2 When 1 Will Do?” Choosing 
Wisely campaign,16 use of intraoperative antifibrinolytics 
(primarily tranexamic acid), anesthetic management such 
as controlled hypotension and maintaining normothermia, 
surgical methods such as newer cautery techniques,36 topi-
cal hemostatics, and reduction of phlebotomy blood loss by 
using smaller tubes and reducing unnecessary laboratory test 
ordering. Diagnosis and treatment of preoperative anemia 
was not emphasized, and there was no preoperative anemia 
clinic in the pre- or post-patient blood management time 
periods.

Phasing In of Patient Blood Management Interventions
For the purposes of describing the incremental onset of our 
patient blood management program, we have defined four 
stages over time, which are (1) pre-patient blood manage-
ment, before any activities began; (2) early patient blood 
management, when education on evidence-based transfu-
sion practice at The Johns Hopkins Hospital campus began, 
and tranexamic acid at The Johns Hopkins Bayview campus 

Table 1. Methods for Implementing the Patient Blood 
Management Program

1. Obtain support from health system leadership
2. Assemble multidisciplinary team with monthly meetings
3. Education (with emphasis on the randomized control trials 

supporting restrictive transfusion)
4. Implement transfusion guidelines
5. Decision support with best-practice advisories
6. Data acquisition and analytics
7. Blood management data dashboards
8. Transfusion guideline compliance audits with feedback 

(reports) to providers
9. Methods to improve blood use
    Evidence-based transfusion triggers
    “Why Give 2 When 1 Will Do?” Choosing Wisely campaign for 

erythrocytes
    Antifibrinolytics (tranexamic acid)
    Anesthetic management (e.g., controlled hypotension, normo-

thermia)
    Surgical methods (e.g., newer cautery methods, topical hemo-

statics, and sealants)
    Reduce phlebotomy blood loss (smaller tubes, eliminate 

unnecessary testing)

Table is modified from Frank SM, et al. ANESTHESIOLOGY 2017; 127:754–64.20

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024



Anesthesiology 2018; 129:1082-91 1084 Gupta et al.

Blood Management in Orthopedic Surgery

was introduced; (3) post-patient blood management, when 
harmonized transfusion guidelines across the health system, 
a “Why Give 2 When 1 Will Do?” single-unit transfusion 
campaign, data dashboards, audits for transfusion guideline 
compliance with feedback, and an early version of clinician 
decision support for hemoglobin triggers were implemented; 
and (4) enhanced patient blood management, when the Epic 
(USA) electronic record was launched with improved deci-
sion support and best-practice advisories notifying clinicians 

about out-of-guideline orders, as well as enhanced guideline 
compliance audits with feedback sent to all departments and 
providers. These patient blood management intervention 
phases are illustrated in figure 1.

Data Collection and Clinical Outcomes
Transfusion and laboratory data were collected from two 
platforms of electronic medical records (Meditech [USA] 
before September 2015, and Epic thereafter). Quality 

Fig. 1. Changes in hemoglobin trigger and target, number of units per 1,000 patients, and percentage of patients transfused 
erythrocytes are shown over time. The vertical dotted line divides the pre- and post-patient blood management (PBM) periods 
that were compared in the analysis. The horizontal dotted lines are averages over the four periods, which are (1) pre-PBM, before 
patient blood management began; (2) early PBM, when education on evidence-based transfusion practice at The Johns Hopkins 
Hospital campus began, and tranexamic acid at The Johns Hopkins Bayview campus was implemented; (3) post-PBM, when 
harmonized transfusion guidelines, a “Why Give 2 When 1 Will Do?” single-unit transfusion campaign,16 data dashboards,35 au-
dits for transfusion guidelines compliance with feedback,15 and an early version of clinician decision support for Hb triggers were 
implemented in the electronic record system; and (4) enhanced PBM, when the Epic (USA) electronic record was launched with 
improved decision support and best-practice advisories notifying clinicians about out-of-guideline orders, as well as enhanced 
guideline compliance audits with feedback sent to all departments and providers.35 Of note is the decrease in mean Hb trigger 
from above 7 g/dl over the first two periods to less than 7 g/dl over the latter two periods. Hb, hemoglobin; RBC, erythrocyte; 
Q, calendar year quarter (3-month intervals). Hb concentration shown as mean ± SD.
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control for these two sources was confirmed by our Clinical 
Analytics team and by an outside consultant, and the data 
were consolidated onto our blood management dashboard, 
as previously described.35 Blood use data were verified by 
comparison with blood bank records. Clinical outcomes, 
as described below, were assessed with administrative data 
obtained from our health system’s administrative database.

The primary clinical outcome assessed was composite 
morbidity or mortality. Secondary outcomes included (1) 
composite morbidity, (2) mortality (during the hospitaliza-
tion), (3) length of stay, and (4) 30-day readmissions. Com-
posite morbidity was defined as the occurrence of any of the 
following hospital-acquired morbid events, defined by Inter-
national Classification of Diseases, Ninth Revision, or Inter-
national Classification of Diseases, Tenth Revision, codes, 
as we have previously described.37 Morbid events included 
(1) infection (Clostridioides difficile, sepsis, surgical site infec-
tion, or drug-resistant infection), (2) thrombotic event (deep 
venous thrombosis, pulmonary embolus, or disseminated 
intravascular coagulation), (3) kidney injury, (4) respiratory 
event, and (5) ischemic event (myocardial infarction, tran-
sient ischemic attack, or cerebrovascular injury). Conditions 
that were flagged as present on admission were not consid-
ered to be hospital-acquired morbid events.

Assessment of Blood Use
For erythrocyte-transfused patients, the lowest (nadir) hemo-
globin concentration during the hospital stay was used to 
define the hemoglobin trigger, and the last measured hemo-
globin concentration before discharge was used to define the 
hemoglobin target, as we have previously described.38 Preop-
erative hemoglobin concentrations were unavailable in our 
database. Blood use was assessed two ways: (1) the percent-
age of patients receiving any erythrocyte units, and (2) the 
number of units transfused per 1,000 patients during their 
entire hospital stay.

Data and Statistical Analysis
The analysis was designed as a pre- and post-patient blood 
management comparison, comparing two periods: (1) Jan-
uary 2013 to December 2014, and (2) January 2015 to 
May 2017. The methods of analysis were planned before 
accessing the data, and the sample size needed was esti-
mated on the basis of experience with morbid event rates 
from our previous outcome studies.39–41 In an effort to 
reduce bias, analysis of blood use and clinical outcomes was 
first performed for the entire patient population and then 
by preplanned subgroup analyses with two age-defined 
subgroups (younger than 65 yr and 65 yr of age and older). 
The subgroup analysis was done to determine whether 
older orthopedic surgery patients showed differing results 
compared to younger patients, given that several previous 
orthopedic surgery studies made their conclusions based 
on elderly patients alone.

We performed a multivariable logistic regression to assess 
the risk-adjusted effect of the patient blood management 
program on adverse outcomes (any morbidity or mortal-
ity). The independent variables entered into the model for 
risk adjustment were age, case mix index (weighted All 
Patients Refined–Diagnosis-Related Groups), hip fracture, 
surgical procedure, and sex. We chose the weighted All 
Patients Refined–Diagnosis-Related Groups since this vari-
able accounts for both complexity of procedure and severity 
of illness, and it correlates with both transfusion require-
ments42 and clinical outcomes.43 The logistic regression 
model included those independent variables that were (1) 
the design variable in the study (pre- and post-patient blood 
management), (2) variables that have been linked to out-
comes in previous studies, or (3) variables with P < 0.1 on 
univariate analysis.

Continuous data are given as mean ± SD or median 
(interquartile range) if normally or not normally distrib-
uted, respectively. Ordinal and nominal values are given as 
percentages. Means were compared by unpaired Student’s t 
tests, and medians by Mann–Whitney U tests, while per-
centages were compared by chi-square tests or the Fisher 
exact test when the numerator had five or fewer patients or 
events. Analyses were generated with JMP version 12.1.0 
and SAS version 9.4.2 (SAS Institute, USA). For all analyses, 
P < 0.05 (two-tailed) was considered significant.

Sensitivity Analysis
To further control for confounding, we performed a sen-
sitivity analysis using a propensity score, derived for each 
individual on the basis of the predictor variables from a mul-
tivariable logistic regression as the probability of being in 
the post-patient blood management group. These variables 
included age, sex, case mix index, hip fracture, and hip or 
knee arthroplasty. After adjustment, by forcing propensity 
score into the multivariable model, the association of patient 
blood management with composite morbidity or mortality 
was recalculated.

Results
There were 1,507 patients in the pre-patient blood manage-
ment cohort and 2,402 patients in the post-patient blood 
management cohort. The clinical characteristics between 
the two groups are shown in table  2. Mean age was 1 yr 
older in the post-patient blood management cohort, and 
there was no change in male  and  female sex distribution. 
Case mix index assessed by median weighted All Patients 
Refined– Diagnosis-Related Groups was slightly but sig-
nificantly decreased in the post-patient blood management 
cohort, indicating a small decrease in aggregate severity of 
illness and/or complexity of procedure. The percentage of 
patients requiring surgery for hip fracture was similar in 
the two periods. The percentage of patients undergoing 
total hip arthroplasty increased in the post-patient blood 
management period. The percentage of revision total joint 
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arthroplasty patients was similar in the two cohorts. The 
number of patients having “other” procedures decreased in 
the post-patient blood management cohort.

The phasing in of different patient blood management pro-
gram interventions over time along with changes in hemoglo-
bin trigger and target, percentage of patients transfused, and 
mean number of units per patient are shown in figure 1. There 
was an incremental stepwise decrease in each parameter shown 
for each of the four periods. The changes shown in the early 
patient blood management phase are likely due to education 
at The Johns Hopkins Hospital campus, which carried over 
to the Bayview campus (as they share staff), and perioperative 
tranexamic acid use. Of significance is the average hemoglobin 
trigger, which was more than 7 g/dl during the first two peri-
ods and less than 7 g/dl during the second two periods.

Changes in blood use between the pre- and post-patient 
blood management time periods are shown in table 3. The 
mean hemoglobin transfusion trigger decreased by 1 g/dl, and 
the mean hemoglobin target decreased by 0.7 g/dl (both P < 
0.0001). The percentage of patients transfused erythrocytes 
decreased from 16.1% to 9.4% (P < 0.0001), and there was a 
32.5% decrease in the number of erythrocyte units per 1,000 
patients (P = 0.0007). The percentages of patients transfused 
plasma (pre-patient blood management 1.6% vs. post-patient 
blood management 1.4%; P = 0.66) and platelets (pre-patient 
blood management 0.53% vs. post-patient blood manage-
ment 0.37%; P = 0.48) were low and unchanged.

Clinical outcomes comparing the pre- and post-patient 
blood management periods are also shown in table 3. The 
composite outcome of any morbidity or mortality (pri-
mary outcome) decreased by half (P = 0.035). The median 
(interquartile range) length of stay decreased by 1 day  
(P < 0.0001). The morbid event rate decreased by more than 
half (P  = 0.01), and mortality was unchanged (P  = 0.72). 
The 30-day readmission rate significantly decreased from 
9.0%  to 5.8% (P  =  0.0002). In the pre- and post-patient 

blood management periods, 26 patients and 79 patients had 
missing readmission data, respectively. In summary, when all 
adult orthopedic patients are included (both young and old 
cohorts), the implementation of patient blood management 
was associated with improvement in all measured outcomes, 
except for mortality, which remained unchanged.

Clinical characteristics for the younger and older sub-
groups are shown in table 4. Mean age was approximately 25 
yr greater in the older (65 yr old and older) subgroup. Median 
case mix index was slightly but significantly decreased in the 
post-patient blood management period for both age sub-
groups. The percentage of patients requiring surgery for 
hip fracture was similar in the pre- and post-patient blood 
management periods for both subgroups. The percentage of 
patients undergoing total hip arthroplasty increased in the 
post-patient blood management period for both subgroups.

Changes in blood use and clinical outcomes are shown 
for the younger and older subgroups in table  5. The per-
centage of patients transfused decreased post-patient blood 
management in both subgroups; however, erythrocyte use 
(erythrocyte units per 1,000 patients) decreased significantly 
in the older subgroup only (by 43%; P < 0.0001). Median 
length of stay decreased by 1 day for both the younger and 
older subgroups in the post-patient blood management 
period (both P < 0.0001). Morbidity was unchanged in the 
younger subgroup but decreased in the older subgroup in 
the post-patient blood management period (P  =  0.039). 
Mortality remained unchanged in both younger and older 
subgroups, as did the composite outcome (morbidity or 
mortality). The 30-day readmission rate was unchanged in 
the younger subgroup, but for the older subgroup, there was 
a decrease in readmission rate post-patient blood manage-
ment (P < 0.0001). In summary, the improved outcomes 
with patient blood management were more apparent in the 

Table 2. Patient Characteristics before and after Patient Blood 
Management (All Patients)

Parameter

Pre-patient  
Blood  

Management  
(n = 1,507)

Post-patient  
Blood  

Management  
(n = 2,402) P Value

Age, yr, mean ± SD 61 ± 16 62 ± 15 0.010
Age ≥ 65 yr, n (%) 620 (41.1) 1,042 (43.4) 0.17
Sex, n (% male) 685 (45.5) 1,114 (46.4) 0.57
CMI, median (IQR) 1.89  

(1.65–1.98)
1.84  

(1.53–1.98)
< 0.0001

Patient category, n (%)    
 Hip fracture 124 (8.2) 194 (8.1) 0.87
 Total hip 321 (21.3) 647 (26.9) < 0.0001
 Total knee 490 (32.5) 818 (34.1) 0.32
 Total hip revision 49 (3.3) 81 (3.4) 0.84
 Total knee revision 39 (2.6) 48 (2.0) 0.23
 Other orthopedic 484 (32.1) 614 (25.6) < 0.0001

CMI, case mix index (All Patient Refined–Diagnosis-Related Groups).

Table 3. Blood Use and Clinical Outcomes before and after 
Patient Blood Management (All Patients)

Parameter

Pre-patient  
Blood  

Management  
(n = 1,507)

Post-patient  
Blood  

Management  
(n = 2,402) P Value

Trigger Hb, g/dl*,  
mean ± SD

7.8 ± 1.0 6.8 ± 1.0 < 0.0001

Target Hb, g/dl*,  
mean ± SD

9.0 ± 1.1 8.3 ± 1.0 < 0.0001

% Tx RBC, n (%) 242 (16.1) 226 (9.4) < 0.0001
RBC units/1,000 patients 338 228 0.0007
LOS, days, median (IQR) 3 (1–4) 2 (1–3) < 0.0001
Morbidity, n (%) 20 (1.3) 13 (0.54) 0.01
Mortality, n (%) 2 (0.13) 6 (0.25) 0.72
Morbidity or mortality, 

n (%)
22 (1.5) 18 (0.75) 0.035

30-day readmit†, n (%) 133 (9.0) 135 (5.8) 0.0002

*Trigger is defined as the nadir Hb during the hospital stay, and target as 
the last measured Hb before discharge. †Twenty-six patients in the pre-
patient blood management period and 79 patients in the post-patient 
blood management period had missing data for this outcome.
Hb, hemoglobin; LOS, length of stay; RBC, erythrocyte; Tx, transfused.
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older patient subgroup (age 65 yr or older), whereas in the 
younger patients, the outcomes were unchanged.

In the multivariable model with risk adjustment for age, 
case mix index, sex, hip fracture, and type of surgery, there 
were reduced odds of an adverse outcome (composite mor-
bidity or mortality; odds ratio, 0.44; 95% CI, 0.22 to 0.86; 
P = 0.016) in the post-patient blood management period than 
in the pre-patient blood management period (table 6). Case 
mix index, hip fracture, and total joint arthroplasty were also 
independent predictors of adverse outcomes, but age and sex 
were not. These findings indicate that patient blood manage-
ment was associated with improvement in clinical outcomes 
even after adjustment for these potential confounders. On 
sensitivity analysis using risk adjustment with propensity 
scores in the logistic regression model, the results remained 
robust, and patient blood management remained associated 

Table 4. Patient Characteristics before and after Patient Blood Management (Younger and Older Subgroups)

Parameter 

Younger Patients (<65 yr; n = 2,247) Older Patients (≥65 yr; n = 1,662)

Pre-patient Blood 
Management 

(n = 887)

Post-patient Blood 
Management 

(n = 1,360) P Value

Pre-patient Blood 
Management 

(n = 620)

Post-patient Blood 
Management 

(n = 1,042) P Value

Age, yr, mean ± SD 51 ± 12 52 ± 11 0.009 75 ± 8 75 ± 8 0.93
Sex, n (% male) 488 (55.0) 701 (51.5) 0.11 197 (31.8) 412 (39.6) 0.001
CMI, median (IQR) 1.84 (1.65–1.98) 1.70 (1.51–1.98) < 0.0001 1.89 (1.65–2.04) 1.84 (1.58–1.98) < 0.0001
Patient category, n (%)       
 Hip fracture 25 (2.8) 46 (3.4) 0.45 99 (16.0) 148 (14.2) 0.31
 Total hip 207 (23.3) 396 (29.1) 0.002 114 (18.4) 251 (24.1) 0.006
 Total knee 279 (31.5) 435 (32.0) 0.79 211 (34.0) 383 (36.8) 0.26
 Total hip revision 30 (3.4) 41 (3.0) 0.63 19 (3.1) 40 (3.8) 0.40
 Total knee revision 20 (2.3) 26 (1.9) 0.58 19 (3.1) 22 (2.1) 0.23
 Other orthopedic 326 (36.8) 416 (30.6) 0.003 158 (25.5) 198 (19.0) 0.002

CMI, case mix index (All Patients Refined–Diagnosis-Related Groups).

Table 5. Blood Use and Clinical Outcomes before and after Patient Blood Management (Younger and Older Subgroups)

Parameter 

Younger Patients (<65 yr; n = 2,247) Older Patients (≥65 yr; n = 1,662)

Pre-patient Blood 
Management 

(n = 887)

Post-patient Blood 
Management 

(n = 1,360) P Value

Pre-patient Blood 
Management 

(n = 620)

Post-patient Blood 
Management 

(n = 1,042) P Value

Trigger Hb, g/dl*,  
mean ± SD

7.9 ± 1.0 6.7 ± 0.9 < 0.0001 7.8 ± 1.0 6.9 ± 1.1 < 0.0001

Target Hb, g/dl*,  
mean ± SD

9.0 ± 1.3 8.1 ± 0.9 < 0.0001 9.0 ± 1.1 8.3 ± 1.0 < 0.0001

% Tx RBC, n (%) 89 (10.0) 86 (6.3) 0.0015 153 (24.5) 139 (13.4) <0.0001
RBC units/1,000 patients 192 163 0.39 547 313 0.0001
LOS, days, median (IQR) 2 (1–3) 1 (1–3) < 0.0001 3 (2–4) 2 (1–4) < 0.0001
Morbidity, n (%) 8 (0.9) 5 (0.4) 0.15 12 (1.9) 8 (0.8) 0.039
Mortality, n (%) 1 (0.1) 1 (0.1) 1.0 1 (0.2) 5 (0.5) 0.42
Morbidity or mortality, 

n (%)
9 (1.0) 6 (0.4) 0.11 13 (2.1) 12 (1.2) 0.13

30-day readmit†, n (%) 62 (7.1) 74 (5.6) 0.15 71 (12) 61 (6.1) < 0.0001

In the older patient cohort, 17 patients in the pre-patient blood management period and 38 patients in the post-patient blood management period had 
missing data for this outcome.
*Trigger is defined as the nadir Hb during the hospital stay, and target as the last measured Hb before discharge. †In the younger patient cohort, 9 patients 
in the pre-patient blood management period and 41 patients in the post-patient blood management period had missing data for this outcome.
Hb, hemoglobin; LOS, length of stay; RBC, erythrocyte; Tx, transfused.

Table 6. Multivariable Logistic Regression—Predictors of 
Adverse Outcome (Morbidity or Mortality)

Parameter
Odds 
Ratio 95% CI P Value

Age, <65 yr/≥65 yr 1.57 (0.74–3.38) 0.24
Sex, male/female 0.92 (0.45–1.90) 0.82
CMI, per unit change  

in regressor
3.66 (2.59–5.32) < 0.0001

Hip fracture 3.28 (1.39–7.81) 0.0067
Total joint arthroplasty 0.31 (0.13–0.74) 0.008
Pre- / Post-patient blood  

management
0.44 (0.22–0.86) 0.016

On sensitivity analysis when adding propensity score into the above 
model, the results remained robust, and patient blood management was 
associated with a decrease in the composite adverse outcome (morbidity 
or mortality; odds ratio, 0.37; 95% CI, 0.18–0.74; P = 0.005).
CMI, case mix index (All Patients Refined–Diagnosis-Related Groups).
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with a decrease in the composite outcome (morbidity or mor-
tality; odds ratio, 0.37; 95% CI, 0.18 to 0.74; P = 0.005).

Discussion
The results of this study demonstrate that for orthope-
dic surgery patients, a comprehensive patient blood man-
agement program is a successful method for significantly 
reducing blood use, while maintaining or improving clini-
cal outcomes. Even after age and risk adjustment in the 
post-patient blood management cohort, patients did just as 
well or better with a lower hemoglobin trigger and target, 
resulting in an overall decrease in the percentage of patients 
transfused and erythrocyte units transfused per patient. 
Importantly, morbidity, length of stay, and readmission rates 
all improved, while mortality was unchanged. It is likely 
that with the overall low incidence of mortality (about 2 per 
1,000 patients), the sample size was too small and/or the 
patients too healthy to assess mortality. Regarding age, the 
older patients showed more benefit than younger patients 
with the changes in transfusion practice, perhaps because 
both morbidity and readmissions occurred with about half 
the frequency at baseline in the younger subgroup. The find-
ing that older patients do as well or better with a restrictive 
transfusion strategy than with a liberal strategy is also sup-
ported by clinical trials in orthopedic27 and cardiac surgery.29

The FOCUS trial,27 published in 2011, enrolled more 
than 2,000 hip fracture patients, who were randomized to 
hemoglobin triggers of 8 or 10 g/dl, and the primary result 
was no difference in any of the major outcomes. Our study 
also included orthopedic patients, although the mean age of 
our patients was about 20 yr younger than the mean age in 
the FOCUS trial (61 yr vs. 83 yr). This age difference is likely 
because elderly patients are more prone to hip fractures,  
and the FOCUS inclusion criteria specified a history of risk 
factors for cardiovascular disease. Our study’s results are in 
agreement with the results of the FOCUS trial,27 in that a 
restrictive transfusion strategy is safe in orthopedic patients, 
with the caveat (from both studies) that symptomatic ane-
mia and not just hemoglobin concentration be used as cri-
teria for transfusion. However, our results differ from the  
FOCUS results because we describe a decrease to an even 
lower hemoglobin threshold for transfusion (less than 7 g/dl 
rather than less than 8 g/dl). Our results also differ in that 
we showed improvement in some clinical outcomes. Even 
the older subgroup in our analysis had the same or better 
outcomes with this lower hemoglobin threshold. Granted, 
even our older subgroup (mean age 75 yr) was still younger 
than the average FOCUS patient (83 yr), but our findings 
suggest that a blanket statement for orthopedic patients to 
be transfused at a hemoglobin trigger of 8 g/dl is overstated.

The findings in the current study have implications regard-
ing the most recent AABB transfusion guidelines,34 where 8 g/dl  
is suggested as the ideal trigger for orthopedic patients, with 
a statement recognizing that 7 g/dl versus 8 g/dl has not been 
compared. Of interest is the average hemoglobin trigger above 

7 g/dl, decreasing to less than 7 g/dl, in what we defined as the 
pre- and post-patient blood management periods in our study 
(fig. 1). It should be recognized that before blood manage-
ment, approximately one third of all erythrocyte transfusions 
at our institution were ordered with a preceding hemoglobin 
concentration between 7 and 8 g/dl.15,35 Thus, when Choos-
ing Wisely and AABB guidelines recommend a hemoglobin 
threshold between 7 and 8 g/dl,34,44 this leaves a substantial 
number of transfusions that could potentially be avoided with 
preceding hemoglobin levels between 7 and 8 g/dl. Perhaps 
the best conclusion is that we treat the whole patient, and not 
just their laboratory values. In fact, the FOCUS trial allowed 
transfusion in the restrictive group even when the hemoglobin 
was more than 8 g/dl, if symptoms of anemia were present 
(cardiac chest pain, congestive heart failure, or tachycardia or 
hypotension unresponsive to fluid), and our hospital guide-
lines are similar. In fact, about 15% of patients assigned to the 
FOCUS trial restrictive group were transfused for such symp-
toms. The same criteria would be important to consider as 
indications for transfusion if a hemoglobin threshold of 7 g/dl  
was to be used for orthopedic patients.

Other studies that describe a before and after patient 
blood management analysis of outcomes include the study 
by Goodnough et al.,45 who retrospectively investigated 
clinical outcomes across all patients hospital-wide after start-
ing a blood management program. These investigators noted 
similar trends but slightly different results than ours, with an 
improvement in mortality rates and unchanged readmission 
rates, yet a similar reduction in mean erythrocyte units per 
patient (≈25 to 30%). Another recent study by Leahy et al.19 
retrospectively examined blood use and patient outcomes 
after a health system–wide patient blood management pro-
gram. In this study, which also included all hospitalized 
patients, they noted a decrease in erythrocyte transfusions 
(≈40%), as well as a decrease in hemoglobin trigger and 
length of stay; however, they also noted a decrease in mor-
tality. A patient blood management program specifically 
for hip and knee arthroplasty patients showed a 30 to 50% 
decrease in percentage of patients transfused, along with a 
decreased length of stay.46 Interestingly, their patient blood 
management methods included postoperative blood salvage 
and postoperative intravenous iron, which were not included 
in our patient blood management program. Tranexamic acid 
was also used.

Other orthopedic studies on transfusion triggers have 
assessed ability to ambulate,47 quality of life,48 delirium,32  
cardiac ischemia,49 and infections,31 and these studies almost 
universally found no benefit to liberal transfusion; however, the 
hemoglobin transfusion triggers ranged from 8 to 11.3 g/dl.  
To our knowledge, ours is the first study in orthopedics to 
assess hemoglobin thresholds as low as 7 g/dl. Given the 
potential risk of anemia from undertransfusion in the era of 
patient blood management, our findings are reassuring in this 
regard. Certainly, monitoring for undertransfusion should 
be considered in a patient blood management program, 
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since severe anemia can result in impaired oxygen delivery 
with an increase in ischemic events and/or mortality.50,51

There are some limitations that should be recognized in 
our study. In a retrospective observational analysis, control-
ling for multiple confounding variables that change over 
time or issues such as missing data is challenging, and iden-
tifying a true causal effect of a patient blood management 
program on blood use and clinical outcomes is not pos-
sible. There may have also been unreported changes, such 
as quality improvement efforts in surgical practice, some 
of which are designed, for example, to decrease length of 
stay. Cohort characteristics were relatively similar before 
and after patient blood management, with the exceptions 
of an increase in the proportion of total hip replacements, 
a small increase in age, and a small decrease in case mix 
index. Furthermore, since all adult orthopedic inpatients 
were included, there were likely a considerable number of 
low-risk (primarily younger) patients in our study popu-
lation. Interestingly, however, there appeared to be more 
improvement for clinical outcomes in the older subgroup 
of patients (65 yr and older). Thus, we can only say that 
in the setting of our current orthopedic care standards, 
patient blood management was associated with decreased 
blood use and similar or better outcomes, without a clear 
causal relationship to outcomes. In addition, after add-
ing surgical procedure (total joint and hip fracture) to the 
multivariable model, the risk-adjusted odds ratio showing 
decreased adverse clinical outcome remained significant. 
The exact beginning of patient blood management is dif-
ficult to determine because there were 10 or more meth-
ods that were implemented in a gradual, stepwise fashion 
(fig.  1). For the purposes of the outcomes analysis, we 
chose to define the start as when pre-patient blood manage-
ment activities were completed and the majority of the pri-
mary interventions had been initiated. Of note is the mean 
hemoglobin trigger, decreasing from above to less than 
7 g/dl when our pre- and post-time periods are compared. 
Regarding the various different patient blood management 
methods, we cannot clearly determine the most impact-
ful initiatives because many of them were implemented 
as a “bundle.” Because preoperative anemia is associated 
with increased transfusion and adverse outcomes,52 but 
was not specifically addressed in our study, we are unable 
to comment on the importance of anemia management. 
Tranexamic acid for total joints was phased in gradually 
at least 1 yr before these interventions. The single-center 
nature of this study is also a limitation, as results in other 
centers may differ from ours. Other centers may have sicker 
or older patients, such as those with hip fractures, which 
result in a higher-risk population, like that in the FOCUS 
trial. In fact, our overall adverse event rates were lower than 
those reported in other studies.

In conclusion, our results suggest that patient blood 
management is efficacious for orthopedic patients and that 
a hemoglobin trigger of 7  g/dl rather than 8 g/dl is well 

tolerated, even by elderly patients on an orthopedic service. 
Our study adds to the growing body of literature regard-
ing the efficacy of patient blood management programs on 
reducing transfusion overuse while maintaining good out-
comes. By reducing risks and costs while improving out-
comes, we can promote high-value practice with effective 
patient blood management programs.
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E XCESSIVE perioperative blood loss requiring transfu-
sion is a common and clinically important complica-

tion of cardiac surgery.1,2 Despite its importance, there is 
significant variability in how this outcome is scored across 
clinical trials.1,2 Adoption of consensus-based outcome 
scoring methods has been advocated as a means for better 
standardizing endpoints in clinical trials.3–6 They offer con-
sistency across clinical trials, help simplify the interpreta-
tion of trials with conflicting results, and facilitate evidence 
synthesis.7,8

Two such consensus-based scores for clinically important 
blood loss in cardiac surgery have recently been proposed, 
namely the Universal definition of perioperative bleeding9 

Editor’s Perspective

What We Already Know about This Topic

• Major bleeding can occur during cardiac surgery. Although 
different scoring systems exist, the assessment of bleeding 
can be variable, and the reliability of these scoring systems 
has not been determined.

What This Article Tells Us That Is New

• Two consensus-based scoring systems for assessing 
bleeding were compared in a substudy of the Transfusion 
Avoidance in Cardiac Surgery trial. Both the Universal 
score and European Coronary Artery Bypass Graft scores 
performed well and may be used as validated outcome 
measures in future clinical trials.
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ABSTRACT

Background: Research into major bleeding during cardiac surgery is challenging due to variability in how it is scored. Two 
consensus-based clinical scores for major bleeding: the Universal definition of perioperative bleeding and the European Coro-
nary Artery Bypass Graft (E-CABG) bleeding severity grade, were compared in this substudy of the Transfusion Avoidance in 
Cardiac Surgery (TACS) trial.
Methods: As part of TACS, 7,402 patients underwent cardiac surgery at 12 hospitals from 2014 to 2015. We examined 
content validity by comparing scored items, construct validity by examining associations with redo and complex procedures, 
and criterion validity by examining 28-day in-hospital mortality risk across bleeding severity categories. Hierarchical logistic 
regression models were constructed that incorporated important predictors and categories of bleeding.
Results: E-CABG and Universal scores were correlated (Spearman ρ = 0.78, P < 0.0001), but E-CABG classified 910 (12.4%) 
patients as having more severe bleeding, whereas the Universal score classified 1,729 (23.8%) as more severe. Higher E-CABG 
and Universal scores were observed in redo and complex procedures. Increasing E-CABG and Universal scores were associ-
ated with increased mortality in unadjusted and adjusted analyses. Regression model discrimination based on predictors of 
perioperative mortality increased with additional inclusion of the Universal score (c-statistic increase from 0.83 to 0.91) or 
E-CABG (c-statistic increase from 0.83 to 0.92). When other major postoperative complications were added to these models, 
the association between Universal or E-CABG bleeding with mortality remained.
Conclusions: Although each offers different advantages, both the Universal score and E-CABG performed well in the validity 
assessments, supporting their use as outcome measures in clinical trials. (Anesthesiology 2018; 129:1092-100)
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and the European Coronary Artery Bypass Graft (E-CABG) 
bleeding severity grade (table 1).10,11 The Universal score is 
based on nine clinically important events that occur during 
surgery or within the first postoperative day. It was designed 
to capture significant bleeding independent of its source or 
clinical management decisions (table  1).9 Conversely, the 
E-CABG score is based on interventions that indirectly 
quantify perioperative blood loss (i.e., blood product trans-
fusion, reoperation for bleeding) and occur at any point 
from surgery to the end of hospitalization (table 1).11

Precise quantification of bleeding during the perioperative 
period is difficult and prone to error. Direct estimation of surgi-
cal blood loss, even by experienced staff, is often inaccurate and 
unreliable.12,13 In addition, ongoing bleeding may be concealed 
or unrecognized until it leads to changes in hemodynamic sta-
bility or laboratory parameters. As such, these consensus-based 
scores were designed to grade bleeding using multiple items 
rather than relying on directly observed blood loss. Recogniz-
ing that multiple items are combined to create a construct for 
bleeding, such scores are often compared and evaluated to pro-
vide evidence of their validity prior to use in clinical trials.14–16

There has been no prior comparison of E-CABG and the 
Universal score for their intended purpose, which is as clini-
cal trial endpoints. We therefore conducted a substudy of the 
Transfusion Avoidance in Cardiac Surgery (TACS) trial,17 
which was a stepped-wedge clustered randomized controlled 
trial evaluating point-of-care hemostatic testing for transfu-
sion avoidance at 12 hospitals, to compare the Universal and 
E-CABG scoring systems with respect to their content, con-
struct, and criterion validity.

Content validity is whether all important domains of a 
given construct are included and was assessed by examin-
ing the individual items graded by the Universal score and 
E-CABG. Construct validity is whether a measurement tool 
captures the phenomenon it claims to measure and was 
assessed by examining whether patients who underwent 
procedures known to be associated with higher blood loss 
correspondingly had higher Universal and E-CABG scores. 
Last, criterion validity, which is the extent to which a score 
is related to an important outcome, was assessed by examin-
ing whether higher blood loss as assessed by either score was 
predictive of early postoperative mortality.

We hypothesize that both E-CABG and the Universal 
score will have evidence of content, criterion, and construct 
validity but expect that the Universal score may have better 
measurement properties overall given the greater number of 
clinically relevant events captured in the perioperative period.

Materials and Methods

Study Setting and Population
This substudy was based on data prospectively collected 
in the TACS trial, which included all patients who under-
went elective, urgent, and emergent cardiac surgical proce-
dures with cardiopulmonary bypass at 12 Canadian study 
sites from October 6, 2014, to May 1, 2015. Institutional 
research ethics board approval for this substudy was obtained 
from the University Health Network in Toronto, Canada. 
All authors had full access to all the data in the study and 
were responsible for its integrity and the data analysis. If a 

Table 1. Bleeding Categories Defined by Two Different Consensus-based Bleeding Scores Designed for Use in Cardiac Surgery 
Clinical Trials

Sternal  
Closure 
Delayed

Postoperative  
Chest Tube Blood  

Loss within  
12 h (ml)

Erythrocytes  
(units)

FFP  
(units)

PLT  
(units) Cryoprecipitate PCCs rFVIIa

Reexploration/ 
Tamponade

Universal Definition of Perioperative Bleeding in Adult Cardiac Surgery*9

  Bleeding class
    Class 0 (insignificant) No < 600 0* 0 0 No No No No
    Class 1 (mild) No 601–800 1 0 0 No No No No
    Class 2 (moderate) No 801–1000 2–4 2–4 Yes Yes Yes No No
    Class 3 (severe) Yes 1001–2000 5–10 5–10 N/A N/A N/A No Yes
    Class 4 (massive) N/A > 2000 > 10 > 10 N/A N/A N/A Yes N/A
E-CABG grading and additive score†10

  Grades Intervention for Treatment of Bleeding
    Grade 0 No use of blood products with the exception of 1 unit of erythrocytes
    Grade 1 Transfusion of platelets; transfusion of fresh frozen plasma or prothrombin 

complex concentrates;
Transfusion of 2–4 units of erythrocytes

    Grade 2 Transfusion of 5–10 units of erythrocytes; reoperation for bleeding
    Grade 3 Transfusion of >10 units of erythrocytes

*If clinical events occurring to a patient indicate more than one bleeding category, the worst category applies, including if transition between categories is 
based on one more severe item. The Universal definition of perioperative bleeding is scored based on events occurring during surgery or within the first 
postoperative day. Preoperative transfusions are not included. †This classification included any transfusion of erythrocytes, platelets, and fresh frozen 
plasma that occurred during the operation and postoperatively during the same in-hospital stay. Preoperative transfusions are not included.
E-CABG, European Coronary Artery Bypass Graft; FFP, fresh frozen plasma; N/A, not applicable; PCC, prothrombin complex concentrate; PLT, platelet 
concentrate; rFVIIa, recombinant activated factor VII.
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patient was readmitted for additional operations requiring 
cardiopulmonary bypass during the study period, only data 
from the first admission were used. The eligible patient sam-
ple included all 7,402 patients included in the TACS trial.

Predictor and Outcome Definitions
The primary outcome was 28-day in-hospital all-cause mor-
tality. In the TACS trial, major bleeding was scored using the 
Universal definition of perioperative bleeding, but E-CABG 
could be readily scored using variables already collected in 
the trial data set. Other events of interest included acute 
kidney injury (defined as an at least twofold postoperative 
increase in creatinine concentration or new need for renal 
replacement therapy, which corresponds to Kidney Disease 
Improving Global Outcomes stage 2 or 3),18 sepsis, sternal 
infection, myocardial infarction, return to the operating 
room for reexploration, and cerebrovascular accident. In-
hospital follow-up for complications was censored at post-
operative day 28.

Important confounders for potential inclusion in risk-
adjustment models were selected based on a review of pub-
lished cardiac risk scores, as well as the literature examining 
the association between preoperative factors and postcardiac 
surgery outcomes.19–29 These potential confounders included 
demographics (age, sex); procedure urgency (elective, urgent, 
emergent); redo procedure; preoperative intraaortic balloon 
pump; preoperative hemoglobin concentration (g/l); preop-
erative renal dysfunction, which was defined as an estimated 
glomerular filtration rate of less than 60 ml/min (calculated 
using the Cockcroft–Gault Equation)30 or preoperative 
dialysis; diabetes mellitus; extracardiac arteriopathy, which 
was defined as stroke, transient ischemic events, or periph-
eral arterial disease; chronic obstructive pulmonary disease; 
coronary artery disease; liver disease; heart failure; hyperten-
sion; and procedure complexity.20 Procedure complexity was 
classified as simple, which was defined as isolated coronary 
artery bypass graft (CABG) or single valve procedure, or 
complex (all other procedures).

Statistical Analysis
The data set had at most 2% missing data; hence, missing 
data were not replaced or imputed. Initially, descriptive sta-
tistics (mean, SD, median, interquartile range, counts, pro-
portion) were used to characterize the overall cohort, strata 
based on the presence versus absence of the primary out-
come, and strata delineated by the E-CABG and Universal 
scores. Statistical significance was defined by a two-sided P 
value less than 0.05. All statistical analyses were conducted 
using SAS version 9.4 (SAS Institute Inc., USA).
Content Validity. Content validity refers to whether a mea-
sure reasonably represents all aspects of a given construct. 
The items graded by each score, as well as items incorporated 
into one score but not the other, were assessed for how they 
contributed to assigning patients to a given category of blood 
loss. Chest tube output was specifically examined because it 

could upgrade bleeding severity in the Universal score alone 
and thereby could result in discrepancies between the Uni-
versal score and E-CABG. The correlation between E-CABG 
and Universal scores was characterized using the Spearman 
statistic.
Construct Validity. Construct validity refers to whether the 
Universal score and E-CABG behave as would be expected 
if they are representing measures of perioperative blood 
loss. We examined whether procedure types known to have 
higher rates of blood loss, such as complex and redo pro-
cedures, were associated with higher blood loss severity as 
graded by either score.
Criterion Validity. An important component of crite-
rion validity is whether increased severity of blood loss (as 
assessed by the Universal score or E-CABG) is associated 
with future events, such as increasing postoperative mortal-
ity. We measured the adjusted association between the Uni-
versal score and E-CABG with in-hospital 28-day all-cause 
mortality using multivariable logistic regression modeling. 
We accounted for clustering by using hierarchical models 
that incorporated site random effects and patient-level fac-
tors as fixed effects. Both the Universal score and E-CABG 
were each treated as ordinal variables, with progressively 
increasing scores treated as higher severity categories. Model 
assumptions were verified, including linearity of continuous 
variables. Age was modeled using a b-spline method to pro-
vide a robust and flexible way of modeling nonlinearity to 
the logit. Hemoglobin was treated as an untransformed con-
tinuous variable because it did not demonstrate significant 
nonlinearity. All other variables were binary or categorical.

A series of nested models were constructed for both the 
Universal score and E-CABG. Model 1 was used as the base-
line model that only incorporated parsimonious predictive 
variables, which were initially identified from the literature 
and published predictive indices. Bootstrapping was used to 
select relevant variables for inclusion in the model from this 
initial list. Random sampling with replacement was used to 
generate a sample of 5,000 in 300 bootstrapped replicates, 
and covariates included in more than 50% of bootstrapped 
replicates were retained. Site was empirically retained in the 
model. Model 2 included all predictor variables in model 
1 plus Universal score categories. Model 3 incorporated all 
predictor variables in model 2 plus major perioperative com-
plications as predictors. This process was then repeated for 
E-CABG bleeding severity grades. Model 4 was composed 
of all predictor variables in model 1 plus E-CABG bleeding 
severity grades. Model 5 incorporated all predictor variables 
in model 4 plus major perioperative complications. Model 
calibration was examined using the Hosmer–Lemeshow sta-
tistic, whereas discrimination was characterized using the 
area under the curve for the receiver-operating-characteristic 
curve.

Using SAS version 9.4, the Glimmix procedure was used 
to create hierarchical models. The output data from the 
Glimmix procedure was subsequently used in the logistic 
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procedure to obtain the area under the curve and receiver-
operating-characteristic curve for each model. Using 
Glimmix output, the logistic procedure receiver-operating-
characteristic contrast command was used to compare differ-
ences in area under the curve values between the models. The 
output data sets from the Glimmix procedure were ranked 
according to deciles, and the Hosmer–Lemeshow statistic 
was calculated for each hierarchical model. In addition, inter-
nal model validation was conducted for all adjusted models 
via bootstrapping to obtain the model optimism, which was 
subsequently used to adjust the c-statistic and obtain a 95% 
CI using the Harrell Optimism SAS macro.

Results
The primary outcome, 28-day in-hospital mortality, occurred 
in 190 (2.6%) patients. The characteristics of patients strati-
fied by mortality are presented in table  2. The Universal 
score could be fully calculated for 7,281 (98.4%) patients, of 
whom 168 (2.3%) died. E-CABG could be fully calculated 
for 7,347 (99.3%) of patients, of whom 190 (2.6%) died.

Content Validity
Universal score classes and E-CABG grades were moderately 
correlated with each other (Spearman ρ = 0.78, P < 0.0001). 
Only 910 (12.4%) patients were classified as having more 
severe bleeding (grade 2 or 3) when E-CABG was used, 
whereas 1,729 (23.8%) of patients were classified as having 
more severe bleeding (class 3 or 4) by the Universal score. 
Individual items in each scale were evaluated to explain this 
discrepancy. In total, 857 (11.9%) patients were classified by 
E-CABG as having lower severity bleeding (E-CABG grades 
0 and 1) but classified as higher severity bleeding by the 
Universal score (Universal score class 3 and 4). Out of these 
individuals, 700 (81.7%) patients were classified as higher 
severity bleeding by the Universal score based solely on high 
chest tube output. Mortality risk among patients classified 
into higher severity bleeding categories due to chest tube 
output alone was low, with 0.9% (n = 6) of these patients 
experiencing death. In contrast, patients classified as higher 
severity by the Universal score due to factors other than or 
in addition to chest tube output had much higher mortality, 
with 12.6% (n = 130) experiencing death. No patients clas-
sified as lower severity bleeding by the Universal score (class 
0 to 2) were scored as higher bleeding by E-CABG (grade 2 
and 3).

Construct Validity
There were higher numbers of complex and redo procedures 
within each increasing category of bleeding severity for both 
scores (fig. 1).

Criterion Validity
When blood loss severity increased as graded by either score, 
there was a corresponding increase in mortality (fig. 2). In 
unadjusted logistic regression analyses, increasing Universal 

and E-CABG scores were associated with increasing mortal-
ity (table 3). When used as the only predictor for the out-
come of mortality, the Universal score and E-CABG did not 
differ in their discrimination, with the Universal score hav-
ing an area under the curve of 0.84 (95% CI 0.81 to 0.87), 
and E-CABG having an area under the curve of 0.85 (95% 
CI 0.82 to 0.88). These two areas under the curve did not 
differ significantly (P = 0.25).

Table 2. Patient Characteristics Stratified by In-hospital 28-day 
All-cause Mortality

Variable
Patients Alive  

(n = 7,212)

Patients with Primary  
Outcome (Death)

(n = 190)

Age 67 (59, 74) 72 (63, 80)
Sex (female) 1,791 (24.83) 64 (33.68)
Procedure urgency   
  Elective 4,543 (63.57) 77 (41.40)
  Urgent 2,165 (30.29) 61 (32.80)
  Emergent 439 (6.14) 48 (25.81)
Redo operation 417 (5.84) 31 (16.49)
Preoperative IABP 131 (1.82) 17 (8.95)
Procedure complexity 2,050 (28.42) 108 (56.84)
Preoperative hemoglobin 

concentration (g/l)
136  

(123, 146)
121  

(105, 137)
Comorbidities   
  Diabetes 2,395 (33.21) 73 (38.42)
  Extracardiac 

 arteriopathy
1,216 (16.86) 62 (32.63)

  COPD 880 (12.20) 31 (16.32)
  Renal dysfunction 1,767 (24.98) 104 (58.10)
  Coronary artery disease 5,266 (73.02) 123 (64.74)
  Heart failure 1,445 (20.04) 78 (41.05)
  Liver disease 158 (2.19) 13 (6.84)
  Hypertension 5,554 (77.01) 144 (75.79)
Perioperative events   
  Reexploration/return  

to operating room
333 (4.62) 66 (34.74)

  AKI 43 (0.61) 8 (4.76)
  CVA 112 (1.55) 34 (17.89)
  Sternal infection 96 (1.33) 10 (5.26)
  Acute MI 28 (0.39) 10 (5.26)
  Postoperative sepsis 75 (1.04) 31 (16.32)
Universal definition 

of perioperative 
 bleeding category

  

  Class 0 2,196 (30.87) 3 (1.79)
  Class 1 1,200 (16.87) 9 (5.36)
  Class 2 2,124 (29.86) 20 (11.90)
  Class 3 1,325 (18.63) 76 (45.24)
  Class 4 268 (3.77) 60 (35.71)
E-CABG grade   
  Grade 0 4,090 (57.15) 17 (8.95)
  Grade 1 2,295 (32.07) 35 (18.42)
  Grade 2 715 (9.99) 115 (60.53)
  Grade 3 57 (0.80) 23 (12.11)

The values shown are frequencies (%) or medians (Q1, Q3).
AKI, acute kidney injury; COPD, chronic obstructive pulmonary disease; 
CVA, cerebrovascular accident; E-CABG, European Coronary Artery 
Bypass Graft; IABP, intraaortic balloon pump; MI, myocardial infarction.
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Similar results were found in subsequent adjusted analy-
ses. In the hierarchical logistic regression model that incor-
porated important confounders but not bleeding events or 
other complications (model 1), the area under the curve for 
predicting 28-day in-hospital mortality was 0.84. In model 
2, Universal classes were added, and the area under the curve 
increased to 0.91. In model 3, the further addition of other 
important complications increased the area under the curve 
to 0.94. Adding E-CABG grade as a predictor to model 1 
similarly increased the area under the curve to 0.92. Fur-
ther addition of other important complications to the model 
with E-CABG grades increased the area under the curve to 
0.94. In each of the models, bleeding severity regardless of 
the score used, whether assessed by the Universal score or 
E-CABG, demonstrated a statistically significant association 
with 28-day in-hospital mortality. The details of the mod-
els can be found in Supplemental Digital Content 1, http://
links.lww.com/ALN/B671. Detailed model calibration 
results can be found in Supplemental Digital Content 2, 
http://links.lww.com/ALN/B672.

Discussion
This study compared the Universal definition of periop-
erative bleeding and E-CABG bleeding severity scores and 
attempted to provide evidence of construct, criterion, and 
content validity in a high-quality data set from a multicenter 
clinical trial of patients undergoing cardiac surgery. Our 
findings indicate that the Universal score and E-CABG are 
both valid and acceptable scoring systems for use as bleeding 
endpoints in cardiac surgery clinical trials.

The Universal definition of perioperative bleeding has 
been studied in various patient samples since its develop-
ment. It was tested in an 1,144 patient single-institution 
adult European cardiac surgical database, where it was shown 
that increasing classes demonstrated an independent associa-
tion with 30-day mortality.9 The Universal score was further 
validated in an institutional cardiac surgery data set of 2,764 
patients in Finland, where increasing classes were signifi-
cantly associated with worse immediate and late outcomes.19

E-CABG has also been studied in a variety of patient sam-
ples. It was evaluated in a 7,491 patient sample drawn from 

Fig. 1. Redo and complex procedure proportions shown for each bleeding severity category. E-CABG, European Coronary 
Artery Bypass Graft.
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institutional databases at two hospitals in Italy. Increasing 
E-CABG severity grades were shown to be independently 
associated with higher in-hospital mortality and compos-
ite adverse events.11 In a separate study drawn from 3,730 
patients in a multicentre prospective registry encompass-
ing 16 centers in six countries (England, Finland, France, 
Germany, Italy, and Sweden), six different bleeding scores 
were compared against each other, including E-CABG and 
the Universal definition of perioperative bleeding.20 Both 
E-CABG and the Universal score showed good discrimina-
tive and predictive ability, with acceptable area-under-the-
curve values for prediction of mortality, stroke, acute kidney 
injury, and sternal wound infection.20

Our study offers strong evidence supporting the use 
of either score in a clinical trial context. Despite both 
being useful, we also noted some key differences. Support 
for the Universal score and E-CABG measuring a simi-
lar construct was offered by the higher complex and redo 
procedures in higher bleeding grades. In terms of content 
validity, the Universal score captures a wider variety of 
clinical events associated with bleeding when assigning 
patients to a given category of bleeding severity. E-CABG 

Fig. 2. The distribution of patients across Universal definition of perioperative bleeding classes and European Coronary Artery 
Bypass Graft (E-CABG) classes. The proportion of patients with different severity categories is shown for each bleeding defini-
tion. The risk of death within each category is also shown.

Table 3. Unadjusted Odds Ratios Relating Measured Scores to 
28-day Mortality

Universal Definition of Perioperative Bleeding  
Severity Score Unadjusted Odds Ratios

Predictor Odds Ratio 95% CI P Value
UDPB grade    
  Class 0 Reference   
  Class 1 5.41 1.46–20.0 0.01
  Class 2 6.15 1.81–20.90 0.004
  Class 3 41.49 13.06–131.78 < 0.0001
  Class 4 158.37 49.30–508.72 < 0.0001
AUC (95% CI): 0.84 (0.81, 0.87)

E-CABG Bleeding Severity Score Unadjusted Odds Ratios

Predictor Odds Ratio 95% CI P Value
E-CABG grade    
  Grade 0 Reference   
  Grade 1 3.62 1.95–6.74 < 0.0001
  Grade 2 38.77 22.39–67.14 < 0.0001
  Grade 3 106.45 52.03–217.80 < 0.0001
AUC (95% CI): 0.85 (0.82, 0.88)

AUC, area under the curve; E-CABG, European Coronary Artery Bypass 
Graft; UDPB, Universal Definition of Perioperative Bleeding in Adult Car-
diac Surgery.9

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024



Anesthesiology 2018; 129:1092-100 1098 Bartoszko et al.

Comparison of Cardiac Surgery Bleeding Scores

may better capture the adverse impact of higher transfu-
sion needs because it scores almost exclusively transfusion 
volume. The Universal score also assesses transfusion vol-
ume but may better capture coagulopathy related to mas-
sive bleeding due to the scoring of recombinant activated 
factor VII administration, for example.31 Thus, although 
the two scores have some overlap, each captures slightly 
different aspects relevant to major bleeding.

For both scores, it is important to note that patients 
undergoing surgery with a lower total hemoglobin mass to 
begin with are more likely to receive red cell transfusions 
than those with higher hemoglobin mass. Because the 
amount of red cell transfusions is a major component of 
both scores, investigators should control for patients’ base-
line hemoglobin mass if using these scores as endpoints. This 
also applies to the use of other product transfusions, such as 
platelets or factor replacement, which may be administered 
to correct preexisting deficiencies rather than in reaction to 
bleeding events.9

Despite E-CABG including fewer assessed domains than 
the Universal score, they both have evidence of construct 
and criterion validity. Interestingly, the scored domain of 
chest tube output does not appear to contribute signifi-
cantly to the criterion validity of the Universal score, and 
any future revision to the Universal score may consider omit-
ting this component. Although chest tube output has been 
associated with mortality in other studies, this has been in 
samples where patients receiving transfusion or having other 
significant clinical events such as reoperation associated with 
ongoing bleeding were not excluded.2,32 In our study, chest 
tube output alone, without the presence of any other items 
indicative of bleeding, was not associated with increased 
mortality. Patients with chest tube output and other items 
indicating bleeding did have increased mortality, which is 
largely consistent with the existing literature.

The time frame for the scoring of the Universal definition 
of perioperative bleeding and E-CABG is notably different. 
E-CABG is scored based on data collected from the initial 
surgery throughout the entire hospital stay of the patient, 
whereas the assessment of the Universal score is limited to 
events that occur from surgery to the first perioperative 
day. Because E-CABG scores primarily transfusion volume, 
events during the hospital stay distant or unrelated to the 
original surgery that result in transfusion are captured and 
scored as bleeding, which may erroneously be associated 
with the original surgery. It is important to note this impor-
tant distinction, which may impact on the construct validity 
of E-CABG.

Generally, during the conduct of a trial, the more complex 
the endpoints and the greater the volume of data collected, 
the higher the risk of incomplete data. Difficulty collecting 
data to assess either the Universal score or E-CABG was not 
a problem in the TACS study. Some investigators may pre-
fer to use E-CABG based on the lower number of domains 
scored and lower burden of data collection. However, any 

potential savings in data collection when using E-CABG as 
an outcome have to be weighed against the reduced number 
of potential bleeding events captured by E-CABG, particu-
larly more severe bleeding. The probability of more severe 
bleeding score by the Universal score (class 3 or 4) was nearly 
double that of the E-CABG (grade 2 or 3) in our sample 
(23.75% by the Universal score vs. 12.39% by E-CABG). A 
greater proportion of patients are scored as having bleeding 
events, including more severe bleeding, when the Universal 
score is used. In addition, the distribution of patients across 
bleeding categories is more even with the Universal score.

Although we attempted to provide a thorough compari-
son of these two consensus-based scores, there are limitations 
to our work. In assessing criterion validity, our outcome was 
28-day in-hospital all-cause mortality. This was the data we 
had available to us, but assessing all-cause mortality not lim-
ited to the hospital setting is important. Although limiting 
mortality to within 28-days allowed us to focus on the imme-
diate perioperative period, certainly mortality beyond this 
time frame is important. For example, complications of severe 
bleeding events include acute kidney injury, which may have 
an impact on patient mortality beyond 28 days and would not 
have been captured in our data set.33 Furthermore, in our mul-
tivariable logistic regression models examining the association 
of each bleeding score with mortality, we included as covari-
ates variables that were identified as prognostically important 
in the literature. Our data set did not include important items 
scored by EuroSCORE II, a model used worldwide for the 
prediction of cardiac surgical risk.34 This precluded us from 
including it as a covariate in our models.

The adoption of clinically sensible, consistent endpoints 
in cardiac surgery clinical trials evaluating bleeding has many 
advantages. In this study, we add to existing evidence sup-
porting the use of these two consensus-based bleeding scores 
in cardiac surgery. Both the Universal definition of periop-
erative bleeding and E-CABG demonstrate evidence of crite-
rion, construct, and content validity. However, the Universal 
score seems to capture more bleeding events and has a more 
uniform distribution of bleeding categories. This has impli-
cations for clinical trial sample size calculations and suggests 
that fewer patients may be required to demonstrate a dif-
ference between groups if the Universal score is used as an 
endpoint. The Universal score captures a variety of clinically 
important events related to bleeding beyond transfusion in 
the time period immediately related to surgery. E-CABG 
primarily captures transfusion volume over the entire length 
of hospital stay, which may not always be related to bleed-
ing events associated with the original surgery. On the other 
hand, the individual components of E-CABG are easily col-
lected from most hospital administrative databases and may 
represent significantly less burden of work for trial organiz-
ers needing to be efficient with their resources. The ongoing 
growth of clinical trials in cardiac surgery will benefit from 
the use of either scoring system in future clinical trials mea-
suring bleeding as an outcome of interest.
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T HE incidence of atrial fibrillation after noncardiac sur-
gery ranges from 3 to 15%.1–4 Patients who develop 

this arrhythmia after noncardiac surgery have longer and 
more costly hospital stays and greater mortality.1 Further-
more, new clinically detected atrial fibrillation is an inde-
pendent predictor of stroke in this population.5 Modifiable 
factors that influence postoperative atrial fibrillation are thus 
of considerable interest.

Many patients having noncardiac surgery take long-term 
beta (β) blockers. A role for these medications as prophylaxis 
in the population at high risk for coronary artery disease and 
vascular disease has long been established.6,7 Many people 
also take these drugs routinely for management of hyperten-
sion and as prophylaxis against arrhythmias. The Periopera-
tive Ischemic Evaluation study showed that perioperative β 
blockade caused a reduction in new clinically detected atrial 

Editor’s Perspective

What We Already Know about This Topic

• Use of beta (β) blockers in the perioperative period is associated 
with reduced incidence of postoperative atrial fibrillation

• In chronic β-blocker users, optimal timing for β-blocker 
resumption in the postoperative setting is unclear

What This Article Tells Us That Is New

• Resumption of postoperative β-blocker therapy by the end 
of postoperative day 1 is associated with reduced incidence 
of postoperative atrial fibrillation in general surgical patients 
(noncardiac, nonthoracic, nonvascular surgeries) when 
compared with patients who resumed β-blocker therapy after 
postoperative day 1

• There was not a significant difference in incidence of post-
operative atrial fibrillation for those patients who postop-
eratively resumed β-blocker therapy on the day of surgery 
versus anytime thereafter
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ABSTRACT

Background: Beta (β) blockers reduce the risk of postoperative atrial fibrillation and should be restarted after surgery, but 
it remains unclear when best to resume β blockers postoperatively. The authors thus evaluated the relationship between 
timing of resumption of β blockers and atrial fibrillation in patients recovering from noncardiothoracic and nonvascular 
surgery.
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fibrillation, myocardial infarctions, and referrals for cardi-
ology care, but there was an increase in bradycardia, hypo-
tension, strokes, and all-cause mortality.5 The American 
Heart Association, in its revised guidelines for perioperative 
β blockade, recommends that β blockers should be contin-
ued after noncardiac surgery in patients who take the drugs 
chronically.8

Beta-blocker therapy initiated in the perioperative 
period reduces the risk of supraventricular arrhythmias in 
noncardiac surgery patients.9 However, the benefit of this 
risk reduction is offset by potential intraoperative hypoten-
sion and a consequent increase in cerebrovascular events, 
acute kidney injury, myocardial injury, and mortality.5,10 
Restarting chronically used β blockers before discharge 
from the postanesthesia care unit increases cerebrovascular 
events.2 In contrast, restart during the first two postopera-
tive days reduces cerebrovascular and cardiovascular events 
and 30-day mortality.2 Re-initiating β blockers after sur-
gery may be delayed by potential drug interactions, nil per 
os status, an unstable hemodynamic profile, recent vaso-
pressor use, or inadequate review of patients’ home medi-
cation profiles. It thus remains unclear when it is best to 
restart β blockers to maximize benefit and minimize poten-
tial risks.

Little is known about the relationship between postop-
erative atrial fibrillation and when home β blockers should 
be restarted in patients recovering from noncardiac surgery. 
We therefore assessed whether resuming β blockers by the 
end of postoperative day 1 is associated with reduced odds 
of new-onset and paroxysmal atrial fibrillation in patients 
recovering from noncardiothoracic and nonvascular surgery. 
Secondarily, we assessed whether resuming β blockers on the 
day of surgery is associated with reduced odds of new-onset 
and paroxysmal atrial fibrillation.

Materials and Methods
With institutional review board approval and waiver of 
informed consent, data were obtained from the Cleveland 
Clinic Perioperative Health Documentation System for 
8,201 adult β-blocker users who had noncardiac surgery, 
excluding thoracic and vascular surgery, from June 1, 2008 
through January 31, 2016 and stayed at least two postopera-
tive nights at the Cleveland Clinic’s Main Campus (Cleve-
land, Ohio). Patients who had atrial fibrillation at admission 
or a history of atrial fibrillation were excluded. We further 
excluded patients in whom key data were missing. When 
patients had multiple surgeries meeting our inclusion and 
exclusion criteria, only the first surgery was included in our 
analysis. New-onset atrial fibrillation was diagnosed when 
patients were in sinus rhythm preoperatively (as determined 
by the most recent clinic visit or the day of surgery docu-
mentation of vital signs), and subsequently developed atrial 
fibrillation during their hospitalization. The onset of atrial 
fibrillation was determined via a manual chart review of 
available documentation of vital signs and physician notes.

Discontinuation of β blockers was defined as the com-
plete cessation of β blockers during the perioperative period 
(before and day of surgery); early resumption was defined 
as restarting β blockers before the end of the first postop-
erative day, whereas late resumption was defined as restart-
ing β blockers after the end of the first postoperative day 
including a complete failure to restart β blockers during 
hospitalization.

Patients categorized by β-blocker resumption day (post-
operative day 0, postoperative day 1, postoperative day 2+) 
were compared on demographic, baseline, and intraopera-
tive variables using Pearson chi-square analysis for categori-
cal variables, one-way ANOVA for normally distributed 
continuous variables, and Kruskal–Wallis test for ordinal or 
nonnormal continuous variables.

Primary Analysis
We compared patients who did and did not restart β block-
ers by the end of the first postoperative day on the incidence 
of postoperative atrial fibrillation. We excluded 112 patients 
who experienced new-onset atrial fibrillation before the end 
of the first postoperative day to avoid immortal time bias; 
thus, only patients who were still at risk of developing post-
operative atrial fibrillation at the end of postoperative day 1 
were included.

To control for observed potential confounding variables, 
we matched each patient who restarted β blockers after the 
end of postoperative day 1 (late resumption) to a maximum 
of two patients who restarted by the end of postoperative 
day 1 (early resumption) using exact and propensity score 
matching.11 Specifically, we first estimated the probability 
of restarting β blockers late (i.e., propensity score) for each 
patient using logistic regression with late restart (vs. early 
restart) as the outcome and prespecified potential confound-
ing variables listed in the table 1 as independent variables.

Our prespecified list of potential confounding variables 
includes age, sex, race, body mass index, congestive heart 
failure, valvular heart disease, hypertension, thyroid dis-
ease, coronary artery disease, diabetes, year and duration of 
surgery, percent of surgery time with mean arterial blood 
pressure less than 70 mmHg, estimated blood loss, amount 
of colloids, amount of crystalloids, erythrocyte transfusion, 
fresh frozen plasma transfusion, platelets transfusion, cryo-
precipitate transfusion, and postoperative vasopressor use. 
Matching was then implemented through a greedy algorithm 
(SAS macro: gmatch), restricting successful matches to those 
with the same type of surgery (i.e., first exact matching on 
type of surgery because it is so related to both exposure and 
outcome and thus such an important confounder) and those 
whose estimated propensity score logits (i.e., estimated pro-
pensity score) were within 0.2 propensity score logit standard 
deviations of each other.12–14 Surgery type was characterized 
into one of the 244 mutually exclusive clinically appropri-
ate categories using the Agency for Healthcare Research 
and Quality’s single-level Clinical Classifications Software 
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for International Classification of Diseases, 9th Revision, 
Clinical Modification procedure codes. We chose this fairly 
granular method of adjusting for type of surgery because sur-
gical procedure has been shown to be a strong confounding 
variable in observational studies in perioperative medicine.12

Assessment of balance on the covariables used for the pro-
pensity score matching was performed using absolute stan-
dardized differences (i.e., the absolute difference in means 
or proportions divided by the pooled SD). Imbalance was 
defined as a standardized difference greater than 0.10 in 

Table 1. Demographics Baseline and Intraoperative Characteristics (N = 8,201)

Variable

β-Blocker Resumption after Surgery

P Value†
Postoperative Day 0

(N = 4,265)
Postoperative Day 1

(N = 2,932)
Postoperative Day 2+

(N = 1,004)

Age, yr 65 ± 14 65 ± 13 64 ± 13 0.019‡
Gender (male) 55% 53% 42% <0.001
Race     
    Caucasian 80% 87% 86% <0.001
    African American 18% 12% 13%  
    Others 2% 1% 2%  
Body mass index, kg/m2 29 [25, 34] 30 [26, 35] 29 [25, 34] <0.001‡
Congestive heart failure 18% 13% 13% <0.001
Valvular heart disease 11% 10% 10% 0.413
Hypertension 66% 72% 69% <0.001
Hypertension with complications 23% 17% 18% <0.001
Thyroid disease 16% 17% 18% 0.077
Coronary artery disease 41% 35% 33% <0.001
Diabetes type     
    No diabetes 66% 71% 74% <0.001
    Type I diabetes 3% 2% 2%  
    Type II diabetes 31% 28% 25%  
Type of surgery*    <0.001
    Laminectomy 5% 7% 4%  
    Arthroplasty knee 4% 7% 6%  
    Hip replacement 4% 7% 6%  
    Nephrectomy 4% 6% 5%  
    Colorectal resection 4% 5% 7%  
Year of surgery     
    2008 11% 15% 12% <0.001
    2009 13% 18% 19%  
    2010 12% 14% 14%  
    2011 15% 11% 11%  
    2012 16% 11% 12%  
    2013 12% 10% 9%  
    2014 10% 10% 11%  
    2015 11% 11% 11%  
    2016 1% 1% <1%  
Duration of surgery, hours 3.7 [2.6, 5.3] 4.1 [3.0, 5.8] 4.5 [3.2, 6.4] <0.001§
% of surgery with mean arterial  

pressure <70 mmHg
9 [2, 21] 9 [2, 21] 12 [4, 25] <0.001§

Estimated blood loss, cc 100 [50, 300] 200 [50, 400] 200 [71, 500] <0.001§
Amount of colloids, cc 0 [0, 500] 500 [0, 500] 500 [0, 1000] <0.001§
Amount of crystalloids, L 2.2 [1.3, 3.2] 2.6 [1.8, 3.6] 2.9 [2.0, 4.0] <0.001§
Erythrocyte transfusion 16% 17% 24% < 0.001
Fresh frozen plasma transfusion 3% 3% 8% < 0.001
Platelets transfusion 3% 2% 6% < 0.001
Cryoprecipitate transfusion 0% 0% 2% < 0.001
Usage of vasopressor 65% 67% 73% <0.001

Summary statistics are presented as % of patients, mean ± SD, or median [Q1, Q3], respectively.
*Only most frequent five categories are reported because of limited space.
†Pearson’s chi-square test, unless specified.
‡one-way ANOVA. 
§Kruskal–Wallis one-way ANOVA by ranks.
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absolute value; any such covariables were included in the 
models comparing early and late β-blocker patients on out-
comes to reduce potential confounding.13,14

The matched groups were compared on postoperative atrial 
fibrillation using a multivariable logistic regression, adjusting 
for covariables that were still imbalanced after the matching.

In a sensitivity analysis, instead of using the propensity-
matched groups, we included all available patients and used 
a multivariable model to adjust for confounding. We com-
pared late (restart β blockers after the end of the first post-
operative day) and early (restart β blockers by the end of the 
first postoperative day) restart times using all patients, and 
included potential confounding variables in the model via 
backward selection, with a significance criterion to leave the 
model of P > 0.05.

Secondary Analysis
In this analysis we changed the early restart period to before 
end of the day of surgery (instead of end of postoperative 
day 1 as in primary analysis). We thus compared postop-
erative atrial fibrillation between patients who did and did 
not restart β blockers on the day of surgery. In this analysis, 
39 patients who experienced postoperative atrial fibrillation 
right after surgery on the same day were excluded because we 
wanted to include only the patients who were still at risk of 
developing postoperative atrial fibrillation at the end of the 
day of surgery. We one-to-one matched patients who did and 
did not restart β blockade on the same day of surgery using 
the same approach as the primary analysis. The matched 
groups were compared on postoperative atrial fibrillation 
using a multivariable logistic regression, adjusting for covari-
ables that were still imbalanced after the matching.

We conducted additional sensitivity analyses further 
varying both the early and late restart periods and comparing 
groups on atrial fibrillation occurring after the early restart 
exposure period. For example, when comparing restart by 
end of postoperative day 0 with restart by end of postopera-
tive day 2, the “outcome period” for both groups would start 
on postoperative day 1, just after the end of the early restart 
period. Groups were compared using multivariable logistic 
regression adjusting for all baseline confounding variables 
significant at the 0.30 level (0.30 to enter, 0.40 to stay) using 
stepwise selection. We varied the early restart period from by 
the end of postoperative day 0 to postoperative day 1, and 
the late restart period from on or after postoperative day 1 to 
postoperative day 4.

Sample size for the study was based on the algorithm in 
figure 1, using all patients during the given time frame of 
June 1, 2008, to January 31, 2016, who met all predeter-
mined inclusion and exclusion criteria from the protocol. 
The beginning date for the study was chosen as the earli-
est data for which the exposure and outcome variables were 
reliably collected. With the attained data, we were able to 
estimate CIs for the associations of interest with acceptable 
precision.

All tests were two-sided, and statistical significance when 
assessing the associations of interest was claimed when  
P < 0.05. All statistical analyses were conducted using SAS 
9.4 (SAS Institute Inc., USA).

Results
From June 1, 2008 to January 1, 2016, a total of 8,201 adult 
β-blocker users who had noncardiothoracic and nonvascular 
surgery and stayed at least two nights after surgery at Cleve-
land Clinic main campus were included in our analysis (fig. 1 
and table  1). Our patients were a mean of 65 (SD = 13) 
years old. The median duration of surgery was 4.0 (Q1, Q3: 
2.8, 5.6) hours and median length of hospital stay after sur-
gery was 6 (4, 8) days. Among these patients, 4,265 (52%) 
restarted β blockers on the day of surgery, 2,932 (36%) on 
postoperative day 1, 612 (7%) on postoperative day 2, 174 
(2%) on postoperative day 3, 92 (1%) on postoperative day 
4, and 126 (2%) after postoperative day 4, respectively. Four 
hundred eighty-four (484) patients experienced postopera-
tive atrial fibrillation (5.9% of 8,201), where 39 (8% of 484) 
patients had postoperative atrial fibrillation on the same day 
of surgery, 73 (15%), 105 (22%), 83 (17%), 60 (12%), and 
124 (26%) on postoperative day 1 to 4 and after postopera-
tive day 4, respectively.

Among 8,089 patients who were still at risk of developing 
postoperative atrial fibrillation at the end of postoperative 
day 1, 7,095 had already restarted β blockers (early group) 
and 994 patients had not (late group). The incidence of 
postoperative atrial fibrillation was 4.2% for the early group 
and 7.1% for the late group. We successfully matched 973 
patients (98% of 994) in the late group with 1,924 patients 
in the early group. Because of  the results of matching the 
two groups were much better balanced on all the prespeci-
fied potential confounding variables, only percentage of sur-
gery time with map < 70 mmHg was imbalanced after the 
matching (table 2, left panel and fig. 2). Within the subset 
of matched patients, 4.9% (94 of 1,924) retaking β blockers 
by the end of postoperative day 1 experienced postoperative 
atrial fibrillation, which was significantly lower than 7.0% 
(68 of 973) in those retaking after postoperative day 1, giv-
ing an odds ratio (early vs. Late) of 0.69 (95% CI, 0.50–
0.95; P = 0.026). Sensitivity analyses provided consistent 
results (table 3, fig. 3).

Second, we successfully matched 3,198 patients who 
restarted β blockers on the day of surgery with 3,198 patients 
who restarted after the day of surgery (table 2, right panel). 
The incidence of postoperative atrial fibrillation was 4.9% 
for patients who restarted on the day of surgery and 5.8% for 
patients who did not, giving a nonsignificant odds ratio of 
0.84 (95% CI, 0.67–1.04; P = 0.107; table 3, fig. 3).

Finally, when we varied the early and late restart periods 
in sensitivity analyses using multivariable regression to adjust 
for confounding (table 4, fig. 4), we found that early restart 
by the end of postoperative day 0 was not associated with 
atrial fibrillation, independent of whether the late period was 
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defined as those restarting on or after postoperative day 1  
(P = 0.793), postoperative day 2 (P = 0.060), postoperative 
day 3 (P = 0.074), or postoperative day 4 (P = 0.452). How-
ever, early restart by the end of postoperative day 1 was asso-
ciated with lower odds of atrial fibrillation compared with 
late restart defined as on or after postoperative day 2 (odds 
ratio [95% CI] of 0.66 [0.49–0.87], P = 0.004) and postop-
erative day 3 (0.65 [0.43–0.98], P = 0.039), but not postop-
erative day 4 (P = 0.436). We note, though, that sample size 
was smaller at later restart times, which reduced power for 
detecting associations.

Discussion
The period immediately after surgery is a high-risk period 
for new-onset or recurrent atrial fibrillation. β blockers 
are widely used in patients at risk for perioperative myo-
cardial events. They provide heart rate control and reduce 
sympathetic drive, thus improving myocardial oxygen sup-
ply–demand balance. A Cochrane analysis that included 
nearly 20,000 patients concluded that β blockers prevent 
supraventricular rhythms after cardiac surgery. However, 
their role in noncardiac surgery remains unclear because 
supraventricular arrhythmias are much less common and 

Fig. 1. Study flow chart. POD, postoperative day.
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the presumed benefit is offset by potential hypotension 
and consequent risk of mortality and strokes.1,9 There-
fore, patients previously on home β blockers are often 
not restarted on this medication in a timely fashion, 

presumably because the balance between these competing 
interests remains unclear. Our results show that resuming 
chronically used β blockers before the end of postopera-
tive day 1 significantly decreases the odds of postoperative 

Table 2. Demographics Baseline and Intraoperative Characteristics after Propensity Score Matching

Variable

Primary Analysis: Comparing Patients  
Who Retook β Blockers by the End of  

Postoperative Day 1 Versus After

Secondary Analysis: Comparing Patients  
Who Retook β Blockers on Day of  

Surgery Versus After

Postoperative  
Day 0, 1

(N = 1,924)

Postoperative  
Day 2+

(N = 973)

Absolute 
 Standardized  
Difference†

Postoperative 
Day 0

(N = 3,198)

Postoperative  
Day 1+

(N = 3,198)

Absolute 
 Standardized  
Difference†

Age 64 ± 14 64 ± 13 0.037 65 ± 13 65 ± 13 <0.01
Gender (male) 42% 42% 0.005 52% 52% < 0.01
Race   0.010   0.030
    Caucasian 86% 86%  84% 85%  
    African American 12% 12%  15% 14%  
    Others 1% 1%  1% 1%  
Body mass index, kg/m2 29 [25, 35] 29 [25, 35] 0.008 29 [25, 35] 29 [25, 35] 0.012
Congestive heart failure 12% 13% 0.026 15% 14% 0.005
Valvular heart disease 9% 10% 0.056 10% 11% 0.023
Hypertension 68% 69% 0.031 70% 69% 0.006
Hypertension with complications 20% 18% 0.046 19% 19% 0.009
Thyroid disease 18% 18% 0.006 17% 17% 0.010
Coronary artery disease 32% 33% 0.020 37% 37% 0.006
Diabetes type   0.055   0.005
    No diabetes 74% 73%  70% 70%  
    Type I diabetes 3% 2%  2% 2%  
    Type II diabetes 24% 25%  28% 28%  
Type of surgery*   0.000   0.000
    Laminectomy 5% 5%  7% 7%  
    Arthroplasty knee 6% 6%  6% 6%  
    Hip replacement 6% 6%  6% 6%  
    Nephrectomy 6% 6%  6% 6%  
    Colorectal resection 8% 8%  5% 5%  
Year of surgery   0.043   0.053
    2008 11% 12%  12% 13%  
    2009 17% 19%  14% 18%  
    2010 13% 14%  12% 13%  
    2011 13% 10%  14% 11%  
    2012 14% 12%  15% 11%  
    2013 10% 9%  12% 10%  
    2014 10% 12%  10% 11%  
    2015 11% 11%  10% 12%  
    2016 1% < 1%  1% 1%  
Duration of surgery, hours 4.3 [3.1, 6.1] 4.5 [3.2, 6.2] 0.071 4.0 [2.9, 5.5] 4.1 [3.0, 5.7] 0.063
% of surgery with mean arterial  

pressure <70 mmHg
9.7 [3.0, 23.4] 11.6 [4.2, 24.5] 0.109 8.1 [2.1, 20.3] 9.4 [2.7, 21.7] 0.076

Estimated blood loss, cc 200 [50, 450] 200 [50, 500] 0.038 150 [50, 350] 150 [50, 400] 0.041
Amount of colloids, mL 500 [0, 1000] 500 [0, 1000] 0.014 0 [0, 500] 0 [0, 500] 0.019
Amount of crystalloids, L 2.8 [1.8, 4.0] 2.85 [1.9, 4.0] 0.036 2.45 [1.6, 3.5] 2.5 [1.7, 3.5] 0.065
Erythrocyte transfusion 22% 22% 0.008 16% 18% 0.053
Fresh frozen plasma transfusion 4% 6% 0.081 3% 4% 0.030
Platelets transfusion 4% 5% 0.068 3% 3% 0.028
Cryoprecipitate transfusion 1% 1% 0.026 0% < 1% 0.024
Usage of vasopressor 31% 28% 0.059 33% 32% 0.013

Summary statistics are presented as % of patients, mean ± SD, or median [Q1, Q3], respectively.
*Only most frequent five categories are reported because of limited space.
†Absolute standardized difference refers to the absolute difference in means or proportions divided by the pooled SD; any covariables with absolute stand-
ard difference ≥0.10 after the propensity score matching would be adjusted for in the analyses.
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new-onset and paroxysmal atrial fibrillation after noncar-
diothoracic and nonvascular surgery.

Bhave et al.1 reported an incidence of postoperative atrial 
fibrillation of 3% in a large cohort of patients after non-
cardiac surgery. In the final adjusted analysis, perioperative 
administration of statins, angiotensin receptor blockers, and 
angiotensin-converting enzyme inhibitors were associated 
with a lower risk, whereas β blockers appeared to not make 
a difference. Their results thus differed from ours, possibly 
because we clearly separated exposure (timing of β-blocker 
restart) and outcome (timing of postoperative atrial fibrilla-
tion). In contrast, some of the patients Bhave et al.1 consid-
ered may have already developed atrial fibrillation before β 
blockers were restarted. Furthermore, Bhave et al.’s analysis 

did not differentiate between β blockers that were newly 
started in the postoperative period or restarted after previ-
ous chronic use. Alonso-Coello et al.15 did not find a signifi-
cant association of metoprolol use in a model to predict atrial 
fibrillation after noncardiac surgery based on data from the 
Perioperative Ischemic Evaluation study.15 However, whereas 
patients of the Perioperative Ischemic Evaluation study were 
randomized to receive extended-release metoprolol succinate 
or placebo starting 2 to 4 h before surgery, our analysis specif-
ically aimed to see the association of postoperative initiation 
of β blockers and we did not include only a singular class of 
β blockers (e.g., extended release metoprolol).

Administration of β blockers may reduce long-term mortal-
ity in noncardiac patients at a high risk for cardiac events,16–18 

Fig. 2. Plot of absolute standardized difference of covariables used to estimate the propensity score before and after the 
 propensity score matching. MAP, mean arterial pressure.
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and withdrawal of β-blocker therapy perioperatively may 
increase mortality for noncardiac surgery patients at all levels 
of cardiac risk.17–19 In addition, noncardiac surgical patients 
on a chronic β-blocker regimen may be at lower risk for major 
postoperative cardiac events compared with patients who 
start taking β blockers within a few days of surgery.20 Existing 
evidence thus suggests that although initiating perioperative 
β-blocker therapy harms noncardiac surgical patients, con-
tinuing or rapidly resuming β-blocker therapy after surgery is 
cardioprotective. Our results extend previous understanding 
by suggesting that resuming β blockers before the end of the 
first postoperative day is preferable to resuming later.

The Surgical Care Improvement Project originally defined 
continuation of therapy as extending from 24 h before inci-
sion to discharge from the postanesthesia care unit.21 The 2012 
revision extended continuation to include the first two post-
operative days.21 Continuation of β blockers before discharge 
from the postanesthesia care unit or on the day of surgery 
was associated with increased cerebrovascular events but not 
improved cardiovascular event outcomes. However, β-blocker 
resumption within two postoperative days was associated with 
reduced cerebrovascular and cardiovascular events, and also 

30-day mortality.2 Our findings are consistent with the reduc-
tion of cardiovascular events, however we did not report cere-
brovascular events or mortality in our cohort.

In our secondary analysis, we compared patients who 
restarted β blockers before the end of the day of surgery 
(about half the patients) with those who started thereafter. It 
is important to note that the comparison group for this com-
parison (resumption after the day of surgery) differs from our 
primary analysis in which the comparison was with patients 
who restarted β blockers on the second postoperative day or 
thereafter. We did not find a significant difference in the inci-
dence of postoperative new onset and paroxysmal atrial fibril-
lation at this comparison time point.

Several factors may explain the apparent lack of benefit 
from restarting β blockers on postoperative day 0. First, the 
outcome of interest (atrial fibrillation) is more common on 
postoperative days 1 and 2 (37% of our patients) versus on 
postoperative day 0 (just 8% of our patients). Second, some 
patients may have discontinued their β blockers on the day of 
surgery; it is likely that many used long-acting or sustained-
release preparations, which would have provided continued 
protected on the day of surgery. These findings were further 
confirmed in our sensitivity analysis, where we varied the 
early and late restart periods using multivariable regression to 
adjust for confounding. Our interpretation is that restarting 
chronically used home β blockers by the end of the first post-
operative day is protective compared with restarting thereaf-
ter. However, restarting these agents earlier (by the end of the 
day of surgery) does not seem to provide the same benefit.

The distinction between restarting on the day of sur-
gery versus the first postoperative day is important. The 
immediate postoperative period is often associated with 
hypotension and bradycardia consequent to insufficient vas-
cular volume, unrecognized bleeding, vasoplegia, residual 

Table 3. Associations between Timing of β-Blocker Resumption and Postoperative Atrial Fibrillation

Compare Propensity Score–Matched Patients*  
(Number of Matched: Early vs. Late)

Incidence of POAF,  
Postoperative Atrial Fibrillation 

(Early vs. Late)
Odds Ratio (95% CI)

(Early vs. Late) P Value

Primary analysis: comparing patients who did  
and did not restart β blockers by end of POD1

    1-to-2 matching† (N = 1,924 vs. N = 973) 94 (4.9%) vs. 68 (7.0%) 0.69 (0.50, 0.95) 0.026
Sensitivity analysis    
    All patients‡ (N = 7,095 vs. N = 994) 301 (4.2%) vs. 71 (7.1%) 0.66 (0.50, 0.88) 0.004
Secondary analysis: comparing patients who did  

and did not restart β blockers by end of POD0
    1-to-1 matching (N = 3,198 vs. N = 3,198) 156 (4.9%) vs. 185 (5.8%) 0.84 (0.67, 1.04) 0.107

Early indicates restarted β blockers by end of POD1 (primary analysis) or POD0 (secondary analysis). Late indicates did not restart β blockers by end of 
POD1 (primary analysis) or POD0 (secondary analysis).
*Exactly matched on type of surgery and propensity score–matched on all the other potential confounding variables listed in table 1. The matched subsets 
were compared on postoperative atrial fibrillation using multivariable logistic regression model.
†Adjusted for percent of surgery time with mean arterial pressure < 70 mmHg, which was imbalanced (i.e., absolute standardized difference > 0.10) after 
the matching. 
‡Adjusted for age, congestive heart failure, valvular heart disease, diabetes, coronary artery disease, fresh frozen plasma transfusion, amount of crystalloids, 
percent of surgery time with mean arterial pressure < 70 mmHg, and year and duration of surgery, which were retained in the multivariable logistic regression 
model via the backward model selection. One hundred twelve patients who had postoperative atrial fibrillation on day of surgery and postoperative day 1 
were excluded from this analysis.
POAF, postoperative atrial fibrillation; POD, postoperative day.

Fig. 3. Forest plot depicting the primary and secondary analy-
sis using propensity score matching to compare the two dif-
ferent early restart groups with postoperative atrial fibrillation 
(POAF). POD, postoperative day.
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neuraxial anesthesia, and anesthetic-induced cardiac depres-
sion. Restarting β blockers on the day of surgery is thus more 
likely to potentially provoke hypotension and bradycardia 
than starting later. Our results suggest that restarting β block-
ers by the end of the first postoperative day prevents atrial 
fibrillation—and may potentially be safer compared with a 
restart by the end of postoperative day zero, especially in a 
population with preexisting hypotension and bradycardia.

Despite carefully matching for known potential con-
founding variables, there is an inherent risk of bias from 
unknown confounders. For example, it remains likely that 
patients who were sicker (for example, septic or hemody-
namically unstable) were both more likely to develop atrial 
fibrillation and less likely to be given β blockers because of 
their unstable condition. Because we selected for patients 
who stayed at least two nights in the hospital, it could well be 

that patients in this study were likely sicker and undergoing 
larger procedures than the overall surgical population in our 
cohort. An important trade-off for early β-blocker initiation  
may be increased cerebrovascular events and mortality with 
the probable benefit of an improvement in cardiovascular 
events. Our cohort did not include data for mortality, myo-
cardial injury, or cerebrovascular events and was not powered 
for these rare outcomes. In addition, we did not see a benefit 
when β blockers were started before the end of postoperative 
day zero, and our interpretation of the potential for hypo-
tension or bradycardia remains speculative in the absence of 
data in this dataset. Furthermore, our results have limits on 
generalizability because we excluded both thoracic and vascu-
lar surgery, two of the highest-risk populations, even though 
the practice at our institution is to re-initiate β blockers at 
the earliest in these patients. An additional limitation is that 
we did not distinguish among types of β blockers used, nor 
do we know exactly when β blockers were stopped preop-
eratively. To the extent that patients took extended-release or 
long-acting preparations and stopped the morning of surgery, 
they would continue to be β blocked for a day or so. How-
ever, knowing that generic metoprolol is the most common 
β blocker used in our hospital, our results were reliable for 
this common β blocker. We also could not account for some 
other drugs (amiodarone, calcium channel blockers, statins, 
angiotensin-converting enzyme inhibitors) that have been 
shown to be protective against perioperative atrial fibrilla-
tion. Finally, we could not evaluate the duration of chronic 
β-blocker use, which is of interest in terms of upregulation 
of β receptors.

In conclusion, resuming administration of chronically 
used β blockers before the end of postoperative day 1 signifi-
cantly decreased the odds of postoperative atrial fibrillation 
in patients recovering from noncardiothoracic and nonvas-
cular surgery. Restarting on the day of surgery appears to 
offer little advantage and may increase the risk of hypoten-
sion and bradycardia, especially in a high-risk population.

Table 4. Sensitivity Analyses Using Multivariable Models for Association between Early or Late Restart and Postoperative Atrial 
Fibrillation

Model
Early Period 

Restart
Late Period 

Restart
Early Restart %  
(no. events/total)

Late Restart %  
(no. events/total) Odds Ratio (CI) P Value

1 POD0 ≥POD1 5.3% (226/4241) 5.6% (219/3921) 1.03 (0.84, 1.3) 0.793
2 POD0 ≥POD2 5.3% (226/4241) 7.7% (77/1000) 0.76 (0.57, 1.01) 0.060
3 POD0 ≥POD3 5.3% (226/4241) 9.0% (35/390) 0.69 (0.46, 1.04) 0.074
4 POD0 ≥POD4 5.3% (226/4241) 7.8% (17/217) 0.81 (0.47, 1.4) 0.452
5* POD0/1 ≥POD2 4.2% (301/7095) 7.1% (71/994) 0.66 (0.49, 0.87) 0.004
6 POD0/1 ≥POD3 4.2% (301/7095) 8.0% (31/386) 0.65 (0.43, 0.98) 0.039
7 POD0/1 ≥POD4 4.2% (301/7095) 6.5% (14/214) 0.79 (0.44, 1.4) 0.436

Early Period Restart indicates patients restarted β blockers by end of given day (e.g., POD0/1: before end of POD1). Late Period Restart indicates patients 
restarted β blockers on or after the given day.
No. events/total in the Early Restart % and Late Restart % columns indicate the number of patients who developed atrial fibrillation after the restart period 
divided by number of patients who restarted beta-blockers during the given time period. The given percent is this ratio times 100.
*Model 5 is primary analysis definition of groups; here using multivariable model, not propensity score matching. Multivariable models adjusted for all base-
line variables significant at P < 0.30 in stepwise regression.
POD, postoperative day.

Fig. 4. Detailed flowchart on sample sizes for sensitivity anal-
yses (corresponding to table 4). POD, postoperative day.
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N EUROSURGERY remains the cornerstone of cura-
tive treatment in brain tumor but is associated with 

high perioperative morbidity and mortality.1 The risk of peri-
operative mortality is more than twofold compared with the 
average mortality risk when adjusted to a patient’s baseline 
severity.1 This can be explained by the life-threatening com-
plications that may occur during the perioperative period: 
intracranial bleeding, intracranial hypertension, and status 
epilepticus, among others.2–5 It has therefore been suggested 
that overnight postoperative monitoring in an intensive care 
unit (ICU) be mandatory for all patients undergoing elec-
tive craniotomy.2,3,6 However, systematic ICU admission 
uses medical resources, increases costs, reduces the number 

Editor’s Perspective

What We Already Know about This Topic

• The authors developed a score for predicting the risk of 
postoperative complications

What This Article Tells Us That Is New

• The score was developed from 1,094 patients and validated in 
830 patients from six French hospitals

• Severe complications occurred in about 11% of each cohort
• The positive predictive value was poor, but the negative 

prediction value was excellent and might be used to identify 
patients who do not need critical care

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1111-20

ABSTRACT

Background: Craniotomy for brain tumor displays significant morbidity and mortality, and no score is available to discrimi-
nate high-risk patients. Our objective was to validate a prediction score for postoperative neurosurgical complications in this 
setting.
Methods: Creation of a score in a learning cohort from a prospective specific database of 1,094 patients undergoing 
elective brain tumor craniotomy in one center from 2008 to 2012. The validation cohort was validated in a prospective 
multicenter independent cohort of 830 patients from 2013 to 2015 in six university hospitals in France. The primary 
outcome variable was postoperative neurologic complications requiring in–intensive care unit management (intracranial 
hypertension, intracranial bleeding, status epilepticus, respiratory failure, impaired consciousness, unexpected motor 
deficit). The least absolute shrinkage and selection operator method was used for potential risk factor selection with 
logistic regression.
Results: Severe complications occurred in 125 (11.4%) and 90 (10.8%) patients in the learning and validation cohorts, 
respectively. The independent risk factors for severe complications were related to the patient (Glasgow Coma Score before 
surgery at or below 14, history of brain tumor surgery), tumor characteristics (greatest diameter, cerebral midline shift at least 
3 mm), and perioperative management (transfusion of blood products, maximum and minimal systolic arterial pressure, dura-
tion of surgery). The positive predictive value of the score at or below 3% was 12.1%, and the negative predictive value was 
100% in the learning cohort. In–intensive care unit mortality was observed in eight (0.7%) and six (0.7%) patients in the 
learning and validation cohorts, respectively.
Conclusions: The validation of prediction scores is the first step toward on-demand intensive care unit admission. Further 
research is needed to improve the score’s performance before routine use. (Anesthesiology 2018; 129:1111-20)

This article is featured in “This Month in Anesthesiology,” page 1A. Supplemental Digital Content is available for this article. Direct URL 
citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links to the digital files are provided 
in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org). Part of the work presented in this article has been 
presented at the National Congress of the French Society of Anesthesiology and Critical Care (SFAR) meeting in Paris, France, September 
23 to 24, 2016. 
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of ICU beds for emergencies, and is not associated with 
improved postoperative outcome.7 Although some risk fac-
tors have been identified,8,9 no validated prediction score 
exists to differentiate patients with high perioperative risk of 
complications from those who do not require ICU admis-
sion. From a medicoeconomic point of view, the use of such 
scores could help reduce healthcare costs by providing ade-
quate care to high-risk patients only.

Our primary objective was to develop and validate a 
score that could help physicians decide which patients 
require overnight ICU admission after elective intracranial 
neurosurgery to avoid the unnecessary admission of low-risk 
patients. The secondary objectives of the study were to assess 
perioperative morbidity and mortality in patients undergo-
ing elective brain tumor craniotomy.

Materials and Methods
This was a multicenter observational study (ClinicalTrials.
gov identifier NCT 01801813). The protocol was approved 
by the Institutional Review Board (Groupe d’Ethique dans le 
Domaine de la Santé) of the University Hospital of Nantes 
(Nantes, France). The learning cohort comprised patients 
undergoing craniotomy for a brain tumor in one center 
(Nantes) from January 1, 2008, to December 31, 2012. This 
cohort was developed from a retrospective analysis by screen-
ing two prospective databases: Clinicom (Siemens, Germany) 
for clinical and biologic data (radiologic findings, tumor his-
tology, or other demographic variables) and Pégase (Thélème, 
France) for perioperative data (such as during surgery, dur-
ing ICU stay). The data provided in the software enabled us 
to gather data on primary outcome, baseline demographics, 
tumor, and perioperative management. We therefore avoided 

selection bias and included all patients who were operated for 
brain tumor according to histology. For the validation cohort, 
a prospective analysis was performed in patients undergoing 
cerebral craniotomy for brain tumor from January 1, 2013, 
to December 1, 2015, in six French university hospitals (the 
University Hospitals of Beaujon, Clichy, Assistance Publique 
des Hôpitaux de Paris; La Timone, Assistance Publique des 
Hôpitaux de Marseille; Nantes; Rennes; Strasbourg; and Tou-
louse). Because our study was purely observational, consent 
was waived. Oral and written information was provided to 
patients in the validation cohort. Our Institutional Review 
Board waived the requirement to provide information for 
the retrospective analysis. The study was prepared in accor-
dance with transparent reporting of a multivariable predic-
tion model for individual prognosis or diagnosis guidelines.

Inclusion Criteria
Adult patients (older than 18 yr) undergoing elective neuro-
surgery with craniotomy for a brain tumor confirmed after 
histologic analysis were eligible for this study.

Noninclusion Criteria
Patients with stereotactic biopsy for brain tumor were not 
included. Patients undergoing craniotomy for simple biopsy, 
aneurysm clipping, arteriovenous malformation, cerebral 
cavernoma, or central nervous system infections and urgent 
craniotomy were not eligible for this study.

Data Collection
We collected demographic data such as age, sex, American 
Society of Anesthesiologists class, history of epilepsy, use 
of preoperative medications such as antiepileptic drugs, 
β-blockers, previous history of brain tumor surgery,10 tumor 
histology, location and intracerebral radiologic severity criteria 
such as mass effect on median structures, peritumoral edema, 
size of the tumor,11 perioperative management such as dura-
tion of anesthesia, duration of surgery,12 surgical position,13 
operative administration of mannitol, fluid administration, 
blood loss, and highest and lowest arterial blood pressures.8 
Postoperative data such as extubation time, use of mechanical 
ventilation, intracranial hypertension, intracranial bleeding, 
urgent neurosurgery, and seizures were recorded. The list of 
data recorded during the study is provided in Supplemental 
Digital Content 1 (http://links.lww.com/ALN/B775).

Primary Objective
The primary objective was to develop and validate a score 
that could predict early severe postoperative neurosurgical 
complications in the first 24 h in the ICU after elective brain 
tumor neurosurgery to improve ICU triage and safely dis-
charge patients to wards.

Definition of the Primary Outcome
To define the primary outcome variable, we developed a 
list of complications that could lead to severe postoperative 
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neurosurgical complications that require at least 24 h of 
ICU monitoring14: moderate to severe intracerebral bleed-
ing confirmed on brain computed tomography scan possibly 
requiring neurosurgical evacuation, intracranial hyperten-
sion confirmed on brain computed tomography scan or with 
intracranial probe or external ventricular drainage (defined 
as intracranial pressure at or above 20 mmHg), status epi-
lepticus or seizures (clinical or confirmed by electroen-
cephalogram), need for tracheal intubation and mechanical 
ventilation after the neurosurgical procedure, impaired con-
sciousness (Glasgow Coma Score at or below 13), unman-
ageable agitation requiring restraint or sedation, severe 
swallowing disorders leading to aspiration and respiratory 
failure (oxygen saturation measured by pulse oximetry at or 
below 90% or requiring oxygen therapy), unexpected severe 
motor deficit (motor score at or above 3), and finally death 
in the perioperative period. In case of minor postoperative 
intracranial bleeding on brain computed tomography scan 
but without significant symptoms, a patient could be dis-
charged from the ICU depending on each center’s protocol.

The aim of this study was to develop and validate a score spe-
cific for neurologic complications. Patients with postoperative 
complications unrelated to the neurosurgical procedure were 
therefore not considered for the primary outcome variable (e.g., 
allergy, iatrogenic complications such as pneumothorax after 
central venous catheter insertion, pacemaker dysfunction).

Secondary Objectives
The secondary objectives of our study were the description of 
perioperative management and perioperative morbidity and 
mortality.

Secondary Outcomes
Perioperative patient morbidity was defined as follows: 
patient readmission to the ICU during hospitalization and 
length of hospital stay. We also recorded in-ICU and in-
hospital mortality.

Statistical Analysis
Continuous variables were expressed as median (interquar-
tile range) for nonparametric data or mean ± SD for para-
metric data. Qualitative variables were expressed as N (%).

To construct the risk model for primary outcome, the least 
absolute shrinkage and selection operator was used for poten-
tial risk-factor selection with logistic regression. Conventional 
selection methods based on P values failed to obtain an ade-
quate multivariable model. Indeed, the number of events in 
our population was small compared with the number of risk 
factors tested (125 early postoperative neurosurgical compli-
cations and 35 potential risk factors). With the least abso-
lute shrinkage and selection operator method,15 the usual P 
< 0.05 is not considered for variable selection. This method 
penalizes the sum of the absolute values of the regression 
coefficients leading some coefficients to shrink to 0 and thus 
simultaneously perform variable selection.15 The shrinkage 

parameter, called λ, is generally selected through the cross-
validation method. This method was first performed on the 
learning cohort and resulted in the selection of 26 potential 
risk factors. Then, to reduce the number of risk factors, the 
optimal λ was determined using graphical consideration with 
an area under the receiver operating characteristic curve of 
73% and eight nonzero coefficients in the model.

To validate this predictive model, (1) apparent per-
formance was estimated in the learning cohort and (2) 
reproducibility was estimated in the validation cohort. Dis-
crimination was evaluated using the area under the receiver 
operating characteristic curve and its 95% CI, and calibra-
tion was assessed using the Hosmer–Lemeshow test. The 
Brier score was calculated to measure the accuracy of proba-
bilistic predictions. The Brier score provides the probability 
of a model (i.e., the CranioScore) to predict the occurrence 
of an outcome (i.e., postoperative complications). The value 
of the Brier score is between 0 and 1; the closer to 0 the Brier 
score, the better the model to predict the outcome. Finally, 
the CranioScore score was constructed with the regression 
coefficients identified in the multivariable model. We calcu-
lated the predicted probabilities of complications based on 
this score. We classified high-risk or low-risk postoperative 
complications according to various CranioScore thresholds. 
The aim of our score is to improve ICU triage and safely 
discharge patients to wards. This strategy implies favoring a 
score with the best negative predictive values to avoid false 
negatives. We therefore tested various CranioScore values in 
the learning cohort and chose which threshold was the best 
to discriminate patients with high or low risk of postopera-
tive complications that require overnight ICU monitoring.

The discriminative ability of this dichotomy (sensitivity, 
specificity, positive predictive value, and negative predic-
tive value) was estimated in both cohorts. We retained the 
threshold with the best negative predictive value and which 
could be helpful in the ICU triage process.

An a priori sample size calculation was not conducted, 
and all available data were used to include a minimum of 
100 events.16 We therefore decided to include at least 100 
patients with postoperative complications in the learning 
cohort to obtain an adequate sample size. Regarding the 
validation cohort, we included a cohort with at least a 40% 
of the size of the learning cohort to provide robust external 
validity.16,17

All analyses were performed on complete cases. Model 
selection with the least absolute shrinkage and selection 
operator method was performed using the penalized package 
in R, and SAS statistical software version 9.3 (SAS Institute, 
USA) was used for other analyses.

Results

Description of the Learning Cohort
We included 1,094 patients in the first cohort from January 
1, 2008, to December 31, 2012. A flowchart of the learning 
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cohort is available in Supplemental Digital Content 2 (http://
links.lww.com/ALN/B776). Mean age was 57 yr (±15), and 
the sex ratio of male:female was 521(47.6%):573(52.4%). 
Demographics and comorbidities for both cohorts are 
presented in table  1. Brain tumors were meningioma in 
355 (32.4%) patients, glioma-glioblastoma in 252 (23%) 
patients, and metastasis in 238 (21.8%) patients (table 2). 
Intraoperative data in the learning and validation cohorts 
are available in table 3. Respectively, 125 (11.4%) patients 
presented early postoperative neurosurgical complications 
in the learning cohort, and 114 (16.6%) patients presented 
complications in the validation cohort, in accordance with 
the primary outcome variable. Complications are provided 
in Supplemental Digital Content 3 (http://links.lww.com/
ALN/B777).

Multivariable Analysis: Independent Risk Factors for 
Neurologic Life-threatening Complications
To adequately select the variables associated with early 
postoperative complications, a least absolute shrinkage and 
selection operator procedure was performed (Supplemental 
Digital Content 4, http://links.lww.com/ALN/B778), and 
eight factors were selected for the multivariable model. The 
optimal λ (shrinkage parameter) was graphically determined 
so that the number of risk factors was the lowest (considering 

the number of events) and the highest area under the receiver  
operating characteristic curve criterion. These factors were 
used to develop the score (table  4): Glasgow Coma Score 
before surgery at or below 14 (odds ratio [OR], 4.55; 95% 
CI, 1.88 to 11.03; P = 0.0008), history of brain tumor sur-
gery (OR, 2.87; 95% CI, 1.74 to 4.72; P < 0.0001), greatest 
brain tumor diameter (mm; OR, 1.01; 95% CI, 1.00 to 1.02; 
P = 0.1), midline shift at or above 3 mm11 (OR, 1.67; 95% 
CI, 1.04 to 2.69; P = 0.03), transfusion of packed erythro-
cytes or plasma or platelets (OR, 1.69; 95% CI, 1.01 to 2.83; 
P = 0.04), maximum systolic arterial pressure during surgery 
(mmHg; OR, 1.01; 95% CI, 1.01 to 1.02; P = 0.0002), min-
imal systolic arterial pressure (mmHg) during surgery (OR, 
0.99; 95% CI, 0.97 to 1.00; P = 0.08), and duration of sur-
gery (OR, 1.37; 95% CI, 1.19 to 1.58; P < 0.0001). There 
were no missing data for all patients included in the learning 
cohort (N = 1,094). The model showed an area under the 
receiver operating characteristic curve of 0.73 IC95% (0.68 to 
0.77), Hosmer–Lemeshow test, P = 0.2 (fig. 1).

External Validation of the Score in an Independent Cohort
We tested the robustness of our model in an independent 
multicenter (six ICUs) prospective cohort of 830 patients 
undergoing scheduled neurosurgery included from January 
1, 2013, to December 31, 2015, in six centers. A flowchart 

Table 1. Demographic Data of Patients Undergoing Elective Craniotomy for a Brain Tumor in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Age, yr 0 57 (±15) 0 56 (±15) 0.7
Male/female 0 521 (47.6)/573 (52.4) 0 395 (47.6)/435 (52.4) 0.9
ASA class 0  1  0.7
                I–II  817 (74.7)  624 (75.3)  
                III–IV  277 (25.3)  205 (24.7)  
Score NYHA 1  22  0.03
                I–II  1,080 (98.7)  787 (97.4)  
                III–IV  14 (1.3)  21 (2.6)  
GCS ≤ 14 before procedure 0 25 (2.3) 3 35 (4.2) 0.02
Preoperative motor deficit 0 220 (20.1) 1 193 (23.3) 0.09
Aphasia 0 153 (14) 7 126 (15.3) 0.4
Deglutition disorders 0 15 (1.4) 1 18 (2.2) 0.1
History of craniotomy for brain tumor 0 158 (14.4) 0 133 (16) 0.3
History of epilepsy 0 315 (28.8) 3 244 (29.5) 0.7
Chronic hypertension 0 306 (28) 0 268 (32.3) 0.04
Diabetes mellitus 0 58 (5.3) 5 56 (6.8) 0.1
Preoperative medication      
Antiepileptic drugs 0 472 (43.1) 0 491 (59.2) < 0.001
Outcome      
In-ICU mortality 0 8 (0.7) 0 6 (0.7)  
Second ICU admission after neurosurgery 0 15 (1.4) 0 27 (3.2)  
In-hospital mortality 0 16 (1.5) 6 9 (1.1)  
Hospital length of stay, days 0 13 (±13) 3 12 (±13)  

Continuous data are expressed as means (± SD) and nominal data as N (%). The parameters regarding outcome were not included in the least absolute 
shrinkage and selection operator procedure.
ASA, American Society of Anesthesiologists; GCS, Glasgow Coma Score; ICU, intensive care unit; NYHA, New York Heart Association.
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of the validation cohort is available in Supplemental Digi-
tal Content 2 (http://links.lww.com/ALN/B776). Ninety 
(10.8%) patients presented early postoperative neurologic 
complications. Demographics, the type of brain tumor, and 
perioperative data in this cohort are available in tables  1–
3, respectively. The score was applied in 748 patients (82 
patients had missing data for at least one of the selected 
variables). The area under the receiver operating character-
istic curve of the score in this cohort was 0.70 IC95% (0.64 
to 0.76), and the Hosmer–Lemeshow test P value was 0.1 
(fig. 1). The Brier score in this cohort was 0.13.

Definition and Usefulness of a Predictive Score for 
Complications
The robustness of the multivariable analysis prompted us 
to validate a score with the selected risk factors. The Crani-
oScore based on these factors (table 4) provides a calculated 
probability of postoperative neurosurgical complications for 
each patient and is therefore expressed as a percentage. The 
CranioScore is only applicable in patients with all available 
data (no missing data in any of the selected variables). Several 
probability cutoffs for predicted complications were tested 
to delineate sensitivity, specificity, and positive and nega-
tive predictive values in the learning cohort (table 5). In the 
learning cohort, a 3% threshold had a sensitivity of 100%, 
a specificity of 6.2%, a positive predictive value of 12.1%, 
and a negative predictive value of 100%. With a thresh-
old greater than 3%, 1,034 patients in the learning cohort 
and 660 patients in the validation cohort presented such 
values and would have been classified as high-risk patients 

requiring overnight ICU monitoring. Among these patients, 
125 (11.4%) patients with complications would have been 
accurately classified as “high risk” in the learning cohort. 
No patients would have been misclassified in the learning 
cohort. In the validation cohort, 85 (10.2%) patients with 
complications would have been accurately classified as “high 
risk.” Only one (0.1%) patient would have been misclassi-
fied as low risk in the validation cohort. On the other hand, 
60 (5.4%) patients in the learning cohort and 88 (10.6%) 
patients in the validation cohort had a CranioScore at or 
below 3% and could have been discharged directly to a ward. 
Table 6 provides the classification of patients according to 
various values of their CranioScore (1%, 2%, 3%, and oth-
ers) in the two cohorts. Based on these data (table 6) and 
using the CranioScore formula (Supplemental Digital Con-
tent 5, http://links.lww.com/ALN/B779), a predicted per-
centage of complications greater than 3% could be proposed 
to limit the risk of false negatives (patients classified as low 
risk of complications but who will develop a complication). 
Two examples of calculations of the CranioScore are pro-
vided (Supplemental Digital Content 5, http://links.lww.
com/ALN/B779).

Secondary Outcomes
The perioperative management of patients in the validation 
and learning cohorts is displayed in table 3. In the learning 
cohort, 8 (0.7%) patients died in the ICU, and 16 (1.5%) 
died in the hospital. In the validation cohort, 6 (0.7%) 
patients died in the ICU, and 9 (1.1%) died in the hospital. 
Secondary outcome data can be found in table 1.

Table 2. Histologic and Radiologic Data of Tumors in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Tumor histology 0  3   
Meningioma  355 (32.4)  260 (31.4) 0.1
Glioma-glioblastoma  252 (23)  229 (27.7)  
Metastasis  238 (21.8)  167 (20.2)  
Other  249 (22.8)  171 (20.7)  
Tumor location      
                Frontal lobe 0 492 (45) 3 375 (45.3) 0.8
                Parietal lobe 0 202 (18.5) 3 181 (21.9) 0.06
                Temporal lobe 0 252 (23) 5 191 (23.1) 0.9
                Occipital lobe 0 81 (7.4) 4 68 (8.2) 0.5
                Infratentorial 0 202 (18.5) 3 128 (15.5) 0.09
Radiologic severity data (MRI/CT scan)      
                Midline shift ≥ 3mm 0 391 (35.7) 11 186 (22.7) < 0.001
                Mass effect 0 816 (74.6) 9 441 (53.7) < 0.001
                Midline location 0 193 (17.6) 12 81 (9.9) < 0.001
                Hydrocephalus 0 82 (7.5) 11 49 (6) 0.1
                Peritumoral edema 0 663 (60.6) 9 447 (54.5) 0.01
                Compression of the fourth ventricle 0 124 (11.3) 10 46 (5.6) < 0.001
                Greater size, mm 0 40 (±17) 48 40 (±17) 0.8

Continuous data are expressed as means (± SD) and nominal data as N (%).
CT, computed tomography; MRI, magnetic resonance imaging. 
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Table 3. Intraoperative Data in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Age of the neurosurgeon, yr 0  0   
                < 40  503 (46)  257 (31) < 0.001
                40–50  427 (39)  323 (38.9)  
                ≥ 50  164 (15)  250 (30.1)  
Primary agent      
                Propofol 0 1,094 (100) 4 566 (68.5) < 0.001
                Halogenated anesthetics 0 0 4 273 (33) < 0.001
                Remifentanyl 0 19 (1.7) 4 245 (29.7) < 0.001
                Sufentanil 0 1,075 (98.3) 2 581 (70.2) < 0.001
Awake surgery 0 4 (0.4) 1 37 (4.5) < 0.001
Surgical position 0  2   
                Dorsal  888 (81.2)  645 (77.9) < 0.001
                Ventral  128 (11.7)  78 (9.5)  
                Lateral  61 (5.6)  94 (11.3)  
                Seated position  17 (1.5)  11 (1.3)  
Minimal temperature, °C 195 35.3 (±1) 164 35.7 (±0.6) < 0.001
Crystalloids, ml 0 1,332 (±592) 20 1,774 (±857) < 0.001
Colloids , ml 0 412 (±542) 20 222 (±450) < 0.001
Osmotherapy 0 81 (7.4) 6 93 (11.3) 0.003
Blood loss, ml 35 856 (879) 68 440 (593) < 0.001
Packed erythrocytes ≥ 2 0 114 (10.4) 8 59 (7.2) 0.01
Transfusion of packed erythrocytes or 

plasma or platelets
0 133 (12.1) 0 66 (7.9) 0.003

Catecholamine perfusion 0 43 (3.9) 9 70 (8.5) < 0.001
Maximum SAP, mmHg 0 166 (±27) 18 150 (±26) < 0.001
Minimal SAP, mmHg 0 80 (±14) 18 83 (±14) < 0.001
Maximum MAP, mmHg 0 120 (±22) 121 103 (±20) < 0.001
Minimal MAP, mmHg 0 56 (±10) 119 59 (±12) < 0.001
Duration of surgery, h 0 2.7 (±1.3) 29 2.8 (±1.6) 0.14
Duration of anesthesia, h 0 4.2 (±1.4) 31 4.4 (±1.9) 0.06

Continuous data are expressed as means (± SD) or median (interquartile range) accordingly and nominal data as N (%). Data suggest that high-volume cra-
niotomy centers5 report lower rates of complications. Because a selection bias could occur in the validation cohort, which could blunt the center’s volume 
effect, we chose to note the neurosurgeon’s age as a surrogate marker of his/her level of expertise. Maximum and minimum blood pressure were retained 
when the level remained the same during 3 min of monitoring. Blood pressure management was performed according to local protocols.
MAP, mean arterial pressure; SAP, systolic arterial pressure. 

Table 4. Multivariable Analysis in the Learning Cohort of Risk Factors of Early Severe Postoperative Neurosurgical Complications 
(N = 1,094)

 

Univariate Analysis Multivariable Analysis

ORunadjusted P Value β ORadjusted CI95% P Value

Intercept   −4.8094   
GCS before procedure (≤ 14 vs. 15) 6.58 (2.92–14.84) < 0.001 1.5149 4.55 (1.88–11.03) 0.0008
History of brain tumor surgery 2.19 (1.40–3.42) 0.001 1.0534 2.87 (1.74–4.72) < 0.0001
Greater size of tumor in brain imaging 1.02 (1.01–1.03) 0.001 0.00878 1.01 (1.00–1.02) 0.1
Midline shift in brain imaging ≥ 3 mm 1.99 (1.36–2.89) 0.001 0.5114 1.67 (1.04–2.69) 0.03
Transfusion of a packed erythrocytes or  

plasma or platelets
3.12 (1.99–4.88) < 0.001 0.5164 1.68 (1.00–2.80) 0.04

SAP maximum, mmHg 1.01 (1.00–1.02) 0.001 0.0118 1.01 (1.01–1.02) 0.001
SAP minimum, mmHg 0.99 (0.97–1.00) 0.06 −0.0130 0.99 (0.97–1.00) 0.08
Duration of surgery, h 1.38 (1.23–1.56) < 0.001 0.2981 1.35 (1.17–1.55) < 0.0001

The least absolute shrinkage and selection operator analysis makes it possible to select variables without being limited by the parsimonious rule in usual 
logistic regression models by minimizing the sum of the absolute values of the regression coefficients leading some coefficients. This allows the selection 
of variables to be kept in the final regression model, in spite of the P > 0.05 obtained here with some risk factors (e.g., size of brain tumor).
GCS, Glasgow Coma Score; OR, odds ratio; SAP, systolic arterial pressure.
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Fig. 1. Receiver operating characteristic curves of the CranioScore in the learning (A) and validation (B) cohorts. (A) Receiver 
operating characteristic curve of the model in the learning cohort with an area under the receiver operating characteristic curve 
0.72 IC95% (0.68 to 0.77), Hosmer–Lemeshow test, P = 0.2. (B) Receiver operating characteristic curve in the external validation 
cohort with an area under the receiver operating characteristic curve of 0.70 IC95% (0.64 to 0.76), Hosmer–Lemeshow test, P = 0.1. 

Table 5. Sensitivity, Specificity, Positive Predictive Value, Negative Predictive Value, and Positive and Negative Likelihood Ratio in the 
Learning Cohort according to the Various Predicted Percentages of Complications of the CranioScore

 Sensitivity, % Specificity, %

Positive  
Predictive  
Value, %

Negative  
Predictive  
Value, %

Positive  
Likelihood  

Ratio

Negative  
Likelihood  

Ratio

> 2% 100 (97.1–100) 0.5 (0.2–1.2) 11.5 (9.6–13.5) 100 (47.8–100) 1.01 (1.00–1.01) 0
> 3% 100 (97.1–100) 6.2 (4.8–7.9) 12.1 (10.2–14.2) 100 (94–100) 1.07 (1.05–1.08) 0
> 4% 96.0 (90.9–98.7) 15.6 (13.4–18.0) 12.8 (10.7–15.1) 96.8 (92.7–99.0) 1.14 (1.09–1.19) 0.26 (0.11–0.61)
> 5% 92.8 (86.8–96.7) 26.1 (23.4–29.0) 13.9 (11.7–16.5) 96.6 (93.6–98.4) 1.26 (1.18–1.34) 0.28 (1.18–1.34)
> 8% 78.4 (70.2–85.3) 51.1 (47.9–54.3) 17.1 (14.1–20.5) 94.8 (92.6–96.6) 1.60 (1.43–1.79) 0.42 (0.30–0.59)
> 10% 65.6 (56.6–73.9) 62.8 (59.7–65.9) 18.6 (15.0–22.5) 93.4 (91.2–95.2) 1.77 (1.52–2.05) 0.55 (0.43–0.70)
> 15% 45.6 (36.7–54.7) 82.7 (80.1–85.0) 25.3 (19.8–31.5) 92.2 (90.2–93.9) 2.63 (2.08–3.33) 0.66 (0.56–0.77)

Table 6. Number of Patients Displaying the Value of Different CranioScore Thresholds and Number of Patients with or without 
Postoperative Complications in the Learning and Validation Cohorts

CranioScore  
Thresholds Cohort

Patients Classified as  
“High Risk of  

Complications,” N (%)

Patients Classified as  
“Low Risk of  

Complications,” N (%)

Patients with the  
Occurrence of  

Complications Classified  
as “High Risk,” N (%)

Patients with a Wrong  
Prediction of  

Complications Classified  
as “Low Risk,” N (%)

> 2% LC 1,089 (99.5) 5 (0.5) 125 (11.4) 0 (0.0)
VC 732 (97.9) 16 (2.1) 86 (11.5) 0 (0.0)

> 3% LC 1,034 (94.5) 60 (5.5) 125 (11.4) 0 (0.0)
VC 660 (88.2) 88 (11.8) 85 (11.4) 1 (0.1)

> 4% LC 938 (85.7) 156 (14.3) 120 (11.0) 5 (0.5)
VC 578 (77.3) 170 (22.7) 78 (10.4) 8 (1.1)

> 5% LC 832 (76.1) 262 (23.9) 116 (10.6) 9 (0.8)
VC 488 (65.2) 260 (34.8) 71 (9.5) 15 (2.0)

> 8% LC 572 (52.3) 522 (47.7) 98 (9.0) 27 (2.5)
VC 286 (38.2) 462 (61.8) 54 (7.2) 32 (4.3)

> 10% LC 286 (26.1) 652 (59.6) 82 (7.5) 43 (3.9)
VC 210 (28.1) 538 (71.9) 48 (6.4) 38 (5.1)

> 15% LC 225 (20.6) 869 (79.4) 57 (5.2) 68 (6.2)
VC 116 (15.5) 632 (84.5) 32 (4.3) 54 (7.2)

LC, learning cohort; VC, validation cohort.
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Discussion
We validated a score predicting early severe postoperative neu-
rosurgical complications within the setting of elective crani-
otomy for brain tumor. This score could provide substantial 
help in discriminating patients requiring mandatory overnight 
ICU monitoring to screen and treat major complications.

In an international observational study,18 in-hospital mor-
tality for patients requiring elective noncardiac surgery was 
higher than expected (up to 4%) with wide variation between 
countries. Moreover, indirect patient ICU admission after 
surgery was associated with higher mortality than patients 
with direct admission, meaning that complications after elec-
tive surgery should have been better anticipated.19 These data 
favor systematic postoperative ICU admission. However, in a 
recent multicenter international study, direct ICU admission 
after surgery did not appear to improve hospital mortality.7 
The benefit of systematic ICU admission is therefore question-
able. Up to now, monitoring patients after elective intracranial 
surgery in an acute care setting has been recommended (ICU, 
Neuro-ICU) because elective neurosurgery involves substantial 
morbidity and mortality compared with other types of surgery. 
An on-demand rather than a routine ICU admission policy 
could be profitable to high-risk patients and institutions.

In a nationwide multicenter database,1 patients undergo-
ing neurosurgery had more than a twofold risk of periopera-
tive mortality compared with average mortality. Moreover, 
mortality after neurosurgery has not decreased over the last 
few decades.1,20 This high mortality rate can be explained by 
life-threatening complications that can occur, such as cere-
bral hematoma,9 status epilepticus,13 and difficulty in wean-
ing the patient from mechanical ventilation.21 The incidence 
of complications after a neurosurgical procedure can be as 
high as 14.3%, especially after craniotomy.21 These data 
urgently call for modification of postoperative ICU admis-
sion protocols and enhanced screening of patients. These 
scores could play a role in deciding ICU admission. In neu-
rosurgery after elective craniotomy, selective rather than rou-
tine ICU admission could be both safe and cost-effective,6 
but the medical data that could improve this process are cur-
rently lacking. With a CranioScore value at or below 3%, 
patients could be safely discharged from the recovery room 
to a surgical ward. The percentage of patients with such Cra-
nioScore values could seem low. However, given the current 
policy of systematic ICU admission after neurosurgery, this 
would be the first step toward safe, medically justified, and 
cost-effective on-demand ICU admission after intracranial 
neurosurgery. Such a strategy would be highly innovative 
because on-demand ICU admission has not been tested in 
other contexts of high-risk surgery such as cardiac surgery.

Unlike cardiac surgery, there are very few scores to predict 
outcome in the setting of neurosurgery with craniotomy.22,23 To 
the best of our knowledge, only 25 studies on preoperative risk 
assessment are available in this setting.24 The scores currently 
available, such as American Society of Anesthesiologists or Kar-
nofski Performance Status, are not specific for neurosurgery 

patients and usually have small samples.24 The specific preop-
erative sex, Karnofsky, American Society of Anesthesiology, 
location, edema grading system associating sex, Karnofski Per-
formance Status, American Society of Anesthesiologists class, 
location of the brain tumor, and edema was built to predict 
1-yr outcome after meningioma surgery in the elderly.25 The 
sex, Karnofsky, American Society of Anesthesiology, location, 
edema score is useful in a selected population of patients under-
going elective craniotomy but is not helpful in the prediction of 
early postoperative complications with all types of brain tumors. 
The CranioScore is the first designed nationwide cohort with 
unselected brain tumor types in patients undergoing neurosur-
gery. Because we also provide a validation cohort, our results 
should be applicable to other settings. We have also identified 
some previously described risk factors such as the duration of 
surgery,13 which will strengthen applicability.

Our study has limitations. First, in spite of this large cohort, 
the sample size of patients with a postoperative complication 
is rather low, and the selection of the adequate variable to 
uphold in a traditional regression model could be inadequate, 
owing to the parsimonious rule. Least absolute shrinkage and 
selection operator models are not subjected to this limitation 
even with a high number of variables. Second, our findings 
suggest associations and not causation, although we provided 
a large independent validation cohort for external valida-
tion of the CranioScore. It is therefore possible that specific 
therapeutic targets based on the risk factors would improve 
outcomes. Third, the decision to switch hospital policies 
from systematic to on-demand ICU admission could involve 
some major logistics changes. It should enhance ICU bed 
availability, but it should be accompanied by increased nurse 
staff training, education, and monitoring in surgical wards. 
Fourth, a CranioScore cannot be easily calculated. However, 
this should not be a major drawback with the widespread use 
of online free calculators and medical apps on smartphones. 
Fifth, our cohort had a low incidence of awake craniotomy or 
rare surgical procedures that may have a higher risk of compli-
cations such as craniopharyngioma resection. Our score may 
not apply in such a setting, as well as in patients undergoing 
craniotomy for other procedures (aneurysm clipping and arte-
riovenous malformation, among others). In addition, the Cra-
nioScore is not applicable in case a patient has missing data 
in one of the selected variables. However, these variables are 
routinely monitored. Last, patient ICU admission could rely 
on the comorbidities for a given patient18 and not only on the 
potential occurrence of postoperative complications. In cases 
of patients with severe comorbidities, other specific scores can 
be used26 to evaluate overall perioperative risk.

Conclusions
The CranioScore is a validated score predicting the risk of 
severe postoperative neurosurgical complications in elec-
tive craniotomy for brain neoplasms. It should be of inter-
est to help an attending physician in the on-demand ICU 
admission process after craniotomy. Given the potential 
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consequences of misclassification, further research should 
focus on improving the specificity of prediction scores. The 
addition of biomarkers could be a promising tool in the 
prognostication of outcome after neurosurgery27 and could 
be tested to enhance the validity of our score.
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Daily Nitrous Oxide for “Pupblic” Patients of Dr. C. C. Haskell

From Springfield, Massachusetts, Dr. Clarence Crowell Haskell (1858 to 1917) published a ca. 1870 pamphlet adver-
tising (left) that he administered nitrous oxide “every day.” By touting that “3000 teeth already extracted testify to the 
superiority of the gas over all other anesthetics,” Dr. Haskell was mimicking pioneer anesthetist G. Q. Colton, who had 
advertised his own revival of nitrous-oxide anesthesia. With Haskell’s slogan (upper right), “Ether administered when 
desired,” he afforded an alternate anesthetic for those not happy to receive laughing gas. “Pupblic” patients (lower right) 
could only pray that Dr. Haskell could administer anesthetics better than he could spell or proofread…. (Copyright © the 
American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.P.H., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-Museum 
of Anesthesiology, Schaumburg, Illinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland, 
Ohio. UJYC@aol.com.

ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024



Anesthesiology, V 129 • No 6 1121 December 2018

V ARIATIONS in clinical practice are well documented 
across different areas of medicine and jurisdictions.1,2 

Some variation in care delivery is warranted and expected. 
Differences in patient illness and preferences should drive 
individualization of care in pursuit of better outcomes. How-
ever, in some cases, medical practice variation unexplained by 
patient illness, risk factors, or preferences2,3 is associated with 
adverse outcomes.1,4,5 Identification of reasons for such varia-
tion could help inform development of strategies to minimize 
unexplained variation and improve patient outcomes.

More than 300,000 hip fracture surgeries are performed in 
the United States annually;6 more than 20,000 are performed 
in Canada.7 Hip fracture surgery is associated with relatively 
high morbidity and mortality rates (more than 20%8 and 6%,9 

Editor’s Perspective 

What We Already Know about This Topic

• Neuraxial anesthesia use for hip fracture surgery has wide 
variation in use across hospitals, and hospitals using it for less 
than 25% of patients may have increased 30-day mortality

• The proportion of the variation in use attributable to patient, 
provider, and hospital factors remains unknown

What This Manuscript Tells Us That Is New

• Canadian administrative data demonstrate that approximately 
60% of the variation in neuraxial use is attributable to patient 
factors, 20% to provider factors, and 20% to hospital factors

• The specific anesthesiologist or hospital a patient receives care 
from affects the likelihood of neuraxial use more than most 
clinical factors

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1121-31

ABSTRACT

Background: Substantial variation in primary anesthesia type for hip fracture surgery exists. Previous work has demonstrated 
that patients cared for at hospitals using less than 20 to 25% neuraxial anesthesia have decreased survival. Therefore, the 
authors aimed to identify sources of variation in anesthesia type, considering patient-, anesthesiologist-, and hospital-level 
variables.
Methods: Following protocol registration (NCT02787031), the authors conducted a cross-sectional analysis of a population-
based cohort using linked administrative data in Ontario, Canada. The authors identified all people greater than 65 yr of 
age who had emergency hip fracture surgery from April 2002 to March 2014. Generalized linear mixed models were used to 
account for hierarchal data and measure the adjusted association of hospital-, anesthesiologist-, and patient-level factors with 
neuraxial anesthesia use. The proportion of variation attributable to each level was estimated using variance partition coef-
ficients and the median odds ratio for receipt of neuraxial anesthesia.
Results: Of 107,317 patients, 57,080 (53.2%) had a neuraxial anesthetic. The median odds ratio for receiving neurax-
ial anesthesia was 2.36 between randomly selected hospitals and 2.36 between randomly selected anesthesiologists. The 
majority (60.1%) of variation in neuraxial anesthesia use was explained by patient factors; 19.9% was attributable to 
the anesthesiologist providing care and 20.0% to the hospital where surgery occurred. The strongest patient-level 
predictors were absence of preoperative anticoagulant or antiplatelet agents, absence of obesity, and presence of pul-
monary disease.
Conclusions: While patient factors explain most of the variation in neuraxial anesthesia use for hip fracture surgery, 40% of 
variation is attributable to anesthesiologist and hospital-level practice. Efforts to change practice patterns will need to consider 
hospital-level processes and anesthesiologists’ intentions and behaviors. (Anesthesiology 2018; 129:1121-31)
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Hospital-, Anesthesiologist-, and Patient-level Variation 
in Primary Anesthesia Type for Hip Fracture Surgery

A Population-based Cross-sectional Analysis
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Perioperative Medicine
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Variation in Anesthesia Type for Hip Fracture Surgery

respectively). Efforts are needed to improve the quality and 
outcomes of anesthesia care for these high-risk patients. Sub-
stantial variation in the use of general anesthesia versus neur-
axial anesthesia has been documented in the United States,10 
United Kingdom,11 and Canada.12 While the current evidence 
does not convincingly support the role of neuraxial anesthe-
sia in improving postoperative outcomes,8,10,13–16 neuraxial 
anesthesia may decrease respiratory and hematologic adverse 
events,13 and length of stay.10 In addition, we have recently 
shown that patients who have hip fracture surgery in hospitals 
that use more than 20 to 25% neuraxial anesthesia for hip frac-
ture surgery have significantly higher risk-adjusted survival.12

A key step to guiding efforts to decrease unexplained 
practice variation and improve outcomes is understand-
ing how much variation in anesthesia type is explained by 
patient-level factors versus other factors, such as clinician 
or hospital practice patterns.17 We, therefore, conducted a 
cross-sectional analysis of a population-based cohort to mea-
sure the extent of practice variation in choice of anesthesia 
type attributable to hospital-, anesthesiologist-, and patient-
level factors, as well as to identify specific characteristics at 
each of these levels that significantly influence a patient’s 
likelihood of receiving a neuraxial anesthesia.

Materials and Methods

Setting and Data
Following ethical approval from the Sunnybrook Health Sci-
ences Research Board (Toronto, Canada), we conducted a 
population-based cross-sectional analysis in Ontario, Canada, 
where hospital and physician services are provided to all resi-
dents through a publicly funded healthcare system and recorded 
in health administrative datasets that are collected using stan-
dardized methods.18,19 All data were linked deterministically 
using anonymized, encrypted, patient-specific identifiers at 
the Institute for Clinical Evaluative Sciences, an independent 
research institute that houses the health administrative data for 
the province of Ontario. Datasets used for the study included 
the Discharge Abstract Database, which captures all hospital-
izations; the Ontario Health Insurance Plan database, which 
captures physician service claims; the National Ambulatory 
Care Reporting System, which captures details of all emer-
gency and outpatient care; the Continuing Care Reporting 
System, which records details of long-term and respite care; 
the Ontario Drug Benefits Database, which captures prescrip-
tion drug claims for residents 65 yr and older; the Institute for 
Clinical Evaluative Sciences Physician Database, which houses 
information on physician specialty, demographics, training, 
and workload; and the Registered Persons Database, which 
captures all death dates for residents of Ontario. The analytic 
dataset was assembled by a trained data analyst independent 
of the study team. Analysis was performed by the lead author 
(D.I.M.) and overseen by the senior author (C.v.W). The study 
protocol was registered at clinicaltrials.gov (NCT02787031, 
which included two objectives: the outcome study previously 

reported12 and the current variation analysis). The manuscript 
is reported according to guidelines.20,21

Cohort
We identified all Ontario residents who were 66 yr or older 
on the day of their emergency hip fracture surgery, an age 
cutoff that allowed us to identify prescription medications in 
the year before surgery (universal drug coverage is available 
starting at age 65 yr). These patients were identified using 
Canadian Classification of Interventions codes to identify 
hip fracture surgery (diagnostic code S72 for hip fracture; 
then procedural codes 1VA53, 1VA74, 1VC74, or 1SQ53).22 
Reabstraction studies demonstrate that these codes are accu-
rate and reliable (κ 0.95; positive predictive value, 0.95).23 
We limited our sample to individuals who were admitted to 
hospital on a nonelective basis to exclude elective hip opera-
tions. Participants were identified from April 2002, the date 
of introduction of the International Classification of Diseases, 
Tenth Edition (ICD-10) to identify diagnoses, and the Cana-
dian Classification of Interventions to identify procedures, to 
March 2014, the latest time at which all datasets were com-
plete. Patients were excluded if they were treated in a hospital 
that did fewer than 10 hip fracture surgeries per year or if the 
anesthesia type was missing from their administrative records.

Exposure
Anesthesia type was captured from the Discharge Abstract 
Database, where anesthesia type is coded for every opera-
tive procedure; reabstraction demonstrates 94% agreement 
for this field.24 Anesthesia type was coded in the Discharge 
Abstract Database as general, spinal, epidural, or combined 
general and neuraxial. Patients who received an epidural or 
spinal anesthetic without concurrent general anesthesia were 
categorized as having received neuraxial anesthesia, while any 
patient who received general anesthesia (including those who 
had a combined general anesthesia and neuraxial anesthesia) 
were categorized as not having received neuraxial anesthesia.

Outcomes
Although adjusted outcome rates have been previously 
reported,12 we collected 30-day all-cause mortality (from the 
Registered Persons Database) and postoperative length of 
stay (from the Discharge Abstract Database).

Covariates
For each patient, we identified variables available in our data 
sources that we postulated could influence the receipt of a neur-
axial anesthetic. Because our purpose was to explore all pos-
sible contributing factors that we could measure, as opposed 
to creating a parsimonious prediction model, we included 
factors that could be related, such as diagnosis of pulmonary 
disease, as well as treatments for pulmonary disease. Demo-
graphics were identified from the Registered Persons Database 
and from the Canadian Census. Standard methods were used 
to identify all Elixhauser comorbidities based on International 
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Classification of Diseases, 9th Edition and International Clas-
sification of Diseases, 10th Edition, codes from the Discharge 
Abstract Database in the 3 yr preceding surgery.25 We also 
measured the preoperative length of stay. We identified receipt 
of the following prescription medications in the year before 
surgery: angiotensin converting enzyme inhibitors or angio-
tensin receptor blockers, antiarrhythmics, anticoagulants, 
anticonvulsants, antidepressants, antipsychotics, insulin, oral 
antihyperglycemics, antiplatelet agents, benzodiazepines, beta 
blockers, oral corticosteroids, inhaled corticosteroids, inhaled 
bronchodilators, or dementia drugs (donepezil, rivastigmine, 
memantine, or galantamine). The Hospital-patient One-year 
Mortality Risk score was also calculated to measure death 
risk based on present on admission variables. This score is an 
externally validated risk adjustment instrument with excellent 
discrimination (c-statistic, 0.89 to 0.92) and calibration for 
predicting 1-yr mortality risk in hospitalized patients.26

We also identified information about individual anesthesi-
ologists and individual hospitals from which patients received 
their care. For each physician, we captured their age, sex, years 
of experience (calculated as year of surgery – [year of gradu-
ation + 5 yr for residency training]), and their overall case 
volume (both hip fractures and non–hip fracture surgery), 
which reflects each physicians’ annual billings compared with 
that year’s average from all physicians in the specialty. We 
characterized each hospital based on its teaching hospital sta-
tus (i.e., whether it had a residency training programs in anes-
thesiology), and volume of hip fracture surgeries performed 
in the year before the index surgery.

Analysis
SAS (SAS Institute, USA) version 9.4 was used for all analyses. 
We used standardized differences to compare characteristics 
between patients who did and did not receive a neuraxial anes-
thesia for their surgery. Although no universal threshold has 
been established, differences of 10% or less are considered to 
indicate balance.27 All multilevel models were specified and 
analyzed using PROC GLIMMIX, a part of the SAS software.

Sources of Variation and Predictors of Neuraxial 
Anesthesia Use
To determine the relative contribution of hospital-, anesthesi-
ologist-, and patient-level factors to variation in neuraxial use, 
we developed a generalized linear mixed model with a logit 
link and binary response distribution (i.e., multilevel logis-
tic regression). The multilevel model included two random 
intercept terms: one for a hospital identifier and one for an 
anesthesiologist identifier (nested within hospitals). These ran-
dom intercepts were used to calculate the variance partition 
coefficient (also known as intraclass correlation coefficient 
in linear models) and the median odds ratio for receipt of a 
neuraxial anesthetic.28 The variance partition coefficient char-
acterizes the proportion of variation attributable to the cluster 
levels (i.e., hospital and anesthesiologist level). In multilevel 
logistic models, variance between clusters is measured on the 

logistic scale, while individual level variance is on the prob-
ability scale. To account for this, we calculated the variance 
partition coefficient using the linear threshold model method, 
which normalizes variance measurements to the logistic scale 
using the formula: variance partition coefficient = variance / 
(variance + [π2/3]).28 Modified Wald P values were used to 
test if the variance was significantly different from zero.29 We 
performed covariance tests to estimate whether model fit was 
improved with addition of these random intercepts compared 
to the model with only fixed effects. The median odds ratio is 
the median value obtained from comparing the adjusted odds 
of having a neuraxial anesthesia if the same individual under-
went surgery at two different randomly selected hospitals, or 
under the care of two randomly selected anesthesiologists.28 
The median odds ratio always takes a value greater than 1; 
therefore, a median odds ratio of 1.5 suggests that the median 
odds of receiving neuraxial anesthesia is 50% higher if the same 
patient had surgery at one randomly selected hospital versus 
another randomly selected hospital, or under the care of one 
randomly selected anesthesiologist versus another randomly 
selected anesthesiologist. The median odds ratio was calcu-
lated using the formula: median odds ratio = e0.95√variance.28

The model also included fixed patient-level effects. Patient-
level covariates were chosen based on their postulated role in 
influencing the choice of anesthesia type: age (classified as 66 
to 74 yr, or 75 yr and older as recommended by the National 
Surgical Quality Improvement Program universal risk calcula-
tor30); sex (male or female); Hospital-patient One-year Mortal-
ity Risk score (as a continuous linear variable, where higher 
score means higher risk of death); rural residence (binary); 
neighborhood income quintile (five-level categorical variable); 
all Elixhauser comorbidities (as binary variables); preoperative 
length of stay (categorical: 0 to 1 days, 2 days, greater than 2 
days); whether surgery was performed on a weekend (binary); 
acute care hospitalization in the year before admission (binary); 
emergency department visit in the year before surgery (binary); 
and each prescription medication described in the Covariates 
section (as binary variables). We had initially included use of an 
intraoperative arterial line in our model, but after discussions in 
the peer-review process, it was agreed that an arterial line may 
have preceded choice of anesthesia type in some patients (and 
therefore fit appropriately on the causal pathway), whereas in 
other cases it may have been placed after (or even due to) effects 
of the primary anesthesia type (in which case it would be inap-
propriate to include as a predictor). Therefore, our final analy-
ses did not include an arterial line variable.

We performed a prespecified sensitivity analysis where we 
excluded patients who had an epidural and patients who had 
neuraxial anesthesia with concurrent general anesthesia. We 
also performed a post hoc sensitivity analysis where physi-
cians were not assumed to be nested in hospitals, but were 
specified as a second random intercept at the same level of 
the data hierarchy as hospitals.

Finally, we created a model that, in addition to the ran-
dom intercepts and patient-level fixed effects described in 
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our primary model, also included anesthesiologist-level vari-
ables (sex [binary], age quintile, experience quintile, overall 
case volume quintile), and hospital characteristics (teaching 
status [binary], annual volume quintile, quintile of aver-
age operative time [added after peer-review]). This model 
was used to determine the adjusted association of patient-, 
anesthesiologist-, and hospital-level variables with receipt of 
neuraxial anesthesia. Variables with 95% CIs that did not 
include 1 (the null value) were considered to be indepen-
dently associated with the receipt of neuraxial anesthesia.

Missing Data
Outcome data was complete for all participants. Anesthesia 
type was missing for 96 people (0.08%); these cases were 
excluded from all analyses. Rural residency status was miss-
ing for 0.09% and was imputed with the most common 
value (not rural). Income quintile was missing and imputed 
with the group median (3) for 0.5%.

Results
We identified 107,317 hip fracture surgery patients, from 80 
different hospitals, greater than 65 yr who had a valid anesthe-
sia type entered in their Discharge Abstract Database record. 
Neuraxial anesthesia without concurrent general anesthesia 
was used in 57,080 (53.2%) patients (fig. 1). Hospital-specific 

rates of neuraxial anesthesia use varied from 0 to 100%. Of 
the patients receiving general anesthesia, 3.1% had a con-
current neuraxial anesthesia. A spinal anesthetic was placed 
in 98.9% of patients having a neuraxial anesthesia without 
general anesthesia. Characteristics of patients by anesthesia 
type are provided in table 1. Death within 30 days of surgery 
occurred in 9,122 (8.5%) individuals. Median postoperative 
hospital length of stay was 9 days (interquartile range 6 to 18).

From the null model (model 1), which contained only a 
random intercept term for hospital, but no anesthesiologist 
clusters or patient-level fixed effects, the hospital-level vari-
ance was 1.117 (P < 0.001), and the variance partition coeffi-
cient was 25.3%. When anesthesiologists were nested within 
each hospital (model 2), the variance at the hospital level 
decreased to 0.779 (variance partition coefficient = 19.1%, 
P < 0.001), and the anesthesiologist-level variance was 0.776 
(variance partition coefficient = 19.1%, P < 0.001). Follow-
ing addition of patient-level fixed effects (model 3), the vari-
ance at the hospital level was 0.821 (P < 0.001), and the 
variance at the anesthesiologist level was 0.816 (P < 0.001). 
Based on these measures of between-cluster variance, 20.0% 
of variation in neuraxial anesthesia use was attributable to 
the hospital level, 19.9% to the anesthesiologist, and 60.1% 
to patient factors. Covariance tests supported improved 
model fit with addition of hospital-level (P < 0.001) and 
anesthesiologist-level (P < 0.001) random intercepts.

Fig. 1. Study flow diagram.
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Table 1. Characteristics of Study Population, by Anesthesia Type

 
General Anesthesia 

(n = 50,237)
Neuraxial Anesthesia 

(n = 57,080)
Standardized  

Difference

Demographics    
    Age (mean, ±SD) 82 (8) 83 (7) 13.3
    Female (%) 73.4 73.5 0.2
    Rural (%) 12.2 13.8 4.8
    Neighborhood income quintile (median, IQR) 3 (2,4) 3 (2,4) 0
Comorbidities    
    Alcohol abuse (%) 2.1 2.1 0.0
    ASA Score ≤ 2 16.1 12.8 9.4
    ASA Score 3 48 48.2 0.4
    ASA Score 4 35 38.4 7.1
    ASA Score 5 0.7 0.6 1.2
    Atrial arrhythmia (%) 9.4 9.1 1.0
    Blood loss anemia (%) 17.1 17.1 0.0
    Cardiac valvular disease (%) 4.1 3.1 5.4
    Cerebrovascular disease (%) 6.7 6 2.9
    Chronic obstructive pulmonary disease (%) 10.9 14.1 9.7
    Coagulopathy (%) 3.8 2.7 6.2
    Deficiency anemia — — —
    Dementia (%) 9.3 10.1 2.7
    Depression (%) 4.8 4.6 0.9
    Diabetes mellitus without complications (%) 12.8 12 2.4
    Diabetes mellitus with complications (%) 9.8 9.9 0.3
    Dialysis (%) 1.4 1.2 1.8
    Disease of pulmonary circulation (%) 2.3 2.2 0.7
    Drug abuse (%) 0.4 0.4 0.0
    Heart failure (%) 13.4 13.9 1.5
    Hemiplegia (%) 1.2 1.0 1.9
    Hypertension without complications (%) 46.3 36.4 20.2
    Hypertension with complications (%) 2.6 2.7 0.6
    Liver disease (%) 0.8 0.7 1.2
    Malignancy (%) 5.8 5.1 3.1
    Metastases (%) 1.8 1.4 3.2
    Obesity (%) 1.1 0.8 3.1
    Peptic ulcer disease (%) 1.4 1.2 1.8
    Peripheral vascular disease (%) 2.4 2.5 0.6
    Psychoses (%) 1.6 1.3 2.5
    Renal disease (%) 4.3 4.4 0.5
    Rheumatic disease (%) 1.4 1.2 1.8
    Venous thromboembolism (%) 1.1 0.8 3.1
    Weight loss (%) 2.5 2.8 1.9
    1-yr risk of death 38 (5) 39 (5) 10.4
Healthcare resource use    
    Hospitalization in last year 27.5 25.9 3.6
    Emergency department visit in last year (%) 60.8 60.8 0.0
Anesthesia care    
    Preoperative LOS ≤1 day 79.9 82.9 7.7
    2 days 11.4 10.2 3.9
    ≥3 days 8.7 6.9 6.7
Prescription drugs    
    ACE-I/ARB (%) 42.4 42.3 0.2
    Antiarrhythmic (%) 3.4 3.0 2.3
    Antiplatelet agent (%) 9.9 4.8 19.6
    Antipsychotic (%) 13.7 14.2 1.4
    Insulin (%) 4.6 4.3 1.5
    Anticoagulant (%) 14.1 12.5 4.7

(Continued)
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Median odds ratios for model 1 to 3 are compared in fig-
ure 2. The model 3 (adjusted) median odds ratio for neuraxial 
anesthesia use was 2.36 at the physician- and 2.36 at the hospi-
tal-level. This means that for a given patient, their median odds 
of receiving neuraxial anesthesia would differ by more than 
2.3-fold, depending on the anesthesiologist or hospital that 
they received care from. In our sensitivity analysis, in which 
patients who had an epidural and patients who had neuraxial 
anesthesia with concurrent general anesthesia were excluded, 
there was almost no change in the proportion of variation 
attributable to hospital (20.1%), anesthesiologist (19.9%), or 
patient (60.0%); the median odds ratio for neuraxial anesthesia 
use was 2.36 for the hospital and 2.36 for the anesthesiologist. 
When physicians were not assumed to be nested in hospitals, 
there was almost no change in the proportion of variation 
attributable to hospital (19.2%), anesthesiologist (19.4%), or 
patient (60.4%); the median odds ratio for neuraxial anesthesia 
use was 2.32 for the hospital and 2.33 for the anesthesiologist.

The adjusted associations of patient, hospital, and physi-
cian characteristics with neuraxial anesthesia use are presented 
as odds ratios in table  2. The c-statistic for this model was 
0.83, and a calibration plot suggested that the model was well 

calibrated (see Supplemental Digital Content, http://links.
lww.com/ALN/B789). The strongest patient-level predictors 
(greater than or equal to 20% change in relative effect size) 
of neuraxial anesthesia receipt were coagulopathy, dialysis, 
metastases, obesity, American Society of Anesthesiologists 
physical status III or IV (vs. V), antiplatelet or anticoagulant 
prescriptions, and having a hemiarthroplasty for surgical fixa-
tion. At the hospital level, having surgery at a non–teaching 
center significantly increased the odds that a patient received 
an neuraxial anesthesia, while surgical volume was signifi-
cantly associated with neuraxial anesthesia receipt, but with-
out a clear dose–response relationship. Shorter average case 
duration was associated with lower odds of neuraxial anesthe-
sia receipt. Anesthesiologists in the highest quintile of overall 
case volume were the most likely to provide neuraxial anesthe-
sia, however, other measurable anesthesiologist-level variables 
were not consistently associated with neuraxial anesthesia use.

Discussion
In this population-based cross-sectional study of hip fracture 
surgery patients, 40% of variation in use of neuraxial anesthesia 

Fig. 2. Median odds ratio for hospital- and anesthesiologist-level clustering in each of the three multilevel models created.

    Oral diabetes agent (%) 12.5 12.1 1.2
    Beta-blocker (%) 28.2 27.1 2.5
    Inhaled bronchodilator (%) 12.6 15.8 9.2
    Inhaled corticosteroid (%) 10.3 13 8.4
    Oral corticosteroid (%) 6.7 7.1 1.6
Physician  characteristics    
    Full-time equivalency (mean, ±SD) 1.1 (0.2) 1.1 (0.3) 4.1
    Age (mean, ±SD) 48 (10) 47 (9) 15.9
    Years in practice (mean, ±SD) 17 (10) 16 (10) 14.1
    Female anesthesiologist (%) 23.2 22.5 1.7
Hospital characteristics    
    Yearly no. of hip fracture surgeries (mean, ±SD) 228 (130) 212 (94) 14.1

    Teaching hospital 35.5 25.2 22.5

— indicates cell sizes less than 6 cannot be reported.
ACE-I/ARB, Angiotensin converting enzyme inhibitor/angiotensin receptor blocker; ASA Score, American Society of Anesthesiologists physical status  
classification; IQR, interquartile range; LOS, length of stay.

Table 1. (Continued)

 
General Anesthesia 

(n = 50,237)
Neuraxial Anesthesia 

(n = 57,080)
Standardized  

Difference
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Preoperative length of stay (vs. ≥3 days)  

    ≤1 day 1.14 1.08–1.21*
    2 days 1.06 0.99–1.14
Type of hip fixation (vs. fixation  

of femoral shaft)
  

    Total hip arthroplasty 0.93 0.77–1.13
    Hemiarthroplasty 1.27 1.23–1.31*
    Fixation of femoral neck 1.17 1.13–1.22*
Weekend surgery (vs. weekday) 1.07 1.03–1.10*
Prescription drugs   
    Angiotensin-converting  

enzyme inhibitor/angiotensin  
receptor blocker

1.04 1.01–1.07*

    Antiarrhythmic 1.00 0.91–1.09
    Anticoagulant 0.69 0.66–0.73*
    Antidepressant 0.98 0.94–1.01
    Antiplatelet agent 0.28 0.27–0.30*
    Benzodiazepine 0.98 0.95–1.01
    Dementia medication 1.01 0.97–1.06
    Digoxin 1.13 1.06–1.21*
    Insulin 0.93 0.86–1.00
    Oral diabetes agent 0.97 0.91–1.03
    Beta blocker 1.00 0.97–1.04
    Inhaled bronchodilator 1.13 1.06–1.20*
    Inhaled corticosteroid 1.08 1.01–1.16*
    Oral corticosteroid 1.03 0.97–1.09
    Antipsychotic 0.93 0.88–0.97*
Hospital characteristics   
       Average operating room time quin-

tile (vs. highest)
  

     1 (lowest) 0.76 0.69–0.84*
     2 0.84 0.78–0.91*
     3 0.94 0.87–1.00
     4 1.15 1.06–1.24*
       Hospital volume quintile (vs. highest)  
     1 (lowest) 0.84 0.76–0.92*
     2 1.02 0.93–1.12
     3 1.25 1.15–1.35*
     4 1.16 1.08–1.24*
       Teaching hospital (vs. nonteaching) 0.80 0.68–0.96*
Physician characteristics   
       Full-time equivalency quintile (vs. highest)  
     1 (lowest) 0.90 0.82–0.97*
     2 0.88 0.82–0.95*
     3 0.82 0.79–0.85*
     4 0.91 0.85–0.97*
    Years in practice quintile (vs. highest)  
     1 (lowest) 0.98 0.82–1.14
     2 1.03 0.89–1.19
     3 0.98 0.87–1.11
     4 0.98 0.87–1.10
    Age quintile (vs. oldest)   
     1 (lowest) 1.08 0.92–1.28
     2 1.00 0.87–1.15
     3 1.00 0.89–1.13
     4 1.00 0.92–1.09
    Female anesthesiologist (vs. male) 0.98 0.88–1.09

*Significant at the alpha=0.05 level. 
ASA, American Society of Anesthesiologists.

Table 2. (Continued)

Predictors
Odds  
Ratio 95% CI

Table 2. Predictors of Neuraxial Anesthesia Use

Predictors
Odds 
Ratio 95% CI

Demographic characteristics   
    Age 75 years or older 1.36 1.30–1.42*
       Female (vs. male) 0.94 0.91–0.97*
    Rural (vs. not rural) 1.00 0.95–1.05
       Neighborhood income quintile (vs. 

highest quintile)
  

     1 (lowest) 1.03 0.99–1.08
     2 1.04 0.99–1.09
     3 1.05 0.99–1.10
     4 0.99 0.95–1.04
Comorbidities   
    Alcohol abuse 1.00 0.90–1.11
    Atrial arrhythmia 1.07 1.01–1.13*
    Blood loss anemia 1.05 1.01–1.10*
    Cardiac valvular disease 0.70 0.65–0.76*
    Cerebrovascular disease 1.07 1.01–1.15*
    Chronic obstructive  

pulmonary disease
1.28 1.22–1.35*

    Coagulopathy 0.79 0.72–0.85*
    Deficiency anemia 1.00 0.87–1.17
    Dementia 0.99 0.94–1.05
    Depression 0.96 0.89–1.03
    Diabetes mellitus  

without complications
0.99 0.95–1.05

    Diabetes mellitus with complications 0.99 0.93–1.05
    Dialysis 0.81 0.70–0.93*
    Disease of pulmonary circulation 1.00 0.91–1.10
    Drug abuse 0.98 0.78–1.24
    Heart failure 1.08 1.03–1.13*
    Hemiplegia 0.90 0.77–1.04
    Hypertension without  

complications
1.01 0.98–1.05

    Hypertension with complications 1.19 1.07–1.31*
    Liver disease 0.84 0.71–0.99*
    Malignancy 0.93 0.87–1.01
    Metastases 0.76 0.67–0.87*
    Obesity 0.71 0.62–0.83*
    Peptic ulcer disease 0.89 0.78–1.01
    Peripheral vascular disease 1.14 1.04–1.25*
    Psychoses 0.89 0.79–1.01
    Renal disease 1.11 1.02–1.21*
    Rheumatic disease 0.87 0.76–0.99*
    Venous thromboembolism 0.92 0.79–1.07
    Weight loss 1.17 1.07–1.28*
    1-yr risk of death (1-point  

increase in Hospital One-year  
Mortality Risk score)

1.01 1.01–1.02*

Healthcare resource use   
    Hospitalization in last year 0.92 0.89–0.96*
    Emergency department  

visit in last year
1.01 0.98–1.05

ASA Physical Status (vs. V)   
    II 1.16 0.96–1.49
    III 1.42 1.18–1.71*
    IV 1.49 1.24–1.79*

(Continued)
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was not attributable to patient-level factors. In fact, the median 
odds of a given patient receiving neuraxial anesthesia varied by 
more than 2.3-fold between any two randomly selected hospi-
tals or anesthesiologists, independent of baseline patient illness, 
sociodemographic characteristics, or other factors, such as anti-
platelet, anticoagulant, or other medication use that we postu-
lated may influence a patient’s probability of receiving neuraxial 
anesthesia. These findings suggest that interventions targeted 
at changing anesthesia practice for hip fracture surgery should 
consider not only patients’ risk factors but also hospital-level 
processes, as well as anesthesiologists’ intentions and behaviors.

While practice variation exists across regions, hospitals, and 
physician practices for many medical conditions,1 few studies 
have linked variation to outcomes, and only 10% of studies in 
a recent systematic review explored causes of variation.1 While 
practice variation in anesthesia and perioperative medicine 
has not been extensively studied, when identified, variation 
is associated with decreased rates of risk-adjusted survival.5,12 
Therefore, understanding sources of variation is a necessary 
step toward decreasing unintended variation, and the possibil-
ity of associated adverse outcomes. Existing frameworks suggest 
that variation must be studied in the setting of adequate risk 
adjustment and should consider geographical and environmen-
tal factors (in the case of anesthesiology practice, hospital-level 
factors), as well as provider-level factors.2 Our analysis incorpo-
rates these recommended best practices, in a cohort of patients 
where low hospital-level neuraxial anesthesia use is associated 
with decreased risk-adjusted survival.12 Through multilevel 
modeling, we were able to assess hospital- and physician-level 
contributions to variation, while adjusting for an extensive set of 
patient-level factors that we postulated would influence choice 
of anesthesia type, and which did so with good discrimination.

The most important finding to emerge from this analy-
sis is that a substantial proportion of the variation in anes-
thesia type is not attributable to patient-level characteristics. 
While neuraxial anesthesia is not consistently associated 
with decreased mortality,13 other outcomes such as length of 
stay may be improved.10 Combined with the association of 
decreased survival after surgery in low neuraxial anesthesia–use 
hospitals, and anticipated results from large patient-centered  
trials,31 it is important to recognize that this variation may 
be unwarranted. That a given patient would be faced with a 
greater than 2.3-fold difference in their likelihood to receive 
one anesthesia type versus another, simply based on the hospi-
tal that he or she presented to, or the anesthesiologists assigned 
to his or her list, requires attention, especially in jurisdictions 
that already use low proportions of neuraxial anesthesia for 
hip fracture surgeries. In fact, this 2.3- to 2.4-fold difference in 
the probability of receiving a neuraxial anesthetic—attribut-
able to hospitals or anesthesiologists—was more strongly tied 
to neuraxial anesthesia use than any single patient-level pre-
dictor other than receipt of an antiplatelet drug, which guide-
lines identify as a contraindication to neuraxial anesthesia for 
7 days after the last dose.32 Our findings of a strong influence 
of physician- and hospital-level factors on variation are also 

consistent with other perioperative studies. For example, the 
median odds of testing and preoperative consultations vary 
3-fold between physicians and hospitals before surgery;5,33 
odds of certain operative treatments for cancer may vary more 
than 2-fold between surgeons and hospitals.34,35 Estimating 
variance from these median odds ratios suggests that in other 
perioperative settings, similar to our study, between 20 to 
40% of variation may be explained by non–patient factors.

Reasons for this hospital- and anesthesiologist-level varia-
tion are likely multifactorial. First, although many guidelines do 
recommend the use of neuraxial anesthesia over general anes-
thesia for hip fracture surgery (including current guidelines in 
Ontario),36–39 this is not true of all guidelines.40 Furthermore, 
the evidence base supporting the superiority of neuraxial anes-
thesia versus general anesthesia is heterogeneous. This is consis-
tent with existing evidence that demonstrates that variability is 
highest for therapies where there is limited consensus on what 
is superior.41 What the evidence does suggest, however, is that 
unexplained variation is often associated with adverse patient 
outcomes. Therefore, strategies to address unexplained varia-
tion, including for hip fracture anesthesia care,17 will need to 
consider all aspects of the healthcare system.

As we await the results of ongoing trials that may help to 
build consensus around best anesthesia practice for hip frac-
ture surgery,31 anesthesiologists should recognize that if future 
efforts are needed to change practice, we will need to address 
the local context, using strategies with proven efficacy to pro-
mote behavior change in these settings. Our data do provide 
some insights into areas of focus at the health system level, as 
teaching and low-volume hospitals were less likely to use neur-
axial anesthesia. Hospitals that performed shorter surgeries on 
average were also less likely to use neuraxial anesthesia, with the 
effect size for the shortest surgery duration hospitals approxi-
mating that of some patient-level contraindications to neur-
axial anesthesia, such as coagulopathy and metastatic cancer 
(odds ratio, 0.76 vs. 0.79 and 0.76, respectively). Mechanisms 
underlying this association will require further study, as the 
effect of expected case duration was relatively large, would be 
influenced by a multitude of patient-, physician-, and hospital-
level factors, and as the limited data available (which comes 
from elective hip surgery) suggests an association between use 
of neuraxial anesthesia and decreased time in the operating 
room.42 However, health administrative data do not provide 
a complete and granular description of hospital characteristics. 
Similarly, while the anesthesiologists with the highest case vol-
umes tended to use more neuraxial anesthesia, we had limited 
ability to capture anesthesiologist-level variables, and had no 
data on the beliefs or intentions of anesthesiologists, which 
may strongly influence practice patterns.43 Future research will 
be needed to provide an accurate and in-depth understand-
ing of the specific contributors to hospital- and physician-level 
anesthesia practice, as this should allow mapping of evidence-
based change strategies to identified barriers.

Finally, at the patient level, the significant predictors of 
neuraxial anesthesia use were not surprising. Older patients 
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and patients with a higher expected risk of death were more 
likely to receive a neuraxial anesthesia, while patients with 
comorbidities associated with abnormal coagulation status 
(such as liver disease, blood loss anemia, coagulopathy, and 
dialysis), or who were on medications that interfere with coag-
ulation (such as anticoagulants and antiplatelet agents) were 
less likely to receive a neuraxial anesthesia. Chronic obstruc-
tive pulmonary disease and its associated therapies (inhaled 
bronchodilators and corticosteroids) were positive predictors 
of neuraxial anesthesia use, which may reflect a belief and evi-
dence that postoperative pulmonary complications are reduced 
when neuraxial anesthesia is used.44 Conditions that may make 
placement of a neuraxial anesthesia more challenging (obesity, 
rheumatic disease, metastatic cancer) or that may increase the 
risk of adverse hemodynamic consequences (cardiac valvular 
disease) were also negative predictors. Finally, it is important to 
note that female patients were less likely to receive a neuraxial 
anesthesia, which suggests that there may be gender inequali-
ties in the provision of perioperative hip fracture care.

Strengths and Limitations
This study features several strengths. Our use of population-based 
health administrative data allowed us to study practice across a 
single health system that cares for a population of more than 13 
million people. Furthermore, our exposures and outcomes were 
defined using variables that have been reabstracted to ensure their 
accuracy and reliability. We were also able to consider hospital- 
and physician-level predictors of practice variation in addition 
to simply measuring attributable variation. The limitations of 
this study should also be considered. Health administrative data 
are not initially collected for research purposes. Most important, 
while we were able to account for measured predictors, there are 
patient-level predictors (such as physiologic, laboratory, cogni-
tive, and functional measures, as well as acute delirium and level 
of consciousness), hospital-level variables, and specific anesthesi-
ologist variables (such as fellowship training in regional anesthe-
sia or experience with neuraxial techniques) that we could not 
measure directly. While we did include a variable reflecting the 
average operating time in each hospital, surgeon-specific vari-
ables, (which we could not capture) such as preference for neur-
axial anesthesia versus general anesthesia and the specific impact 
of each surgeon on expected duration of surgery, could influ-
ence anesthesia decision making and should be considered when 
available. Patient-preference should contribute to warranted 
variation, and we had no ability to measure this attribute. While 
we were unable to identify any existing studies of patient prefer-
ence for anesthesia type in hip fracture surgery, patients do have 
varying preferences around other aspects of their hip fracture  
care.45–47 The generalizability of our findings to other jurisdic-
tions is uncertain.

Conclusion
Sixty percent of variation in the provision of neuraxial anes-
thesia for hip fracture surgery may be warranted, as it is 

attributable to patient factors. However, approximately 20% 
of variation is attributable to each of the specific hospital and 
anesthesiologist. Combined with previous research demon-
strating that low hospital-level use of neuraxial anesthesia for 
hip fracture surgery is associated with decreased risk-adjusted 
survival, our findings suggest that changing patterns of hip 
fracture anesthesia care will need to address hospital-level 
processes and anesthesiologists’ behaviors and intentions.
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Warding Off Quacks: Ward’s Laudanum in Pittsburgh

Apprenticing with his pharmacist father in Pittsburgh, Pennsylvania, Robert Egbert Sumner Ward (1857 to 1936) sold 
laudanum as an antitussive, as an antidiarrheal, and even as an adjuvant to inhaled anesthetics. One of Ward’s more 
popular trade cards (left) depicted a charlatan eyeing another quack (upper right, the head of a mallard drake) while test-
ing the edge of an amputating knife. At the charlatan’s feet are a hatchet, a saw, and scattered bottles. On the reverse 
of the trade card, druggist Ward advertised alcoholic tincture of opium (Laudanum) as well as variations of that product 
combined with extra alcohol, camphor, or sweet syrup (Bateman’s Drops, Paregoric, or Godfrey’s Cordial, respectively). 
Alongside all of these over-the-counter opiates, Ward advertised his culinary wares, including essences of peppermint, 
cinnamon, and ginger and “flavoring extracts of vanilla, lemon, &c.” By 1887 the druggist was devoting more of his time 
to selling baker’s supplies than to peddling opiates. (Copyright © the American Society of Anesthesiologists’ Wood 
Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.P.H., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-Museum 
of Anesthesiology, Schaumburg, Illinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland, 
Ohio. UJYC@aol.com.
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AIRWAY management is an important skill required for 
acute care physicians, including intensivists, anesthesi-

ologists, and emergency medicine physicians. Difficult air-
ways remain a major challenge that can lead to serious adverse 
outcomes and death.1,2 In rare life-threatening airway crises 
of “cannot intubate, cannot oxygenate,” an emergency crico-
thyrotomy with the insertion of a breathing tube via the cri-
cothyroid membrane is the only option.3,4 When performing 
this potentially life-saving procedure, the first critical step is 
to palpate and correctly identify the cricothyroid membrane 
because its misidentification is a major cause of tube misplace-
ments, leading to cricothyrotomy failures and serious compli-
cations.2 However, accurate localization of the cricothyroid 
membrane using the conventional approach of external 
palpation is more challenging than anticipated where anes-
thesiologists, emergency medicine physicians, and trauma 
surgeons poorly localized the cricothyroid membrane.4–7

Editor’s Perspective 

What We Already Know about This Topic

• Accurate identification of the cricothyroid membrane is key for 
success of emergency cricothyrotomy

• Ultrasound has been reported to identify the cricothyroid 
membrane more accurately than external palpation in patients 
with normal neck anatomy

What This Article Tells Us That Is New

• In this randomized clinical trial, 223 adult patients with neck 
pathologies such as previous neck surgery, irradiation, and/
or neck mass who were scheduled for a neck computed-
tomography scan were randomly allocated to either the 
ultrasound group or the external-palpation group

• Accuracy in identification of the cricothyroid membrane, 
defined as the distance from a point determined by the 
computed tomography within 5 mm, was 10-fold greater in the 
ultrasound group (81%, n = 114) than the external-palpation 
group (8%, n = 109)

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1132-9

ABSTRACT

Background: Success of a cricothyrotomy is dependent on accurate identification of the cricothyroid membrane. The objective 
of this study was to compare the accuracy of ultrasonography versus external palpation in localizing the cricothyroid membrane.
Methods: In total, 223 subjects with abnormal neck anatomy who were scheduled for neck computed-tomography scan at 
University Health Network hospitals in Toronto, Canada, were randomized into two groups: external palpation and ultra-
sound. The localization points of the cricothyroid membrane determined by ultrasonography or external palpation were 
compared to the reference midpoint (computed-tomography point) of the cricothyroid membrane by a radiologist who was 
blinded to group allocation. Primary outcome was the accuracy in identification of the cricothyroid membrane, which was 
measured by digital ruler in millimeters from the computed-tomography point to the ultrasound point or external-palpation 
point. Success was defined as the proportion of accurate attempts within a 5-mm distance from the computed-tomography 
point to the ultrasound point or external-palpation point.
Results: The percentage of accurate attempts was 10-fold greater in the ultrasound than external-palpation group (81% vs. 8%; 
95% CI, 63.6 to 81.3%; P < 0.0001). The mean (SD) distance measured from the external-palpation to computed-tomography 
point was five-fold greater than the ultrasound to the computed-tomography point (16.6 ± 7.5 vs. 3.4 ± 3.3 mm; 95% CI, 11.67 
to 14.70; P < 0.0001). Analysis demonstrated that the risk ratio of inaccurate localization of the cricothyroid membrane was  
9.14-fold greater with the external palpation than with the ultrasound (P < 0.0001). There were no adverse events observed.
Conclusions: In subjects with poorly defined neck landmarks, ultrasonography is more accurate than external palpation in 
localizing the cricothyroid membrane. (Anesthesiology 2018; 129:1132-9)

This article is featured in “This Month in Anesthesiology,” page 1A. This article has an audio podcast. This article has a visual abstract avail
able in the online version. This work was presented at the 20th Annual Society of Airway Management Meeting in Newport Beach, California, 
September 14 to 17, 2017.
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Ultrasound Is Superior to Palpation in Identifying the 
Cricothyroid Membrane in Subjects with Poorly Defined 
Neck Landmarks

A Randomized Clinical Trial

Naveed Siddiqui, M.D., M.Sc., Eugene Yu, M.D., R.C.P.S.C., A.B.R., Sherif Boulis, M.D., F.R.C.P.C., 
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Ultrasonography has become increasingly important in 
the practice of anesthesia, emergency medicine, and criti-
cal care.2 In particular, ultrasonography has been proven 
to increase success, decrease complications, and enhance 
patient safety when performing invasive procedures.2 
Increasing evidence has shown a role for ultrasonography of 
neck landmarks in airway management to accurately identify 
the cricothyroid membrane.3–6,8 Conversely, the traditional 
method of external palpation poorly identified the crico-
thyroid membrane.2 Although the majority of the studies 
comparing ultrasound and external palpation of the crico-
thyroid membrane were performed on patients with normal 
neck landmarks, little is known of their performance on 
patients with poorly defined neck anatomy, particularly in 
patients with previous neck surgery, neck mass, and/or neck 
irradiation.

We hypothesized that ultrasound is more accurate than 
external palpation in identifying the cricothyroid mem-
brane when compared to the accepted standard, computed-
tomography scan. The objective of this randomized clinical 
trial was to compare the accuracy of ultrasound versus exter-
nal palpation in localizing the cricothyroid membrane in 
patients with poorly defined neck landmarks.

Materials and Methods
This prospective, single-center, single-blinded, random-
ized clinical trial was reviewed and approved by University 
Health Network Research Ethics Board (Toronto, Canada; 
approval No. 12-5327-BE). Written informed consent was 
obtained from all participants. Our trial is accessible on 
clinicaltrials.gov with the identifier NCT01725828. The 
modifications that were made to the protocol are reflected 
on clinicaltrials.gov.

The study was conducted on 223 American Society of 
Anesthesiologists physical status I to III patients at least 
18 yr of age with neck pathology who were scheduled for 
a neck computed-tomography scan at University Health 
Network hospitals (Toronto, Canada) from October 2012 
to July 2014. All patients recruited in the study had neck 
pathologies including previous neck surgery, irradiation, 
and/or neck mass. We excluded patients who were unable 
to lie flat, those who were unable to maintain a neutral neck 
position, and those who refused to participate in the study. 
The patients’ characteristics were recorded, including age, 
sex, neck circumference, ability to extend the neck, his-
tory of previous surgery on the neck, thyromental distance, 
sternomental distance, and history of difficulty in airway 
management. Patients were approached by the admitting 
nurse in the waiting area of the computed-tomography 
scan suite at the University Health Network and asked 
about their willingness to participate in a research study. If 
the patient was willing to participate, detailed information 
about the study was provided by the research assistant, and 
informed written consent was obtained. Then the patients 

were assessed for eligibility to participate in the study, and 
eligible patients were assigned to the study groups by the 
research assistant. The neck anatomy of each patient was 
assessed by an independent anesthesiologist for the degree 
of difficulty in identifying the landmarks according to 
an established grading system2,6: easy, visual landmarks; 
moderate, requires light palpation of landmarks; difficult, 
requires deep palpation of landmarks; and impossible, 
landmarks not palpable. Subjects with a score of moder-
ate, difficult, and impossible landmarks were recruited for 
the study. All patients were randomized by the statistician 
using a computer-generated random number table for 
group allocation: external palpation and ultrasound. Ran-
domization assignments were placed in sequentially num-
bered concealed envelopes. After performing the screening, 
the envelope was opened by the research assistant, and the 
patient was assigned to either the ultrasound group or the 
external-palpation group.

Assessment of the Cricothyroid Membrane
Assessment of the cricothyroid membrane using external 
palpation or ultrasound was performed by two anesthesia 
fellows (S.B. and Devdatta Desi, M.D., Research Associate, 
Department of Anesthesia and Pain Management, Mount 
Sinai Hospital, University of Toronto, Toronto, Canada) 
depending on their schedule availability.
External Palpation of the Cricothyroid Membrane. On the 
day of the computed-tomography scan, an anesthesia fellow 
(S.B. or D.D.) palpated the neck landmarks of patients in 
the external-palpation group and marked the anticipated 
entry point (external-palpation point) of a cricothyrotomy 
device using a radiopaque computed tomography–compati-
ble sticker marker (ultrasound; SureMark Company, USA). 
The patients were supine with the neck in the same neutral 
position as in the computed-tomography scan. Identifica-
tion of the cricothyroid membrane was performed using the 
index and third finger of the nondominant hand to palpate 
the thyroid cartilage in the midline starting from the cepha-
lad and moving caudally to the cricothyroid cartilage.2 The 
space between the inferior border of the thyroid cartilage 
and superior border of the cricoid cartilage is the cricothy-
roid membrane.
Ultrasonography of the Cricothyroid Membrane. The anes-
thesia fellows who were involved in the study received a 
10-min didactic lecture followed by a 3-min video on the 
ultrasonographic and palpation techniques to identify the 
anatomical landmarks and the cricothyroid membrane. They 
were then given hands-on training at least five times with 
ultrasound.2 Furthermore, both fellows had performed a 
minimum of 20 successful identifications of the cricothyroid 
membrane using external palpation and ultrasound, which 
is the required number to achieve competence in ultrasound 
identification of the cricothyroid membrane.9 On the day of 
the computed-tomography scan, one of the anesthesia fel-
lows who was available identified the cricothyroid membrane 
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of patients in the ultrasound group. The midpoint of the 
cricothyroid membrane (ultrasound point) was then marked 
with a SureMark sticker. Ultrasonography of the neck was 
performed as previously reported using the transverse and 
longitudinal approach as described by Kristensen3 and Kris-
tensen et al.10 A portable ultrasound system with a 10- to 
5-MHz linear-array transducer (Zonare Medical Systems, 
Inc., USA) was used for the ultrasound scans. Patients being 
scanned were positioned supine with the neck in the same 
neutral position as in the computed-tomography scan.

Computed-tomography Image of the Neck
The neck computed-tomography image of each patient was 
read by a radiologist staff member who was the only one 
blinded to the group allocation. The cricothyroid membrane 
was identified between the inferior border of the thyroid car-
tilage and superior border of the cricoid cartilage. The digital 
ruler of the computed-tomography scan was used to measure 
the horizontal (x-axis) and vertical (y-axis) distance (milli-
meters) of the cricothyroid membrane. The intersection of 
the horizontal and vertical axes is referred as the midpoint of 
the cricothyroid membrane (computed-tomography point).

Our primary outcome was the accuracy in identification 
of the cricothyroid membrane, which was measured by a 
digital ruler in millimeters from the computed-tomography 
point to the ultrasound point or external-palpation point. 
We defined success as the proportion of accurate attempts 
within a 5-mm distance from the computed-tomography 
point to the ultrasound point or external-palpation point.

The study was initially planned with the primary out-
come as the absolute distance (millimeters) between the 
computed-tomography point to the external-palpation 
point and ultrasound point. Since 2015, there has been 
an increasing number of studies on ultrasound identifica-
tion of the cricothyroid membrane, which defined accuracy 
as a distance of 5 mm or less.2,4,7,11 Thus, we included the 
proportion of accurate attempts as a distance of 5 mm or 
less as a secondary outcome in the clinical trial registration 
in June 2018. Keeping the same objective and focusing on 
more clinical relevance, we reported the primary outcome as 
the proportion of accurate attempts within a 5-mm distance 
from the computed-tomography point to the ultrasound 
point or external-palpation point.

The distance of 5 mm or less is based on several studies 
measuring the dimensions of the cricothyroid membrane.12,13 
This is clinically relevant because a puncture outside this 
limit is likely to be outside the cricothyroid membrane verti-
cal dimension and may result in cricothyrotomy failure and/
or cause unnecessary tissue injuries.12

Our pilot data indicated a 50% success rate for accurate 
identification of the cricothyroid membrane by external pal-
pation. Based on current literature and the data obtained 
from our previous studies, we hypothesized a 70% success 
rate for accurate identification of the cricothyroid membrane 
when using ultrasound. To demonstrate a 20% improvement 

in the success rate at 80% power and a 5% significance level, 
a minimum number of 82 subjects was required in each 
of the experimental groups (external-palpation group and 
ultrasound group). To ensure sufficient power for the study, 
109 patients were recruited to the external-palpation group, 
and 114 patients were recruited to the ultrasound group.

Statistical Analysis
The characteristics of each group were presented with fre-
quencies and percentages for categorical variables and 
compared using the chi-square test. For continuous vari-
ables, means and SDs were presented and compared using 
independent two-sample t tests. Normal distribution was 
checked by examining the histograms. The statistical model 
was changed from a logistic regression model to a Poisson 
regression model to examine the rate of successful identifi-
cation of the cricothyroid membrane and to calculate risk 
ratios. Possible confounders including body mass index, neck 
circumference, thyromental distance, sternomental distance 
ability to extend the neck, previous surgery on the neck, his-
tory of difficult intubation, and difficulty of manual identi-
fication were adjusted for the model. The distance from the 
target location was compared between the groups using a t 
test. SAS version 9.3 (SAS Institute, USA) was used for the 
statistical analysis. All P values were two-sided, and a value of  
P < 0.05 was considered statistically significant.

Results
In total, 340 subjects scheduled for a neck computed-tomogra-
phy scan at University Health Network hospitals were assessed 
for eligibility. Of those 340, 117 subjects were excluded from 
the study. None of the participants were excluded from the 
study after randomization. However, patients who were 
unable to lie flat, those who were unable to maintain a neu-
tral neck position, and those who refused to participate in the 
study were excluded at the time of recruitment. A total of 223 
patients with poorly defined neck landmarks completed the 
study, with 109 and 114 patients randomized to the external-
palpation and ultrasound groups, respectively (fig. 1). More 
than half of the patients in each group had previous neck 
surgery (table  1). The patients’ characteristics were similar 
between groups except for a statistically significant difference 
in body mass index (table 1). Before the localization of the 
cricothyroid membrane, the degree of difficulty in palpating 
the neck landmarks was evaluated for each patient. Table 1 
showed that the distribution of patients with various degrees 
of difficulty was similar between the groups. The localization 
points of the cricothyroid membrane determined by ultraso-
nography (ultrasound point) and external palpation (external-
palpation point) were compared to the reference midpoint 
(computed-tomography point) of the cricothyroid membrane 
identified by computed-tomography scan. Figure 2 shows that 
the majority of the localization points identified by ultrasound 
were within 5 mm of the reference computed-tomography 
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point, contrasting with a more scattered distribution of the 
localization points identified by external palpation. Our pri-
mary outcome was the accuracy in identification of the cri-
cothyroid membrane, which was measured by a digital ruler 
in millimeters from the computed-tomography point to the 
ultrasound point or external-palpation point. We defined 

success as the proportion of accurate attempts within a 5-mm 
distance from the computed-tomography point to the ultra-
sound point or external-palpation point. The percentage of 
accurate attempts, defined as a distance of 5 mm or less, was 
10-fold greater in the ultrasound than external-palpation 
group (81% vs. 8%; 95% CI, 63.6 to 81.3%; P < 0.0001). 

Fig. 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram showing participant flow through each stage of the 
randomized controlled trial (enrollment, intervention allocation, follow-up, and data analysis).

Table 1. Characteristics Comparison between the Two Groups

Variable
External Palpation  

(N = 109)
Ultrasound  
(N = 114) P value

Male, No. (%) 71 (65%) 72 (63%) 0.758
Age, mean ± SD 57.4 (14.9) 57.0 (13.7) 0.800
Weight, mean ± SD, kg 75.2 (16.7) 72.2 (17.2) 0.185
Height, mean ± SD, cm 170 (12) 171 (9) 0.296
Body mass index, mean ± SD 26.1 (4.7) 24.6 (5.2) 0.020
Neck circumference, mean ± SD, cm 38.5 (3.9) 37.6 (5.0) 0.129
Thyromental distance, mean ± SD, cm 8.0 (1.1) 8.0 (1.4) 0.934
Sternomental distance, mean ± SD, cm 14.9 (2.0) 15.0 (1.8) 0.683
Ability to extend neck, No. (%) 101 (93) 100 (88) 0.216
Previous surgery on neck, No. (%) 60 (55) 59 (52) 0.622
History of difficult intubation, No. (%) 7 (6) 5 (4) 0.501
Difficulty of manual cricothyroid membrane   

identification, No. (%) 
  0.088

    Impossible 15 (14) 6 (5)  
    Difficult 29 (17) 36 (32)  
    Moderate 65 (60) 72 (63)  
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The mean ± SD distance measured from the external palpation 
to the computed-tomography point was five-fold greater than 
the ultrasound to computed-tomography point (16.6 ± 7.5 vs. 
3.4 ± 3.3 mm; 95% CI, 11.67 to 14.70; P < 0.0001; table 2). 
Poisson regression analysis demonstrated that the risk ratio 
of inaccurate localization of the cricothyroid membrane was 
9.14-fold greater with the external palpation than with the 
ultrasonography (P < 0.0001; table  3). Because both ultra-
sound and external-palpation techniques are minimally inva-
sive, we did not observe any adverse events in our trial.

Discussion
The primary outcome of this clinical trial was the accuracy 
in identification of the cricothyroid membrane, which was 
measured by a digital ruler in millimeters from the com-
puted-tomography point to the ultrasound point or exter-
nal-palpation point. We defined success as the proportion 

of accurate attempts within a 5-mm distance from the com-
puted-tomography point to the ultrasound point or exter-
nal-palpation point.

In this trial, ultrasonography was significantly more accu-
rate than external palpation in localizing the cricothyroid 
membrane of patients with poorly defined neck landmarks. 
Furthermore, ultrasonography was highly accurate in localiz-
ing the cricothyroid membrane as identified with computed-
tomography scan, the accepted standard.

An important finding of our study is the high accu-
racy of ultrasound (81% vs. 8%; 95% CI, 63.6 to 81.3%;  
P < 0.0001; table 3). This is consistent with previous stud-
ies looking at ultrasound accuracy with regard to the cri-
cothyroid membrane. Kristensen et al.14 showed an 83% 
success rate of ultrasound-guided identification of the cri-
cothyroid membrane in morbidly obese females with poorly 
palpable neck landmarks. Other studies demonstrated a 

Fig. 2. The distribution of the identified locations in both groups based on vertical and horizontal 5-mm distance from the 
computer-tomography scan–identified midpoint as the reference.

Table 2. Assessment of the Cricothyroid Membrane between Ultrasound and External-palpation Groups

Assessment
Palpation
(N = 109)

Ultrasound
(N = 114)

Difference  
(95% CI) P value

x-Axis, mean ± SD 1.3 (11.1) 0.8 (2.6) 0.47 (−1.63, 2.57) 0.667
y-Axis, mean ± SD 10.6 (9.8) 1.4 (3.6) 9.19 (7.26, 11.12) < 0.0001
Distance from the target, mean ± SD 16.6 (7.5) 3.4 (3.3) 13.18 (11.67, 14.70) < 0.0001
Distance from the target ≤5 mm (%) 9 (8%) 92 (81%) 72.4% (63.6%, 81.3%) < 0.0001
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100% identification of the cricothyroid membrane with 
ultrasonography in obese nonpregnant8 and obese pregnant 
subjects.4 Although ultrasonography can accurately localize 
the cricothyroid membrane, there is a paucity of evidence to 
assess its accuracy against computed-tomography scan as the 
accepted standard. Furthermore, we observed that the mean 
± SD distance measured from the external-palpation point to 
the computed-tomography point was five-fold greater than 
from the ultrasound point to the computed-tomography 
point (16.6 ± 7.5 vs. 3.4 ± 3.3 mm; 95% CI, 11.67 to 14.70; 
P < 0.0001; table 2; fig. 2). These findings demonstrate that 
in subjects with neck pathology and poorly defined neck 
landmarks, ultrasonography is highly accurate in localizing 
the cricothyroid membrane and is comparable to computed-
tomography scan as the accepted standard.

Accurate localization was defined as within less than 5 mm 
of the midpoint of the cricothyroid membrane as identified 
by computed-tomography scan. This value was based on the 
known dimensions of the cricothyroid membrane in human 
cadavers with a mean width of 8.2 mm with an upper limit 
of 11.0 mm and a mean height of 10.4 mm with an upper 
limit of 13.0 mm.12 Although the 5-mm limit is arbitrary, 
the value is based on empirical data and is clinically relevant 
because a puncture within this limit is likely to occur at the 
recommended site of placement of cricothyrotomy devices 
to avoid injuries to the vocal cords,12 whereas a puncture 
outside this limit may result in cricothyrotomy failure and/
or unnecessary complications.

In contrast to ultrasonography, only 8% (9 of 109) of the 
points made by external palpation were accurate (table 2), 
with the majority of points located outside the upper limit 
of both the width and height of the cricothyroid mem-
brane.12 Moreover, the calculated mean ± SD distance of the 
points by external palpation was 16.6 ± 7.5 mm (table 2), 
which is beyond the upper dimensions of the cricothyroid 
membrane.12

Although other studies have demonstrated an accuracy 
rate of 30 to 71% in patients without neck pathology,4,6,8,15 
we observed a low accurate rate of only 8% in our popu-
lation with neck pathology. Accurate identification of the 

cricothyroid membrane using external palpation is often more 
difficult than anticipated, even under elective conditions.7,8,11 
A study by Lamb et al.11 showed that anesthesiologist staff 
and trainees had greater success rates in accurate cricothyroid 
membrane localization using external palpation in nonobese 
males (33 of 46, 71.7%) than females (11 of 45, 24.4%) with-
out poor neck landmarks. It is likely that the prominent thy-
roid cartilage in males allows for the cricothyroid membrane 
to be more accurately localized.11 In another study, Aslani et 
al.8 reported success rates of 24.4% and 29.3% using external 
palpation in nonobese women with the neck placed in the 
neutral and extended positions, respectively. Furthermore, 
trauma surgeons with experience in surgical airways had a 
similar success rate of 26% in female volunteers.7,16 In con-
trast to external palpation, these studies further demonstrated 
that ultrasound was successful in accurately localizing the cri-
cothyroid membrane in all the subjects. These findings are 
concerning and might have important clinical implications in 
a life-threatening “cannot intubate, cannot oxygenate” situa-
tion, in which mislocalization of the cricothyroid membrane 
by external palpation in patients with neck pathology might 
lead to failed cricothyrotomies.

Our results may support the high failure rate of oper-
ating room emergency needle cricothyrotomies reported in 
the Fourth National Audit Project study, the largest clinical 
study on major airway complications of more than 2 million 
patients during general anesthesia.17 Although many factors 
could cause the high failure rate, misidentification of the 
cricothyroid membrane using external palpation during an 
emergency cricothyrotomy might be a contributing factor, 
because 39% of patients in the aforementioned study have 
neck pathology that may make the cricothyroid membrane 
more difficult to localize.17

The use of ultrasonography in airway management is 
steadily increasing. Several difficult airway guidelines advo-
cate the use of preprocedure ultrasound to identify the 
neck landmarks and the cricothyroid membrane before 
airway management in patients with difficult airways.4,18 
The American Society of Anesthesiologists Difficult Airway 
Algorithm categorizes a group of patients with “difficult 

Table 3. Poisson Regression Model with Successful Identification

Effect Reference Risk Ratio 95% CI for Risk Ratio P value

Ultrasound Palpation 9.14 4.88 17.13 < 0.0001
Body mass index  1.00 0.98 1.03 0.795
Neck circumference  0.98 0.96 1.00 0.062
Thyromental distance  1.02 0.95 1.10 0.624
Sternomental distance  0.94 0.88 1.02 0.139
Ability to extend neck  0.85 0.62 1.17 0.323
Previous surgery  0.90 0.71 1.15 0.413
History of difficult intubation  0.65 0.39 1.06 0.084
Manual identification      
    Difficult Moderate 1.10 0.85 1.43 0.474
    Impossible Moderate 0.51 0.20 1.28 0.150

Successful identification is defined as within 5 mm of the computer-tomography scan–identified spot.
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surgical access.”18 Although the specifics of this patient pop-
ulation are not stated, our findings suggest that neck pathol-
ogy creates a challenge for identifying neck landmarks by 
external palpation. Premarking the cricothyroid membrane 
with ultrasonography in patients with neck pathology could 
theoretically improve success of a cricothyrotomy and reduce 
complications when performing this high-stakes procedure.

In a study on human cadavers with poorly defined neck 
landmarks, Siddiqui et al.2 showed a significantly greater 
success rate of cricothyrotomy and a three-fold reduction 
in complications with ultrasound identification compared 
to external palpation of the cricothyroid membrane. Dins-
more et al.15 demonstrated a significant increase in success 
rate and a significant decrease in procedure time of cannula 
tracheotomy using ultrasound-guided compared to non–
ultrasound-guided cannula placement in a model with sim-
ulated unidentifiable anterior neck anatomy. Furthermore, 
ultrasound guidance has been shown to facilitate successful 
puncture between tracheal rings in eight of nine cadavers at 
the first attempt.19

In addition, a limited number of reported clinical cases 
appear to support the potential value of preprocedural ultra-
sound. Muhammad et al.20 described four case reports in 
which ultrasound helped to identify aberrant anatomical vari-
ations to safely perform percutaneous tracheostomy or elective 
open tracheostomy. In a morbidly obese patient with impalpa-
ble neck landmarks, tracheostomy was successfully performed 
under ultrasound guidance.21 Another case report described 
that preprocedural ultrasound identification of the cricothy-
roid membrane resulted in prompt and successful emergency 
cricothyroidotomy without complications. This was after 
multiple failed attempts at awake fiberoptic intubation in a 
patient with airway swelling and impossible neck landmarks 
secondary to von Recklinghausen disease.22 Ultrasonography 
has been proven to increase success, decrease complications, 
and enhance patient safety when performing invasive proce-
dures.23 Our study, together with previous reports, suggest the 
potential role of ultrasound in improving the success and min-
imizing the complications of performing a cricothyrotomy 
when the cricothyroid membrane is premarked, particularly 
in patients with neck pathologies in which the neck landmarks 
and cricothyroid membrane are poorly defined.

In a study performed on obese laboring patients, increased 
neck circumference was an independent risk factor for poor 
accuracy in localizing the cricothyroid membrane using 
external palpation,4 which was inconsistent with the find-
ing of our study. Underlying tissue responsible for increas-
ing neck circumference does not appear to affect ultrasound 
localization of the cricothyroid membrane, and several stud-
ies reported accurate cricothyroid membrane localization 
with ultrasound of obese and morbidly obese volunteers 
with increased neck circumference.4,6,8

Our study has several limitations. The cricothyroid mem-
brane was assessed on patients in the neutral neck posi-
tion. Location of the cricothyroid membrane is variable 

depending on the position of the neck,8 and a less than ideal 
neutral neck position could have affected the accuracy of the 
cricothyroid membrane. However, a donut-shaped pillow 
was used to minimize head movement and maintained the 
neck in the neutral position during computed-tomography 
scan. The cricothyroid membrane was identified by two 
study investigators (D.D., S.B.) using ultrasonography and 
external palpation. The homogeneity of the assessors could 
bias the outcomes through learning with repeated assess-
ments. However, this did not appear to be the case because 
the proportion of accurate points by external palpation was 
only 8% (9 of 109). Although the two assessors were anes-
thesia fellows, evidence suggests that clinical experience did 
not appear to affect the performance in localizing the crico-
thyroid membrane using external palpation. Such evidence 
includes a number of studies in which staff anesthesiolo-
gists, emergency physicians, surgeons, and anesthesia resi-
dents performed equally poorly in localizing the cricothyroid 
membrane.5–7

In conclusion, for patients with neck pathology and 
poorly defined neck anatomy, ultrasound was significantly 
more accurate than external palpation in localizing the cri-
cothyroid membrane. In addition, ultrasonography was 
highly accurate in localizing the cricothyroid membrane 
identified with computed-tomography scan as the accepted 
standard. These results support the use of ultrasonogra-
phy over the conventional approach of external palpation 
for the prelocalization of the cricothyroid membrane in 
patients with neck pathology before airway management 
in anticipation of difficult airways. Our results are widely 
generalizable to the population who might have history of 
difficult intubation, surgery on the neck, neck mass, and 
neck irradiation.
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M ILLIONS of patients undergo mechanical ventilation 
in intensive care units throughout the world yearly. 

Recent estimates suggest that these numbers will only increase.1 
These patients are exposed, among other risks, to the one of 
ventilator-associated pneumonia, the most frequent life-threat-
ening nosocomial infection.2,3 Bacterial oropharyngeal coloni-
zation is the first recognized step toward tracheal colonization, 
which subsequently leads to ventilator-associated pneumonia. 
This has stemmed from many studies evidencing the tempo-
ral and microbiologic relationship between oropharyngeal and 
tracheal colonization and ventilator-associated pneumonia.4–6

Editor’s Perspective

What We Already Know about This Topic

• Chlorhexidine is frequently used to reduce oropharyngeal 
bacterial colonization in mechanically ventilated patients. How 
effective the drug is remains unclear.

What This Article Tells Us That Is New

• Bacterial colonization was evaluated in 30 mechanically ventilated 
patients before and after application of 0.12% chlorhexidine.

• Chlorhexidine did not reduce colonization and may, therefore, 
be less effective than previously assumed.

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1140-8

ABSTRACT

Background: Oropharyngeal care with chlorhexidine to prevent ventilator-associated pneumonia is currently questioned, and 
exhaustive microbiologic data assessing its efficacy are lacking. The authors therefore aimed to study the effect of chlorhexidine 
mouthwash on oropharyngeal bacterial growth, to determine chlorhexidine susceptibility of these bacteria, and to measure 
chlorhexidine salivary concentration after an oropharyngeal care.
Methods: This observational, prospective, single-center study enrolled 30 critically ill patients under mechanical ventilation 
for over 48 h. Oropharyngeal contamination was assessed by swabbing the gingivobuccal sulcus immediately before apply-
ing 0.12% chlorhexidine with soaked swabs, and subsequently at 15, 60, 120, 240, and 360 min after. Bacterial growth and 
identification were performed, and chlorhexidine minimal inhibitory concentration of recovered pathogens was determined. 
Saliva was collected in 10 patients, at every timepoint, with an additional timepoint after 30 min, to measure chlorhexidine 
concentration.
Results: Two hundred fifty bacterial samples were analyzed and identified 48 pathogens including Streptococci (27.1%) 
and Enterobacteriaceae (20.8%). Oropharyngeal contamination before chlorhexidine mouthwash ranged from 103 to 
107 colony-forming units (CFU)/ml in the 30 patients (median contamination level: 2.5·106 CFU/ml), and remained 
between 8·105 (lowest) and 3·106 CFU/ml (highest count) after chlorhexidine exposure. These bacterial counts did 
not decrease overtime after chlorhexidine mouthwash (each minute increase in time resulted in a multiplication of 
bacterial count by a coefficient of 1.001, P = 0.83). Viridans group streptococci isolates had the lowest chlorhexidine 
minimal inhibitory concentration (4 [4 to 8] mg/l); Enterobacteriaceae isolates had the highest ones (32 [16 to 32] 
mg/l). Chlorhexidine salivary concentration rapidly decreased, reaching 7.6 [1.8 to 31] mg/l as early as 60 min after 
mouthwash.
Conclusions: Chlorhexidine oropharyngeal care does not seem to reduce bacterial oropharyngeal colonization in critically 
ill ventilated patients. Variable chlorhexidine minimal inhibitory concentrations along with low chlorhexidine salivary con-
centrations after mouthwash could explain this ineffectiveness, and thus question the use of chlorhexidine for ventilator-
associated pneumonia prevention. (Anesthesiology 2018; 129:1140-8)
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This universal understanding of the pathophysiology of 
ventilator-associated pneumonia has formed the basis of oro-
pharyngeal decontamination. Three distinct classes of agents 
including nonabsorbable antibiotics,7–10 antiseptics (mainly 
chlorhexidine),11–20 and natural antimicrobial peptides21 have 
been evaluated in several studies, providing very heterogeneous 
results. Factors that explain this variability include patient 
case mix (with a greater efficacy of oropharyngeal decon-
tamination in surgical patients14,17), differences in classes of 
agents, and for each class, parameters such as concentration 
(for chlorhexidine), frequency and method of administra-
tion, and the potential combination with systemic antibiot-
ics (for selective oropharyngeal decontamination). Although 
oropharyngeal decontamination with antibiotics seems more 
effective than with antiseptics, the development of antibiotic 
resistance has limited its widespread use.8 Hence, in a major-
ity of countries, chlorhexidine is the most commonly used 
agent,22,23 and its effect on ventilator-associated pneumonia 
prevention has been evaluated in many studies.11–20 Several 
meta-analyses of these studies have been published with con-
flicting results. Some recent ones14,17 indicate that chlorhexi-
dine reduces incidence of nosocomial pneumonia in cardiac 
surgery patients, but does not in others. This has led some to 
question the use of chlorhexidine in this patient population.17 
Paradoxically, direct microbiologic assessment of chlorhexi-
dine on oropharyngeal bacterial colonization, at the patient’s 
bedside, is lacking.24 Thus, we aimed to study chlorhexidine 
oral care effects on oropharyngeal bacterial microbiota, as well 
as the susceptibility of oropharyngeal strains to chlorhexidine, 
and measure residual chlorhexidine salivary concentration 
in a subset of patients. We hypothesized that oropharyngeal 
bacterial inoculums might not be affected by chlorhexidine 
exposure, and that chlorhexidine salivary concentration would 
rapidly decrease after its administration.

Materials and Methods

Study Design
This observational, single-center study was conducted in a 
12-bed university hospital, medicosurgical intensive care 
unit. Consecutive critically ill patients admitted to the inten-
sive care unit, receiving invasive mechanical ventilation for 
more than 48 h were included. For technical and organiza-
tional reasons, screening was only possible during weekdays. 
Noninclusion criteria were the following: cervical or mouth 

surgery in the last 15 days; history of oropharyngeal neo-
plasm, or of cervical or oropharyngeal radiation therapy; 
tracheotomy; and age less than 18 yr. In order to be able 
to detect a significant decrease in bacterial growth, patients 
whose samples retrieved less than 103 CFU/ml bacteria 
before chlorhexidine care were secondarily excluded, as were 
those who had two or more missing microbiologic samples. 
Demographic and clinical data were recorded.

Chlorhexidine Oral Care
All patients under invasive mechanical ventilation had 
protocol-driven full oral care with 0.12% chlorhexidine 
solution (Paroex, chlorhexidine digluconate 0.12%; Lich-
tenheldt GMBH, Germany) every 6 h.15,25 The procedure 
included a first oropharyngeal swab (dry swab; DaklaPack, 
the Netherlands) in the lower gingivobuccal sulcus, to detect 
and quantify initial bacterial inoculum. This first swab was 
always performed after the night shift’s last oral care and 
just before the day shift performed its first oral care so as to 
assess the maximal level of bacterial colonization. Once the 
swabbing was completed and immediately delivered to the 
microbiology laboratory for analysis, the oral care consisted 
of applying 15 ml chlorhexidine with soaked compresses on 
the teeth, gums, gingival mucosa, palate, and tongue, with a 
movement from back to front. No rinsing of the mouth was 
performed after the oral care.

Subsequent swabs were sampled immediately, and at 15, 
60, 120, 240, and 360 min after the oral care. For the last 10 
patients, 0.5 ml of saliva was collected with a syringe in the 
lower gingivobuccal sulcus, at 15, 30, 60, 120, 240, and 360 
min after the oral care. These samples were then stored at 
–20°C in conical centrifuge tubes (Nunc; Thermo Scientific, 
France) for subsequent chlorhexidine-concentration mea-
surement. Every single oral care was reported on the daily 
patient chart.

Microbiologic Study
Upon reception, swabs were discharged into 0.5 ml of sterile 
water. Then, samples were diluted to 1/1,000, and 100 μl of 
this dilution was plated with a rake onto three agar plates: 
chromogenic agar (UriSelect; Biorad, France), Drigalski 
agar (Sigma-Aldrich, France), and chocolate agar + PolyViteX 
(BioMérieux, France). All plates were incubated aerobically at 
37°C, with an additional 5% CO2 for the chocolate agar. After 
24 h of incubation, the total bacterial count of a sample was 
counted from the nonselective chocolate agar plate. Quantifi-
cation of Gram-negative and Gram-positive bacteria was also 
performed from the three agar plates. Only the two dominant 
pathogens were stored at –80°C in glycerol media.

Chlorhexidine minimal inhibitory concentrations of dom-
inant pathogens of each patient were determined using the 
broth microdilution method recommended by the Clinical 
and Laboratory Standards Institute (Wayne, Pennsylvania).26 
Strains were cultured in 10 ml of brain heart infusion broth 
(Sigma-Aldrich, France) in conical centrifuge tubes (Nunc; 

France (B.L.C., A.C.M., J.M., T.B.P., C.B., L.L., D.D., L.M., J.D.R.); 
Assistance Publique Hôpitaux de Paris, Louis Mourier Hospital, 
Microbiology Laboratory, Colombes, France (A.C.M., T.B.P., C.B., 
L.L.,); Assistance Publique Hôpitaux de Paris, Hôpital Bichat, Clini
cal Research Unit Paris Nord, Paris, France (F.D.); National Institute 
of Health and Medical Research, Clinical Epidemiology and Eco
nomic Evaluation Applied to Vulnerable Populations, Joint Research 
Unit 1123, Paris, France (F.D.); Université Paris Diderot, Clinical Epi
demiology and Economic Evaluation Applied to Vulnerable Popula
tions, Joint Research Unit 1123, Sorbonne Paris Cité, Paris, France 
(F.D.); and Assistance Publique Hôpitaux de Paris, Hôpital Bichat, 
Clinical Pharmacology and Toxicology, Paris, France (L.M.).
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Thermo Scientific, France), and incubated for 18 h at 37°C 
under agitation (200 rotations per min). Streptococcus and 
Haemophilus strains were cultured using Haemophilus Test 
Medium supplement (Oxoid S.A., France) in a carbon diox-
ide humidified incubator. After 18 h incubation, each culture 
was diluted to 1/1,000 in blood heart infusion broth (with 
addition of Haemophilus Test Medium supplement for Strep-
tococcus and Haemophilus strains). Then, 90 μl of each diluted 
culture was added to 10 μl of chlorhexidine solution, at differ-
ent concentrations (0.25 to 256 mg/l), in 96-well microplates 
(Corning Inc., USA). The microplates were incubated at 37°C 
aerobically (in a carbon dioxide humidified incubator for 
Streptococcus strains). Minimal inhibitory concentration was 
read at 24 h. The experiment was repeated three times.

Chlorhexidine Salivary Concentration Study
We determined salivary chlorhexidine concentration for the 
last 10 patients (February to April 2016). The samples were 
analyzed by high-pressure liquid chromatography.27 Sputasol 
(Oxoid S.A.) was used at the extraction phase to optimize the 
saliva fluidization: 100 μl of Sputasol was added to 200 μl of 
saliva. Then, 300 μl of 4.5 M sodium hydroxide and 400 μl 
of acetonitrile were added. The obtained sample was vortex-
mixed and centrifuged for 1 min at 14,000 rpm. Then, 200 
μl of the organic phase was transferred into a dry tube and 
mixed with 370 μl of the mobile phase buffer component. 
A 20-μl aliquot was injected into the high-pressure liquid 
chromatography system. A Nova-Pak C18 column (4 μm, 
3.9 mm × 150 mm; Waters, France) was used, with a flow rate 
of 0.8 ml/min. Chlorhexidine was detected at 260 nm. The 
chromatographic chain was piloted and the peaks determined 
using the Empower 2 software (Waters). Calibration range 
and quality controls were prepared in saliva (Saliva, Artificial 
Oral Fluid, OraFlex; LGC, England). The range was between 
0.5 and 50 mg/l (0.5, 1, 2, 5, 10, 20, 30, 50). Any sample 
concentration greater than the range was diluted in order to 
allow for chlorhexidine concentration measurement.

Ethics
The Ethics Committee of the French Intensive Care Soci-
ety (Paris, France) approved the study (n°13-41). Informed 
consent was not requested due to the purely observational 
design of our study leading to a waiver of informed consent. 
Patients and/or family were, however, informed of the study, 
its purpose and objectives. The study was registered at clini-
caltrial.gov (NCT03290105).

Statistical Analysis
The prespecified and a priori defined primary outcome was 
the reduction in total colony-forming units (CFU) over time 
after chlorhexidine exposure. An a priori effect size was dif-
ficult to define due to lack of sufficiently precise previous data 
in the literature on which to base the calculation. We had no 
same or largely overlapping data sets previously examined for 
similar outcome measures by our group. Descriptive statistics 

were analyzed with GraphPad Prism 7 (GraphPad Software, 
USA), and the mixed model analysis was carried out using 
SAS version 9.3 (SAS Institute, USA). Results are presented as 
the median and range for quantitative variables, or frequency 
and proportion for categorical variables. We investigated 
temporal changes in total colony-forming unit per milliliter 
values, using a linear mixed model to take into account that 
multiple samples came from individual patients.28 As colony-
forming unit per milliliter data were not normally distributed, 
they were transformed using the natural logarithmic trans-
formation model. A model with time (baseline, 15, 30, 60, 
120, 240, and 360 min), as the repeated-measures factor was 
constructed. Subjects’ identification was included as a ran-
dom effect to account for the variability due to individual 
differences between subjects. The interaction of time with 
(1) mono- or polymicrobial status and (2) isolates’ genus was 
also assessed to test whether time courses of the CFU differed 
between mono- and polymicrobial samples and between types 
of isolates, respectively. We selected the unstructured covari-
ance based on the Akaike information criterion. Normality 
and homoscedasticity of the residuals were examined using 
graphical methods. Secondary outcomes were the microbio-
logic analysis of patients’ oropharyngeal colonization, mini-
mal inhibitory concentrations of oropharyngeal bacteria to 
chlorhexidine, and chlorhexidine salivary concentration. 
Hypothesis testing was two-tailed. There was no post hoc test-
ing. A P value < 0.05 was considered statistically significant.

Results

Patients
One hundred sixty-eight consecutive patients were admitted 
to our intensive care unit during the 16-week study period 
(January to March 2014, and February to April 2016; see 
patient flow chart, fig. 1 in the Supplemental Digital Con-
tent, http://links.lww.com/ALN/B787). Of these, 44 were 

Fig. 1. Evolution of the total inoculum of oropharyngeal isolates, 
for each patient, at the different timepoints. Results are ex-
pressed as means and range. There was no significant change 
in the total inoculum of oropharyngeal isolates over time. CFU, 
colony-forming units; T, timepoints, followed by the elapsed 
minutes since the beginning of the oropharyngeal care.
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ventilated for more than 48 h, and 34 patients were included. 
Four patients had at least one exclusion criterion. Character-
istics of the remaining 30 patients are displayed in table 1. 
Median age was 63 yr [52 to 71], with a median Simpli-
fied Acute Physiology Score II of 52 [45 to 73]. Twenty-six 
patients (86.7%) had antibiotics at time of inclusion. These 
mainly included a third-generation cephalosporin (nine 
patients), or amoxicillin (either alone [five patients], or in 
combination with clavulanic acid [three patients]). Eight 
patients ultimately developed ventilator-associated pneumo-
nia (including five with diverse Enterobacteriaceae and three 
with Pseudomonas aeruginosa pneumonia). For each patient, 
bacteria responsible for ventilator-associated pneumonia 
were those documented in the oropharyngeal samples.

Microbiology of Oropharyngeal Colonization
Two hundred fifty samples were collected from the 30 patients. 
Forty-eight oropharyngeal isolates were identified. These were 
mainly streptococci (27.1%) and Enterobacteriaceae (20.8%; 
table 2). Twelve oropharyngeal samples were monomicrobial 

(six viridans group streptococci, three P. aeruginosa, one Staph-
ylococcus haemolyticus, one Escherichia coli, one Achromobacter 
xylosoxidans), and 18 were polymicrobial.

Changes over Time of Oropharyngeal Bacterial Growth 
before and after Chlorhexidine Exposure
There were no significant differences in bacterial inoculum 
per patient over time (fig. 1). Indeed, bacterial counts before 
chlorhexidine mouthwash did not decrease over time (each 
minute increase in time resulted in a multiplication of bacterial 
count by a coefficient of 1.001, P = 0.83). Median count before 
chlorhexidine exposure was 2.5·106 CFU/ml and remained 
between 8·105 and 3·106 CFU/ml after chlorhexidine expo-
sure (figs. 1 and 2 in the Supplemental Digital Content, http://
links.lww.com/ALN/B787). The median inoculum of the 12 
monomicrobial samples (2·106 to 5·105 CFU/ml, with a nadir 
of 4·105 CFU/ml 240 min after oral care) showed no signifi-
cant variations versus that of the 18 polymicrobial ones (2·106 
to 1·106 CFU/ml with a nadir of 1·106 CFU/ml 60 min after 
oral care, P = 0.7). No significant changes in bacterial growth 
were observed for any of the different genera of isolated strains 
(fig. 2). Regarding the species or strains for which oral care led 
to an initial bacterial count (albeit statistically nonsignificant) 
decrease, this decrease did not exceed one log, and bacterial 
regrowth was observed very rapidly afterward.

Minimal Inhibitory Concentrations of Oropharyngeal 
Bacterial to Chlorhexidine
Enterobacteriaceae had the highest chlorhexidine minimal 
inhibitory concentration (32 [16 to 32] mg/l, table  2). 
Of note, even the bacteria exhibiting the lowest minimal 

Table 1. Patient Characteristics

Characteristics Total, n = 30

Age (yr) 63 [52–71]
Male sex, n (%) 23 (76.7)
Comorbid conditions, n (%)  
  Neoplastic disease 4 (13.3)
  Cirrhosis 2 (6.7)
  Chronic kidney disease 4 (13.3)
  Dialysis 1 (3.3)
  COPD 6 (20)
  HIV 2 (6.7)
  Chronic heart failure 7 (23.3)
  Chronic alcohol consumption 9 (30)
Reason for ICU admission, n (%)  
  Acute respiratory failure 15 (50)
  Coma 6 (20)
  Septic shock 7 (23.3)
  Cardiogenic shock 2 (6.7)
SAPSII 52 [45–73]
Ongoing exposure to antibiotic therapy, n (%) 26 (86.7)
  Amoxicillin, n 5
  Amoxicillin-clavulanate, n 3
  Piperacillin, n 2
  Piperacillin-tazobactam, n 2
  Third generation cephalosporin, n 9
  Azole, n 3
  Aminoglycoside, n 6
  Carbapenem, n 3
Median time between intubation and inclusion, days 4 [3–7]
Median duration of ventilation, days 11 [8–20]
Median length of ICU stay, days 12 [9–23]
ICU mortality, n (%) 5 (16.7)

Data are presented as n (%) or median [interquartile range], unless other-
wise stated. 
COPD, chronic obstructive pulmonary disease; HIV, human immunodefi-
ciency virus; ICU, intensive care unit; SAPSII, Simplified Acute Physiology 
Score II. 

Table 2. Oropharyngeal Isolates Characteristics

Oropharyngeal Isolates
Isolates,  
n = 48

CHX MIC  
(mg/l)

Viridans group streptococci 13 (27.1) 4 [4–8]
Staphylococci 8 (16.7) 24 [14–32]
  Staphylococcus haemolyticus 7 32 [12–32]
  Staphylococcus aureus 1 16
Enterococci 8 (16.7) 16 [7–20]
  Enterococcus faecalis 7 16 [12–24]
 Enteroccoccus  faecium 1 4
Enterobacteriaceae 10 (20.8) 32 [16–32]
  Escherichia coli 4 24 [12–32]
 Enterobacter  cloacae 2 16 [16-16]
 Proteus  mirabilis 2 48 [40–56]
 Proteus  vulgaris 1 32
 Hafnia  alvei 1 32
Nonfermenting Gram-negative  

pathogens
7 (14.6) 16 [12–24]

  Pseudomonas aeruginosa 6 16 [10–16]
  Achromobacter xylosoxidans 1 32
Haemophilus influenzae 1 (2.1) 16
Branhamella catarrhalis 1 (2.1) 16

Data regarding isolates are presented as n (%) and data regarding CHX 
MIC as median [interquartile range].
CHX, chlorhexidine; MIC, minimal inhibitory concentration.
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inhibitory concentration to chlorhexidine (4 [4 to 8] mg/l) 
were not affected by chlorhexidine exposure: inoculum of 
viridans group streptococci isolates varied from 1·106 to 
5·105 CFU/ml at the minimum and again reached 1·106 
CFU/ml 240 min after the oral care.

Chlorhexidine Salivary Concentration
For the 10 patients whose salivary chlorhexidine concen-
tration were measured, the median salivary chlorhexidine 
concentration reached a maximum of 47 [19 to 61] mg/l, 
15 min after administration, and then dropped to 7.6 [1.8 
to 31] mg/l as early as 60 min after the oropharyngeal 
chlorhexidine care. It gradually decreased thereafter, reaching 
2.95 mg/l 360 min after the mouth rinse (fig. 3, P < 0.0001). 
This was associated with the persistence of a strong oropha-
ryngeal bacterial inoculum, between 105 and 107 CFU/ml.

Discussion
Although a few studies have dealt with chlorhexidine effect 
on oropharyngeal colonization,29–34 this study included an 

evaluation of the kinetics of oropharyngeal bacterial coloni-
zation minutes and hours following chlorhexidine admin-
istration, and measuring chlorhexidine oral concentration 
in critically ill patients. More precisely, most of the studies 
dealing with chlorhexidine effect on oropharyngeal coloni-
zation did not quantify oropharyngeal inoculums,30,33,34 or 
controlled them only once, several hours or days after the 
oral care.29,31,32

Results can be summarized as follows: (1) there was no 
significant change in median bacterial counts after a stan-
dard 0.12% chlorhexidine oropharyngeal care; (2) this result 
was found irrespective of the bacterial genus involved; (3) 
even strains with a low minimal inhibitory concentration to 
chlorhexidine, such as viridans group streptococci, were not 
affected by 0.12% chlorhexidine; and (4) the chlorhexidine 
salivary concentration rapidly decreased after its adminis-
tration during oropharyngeal care. Taken together, these 
results suggest that 0.12% chlorhexidine may have almost 
no efficacy in vivo on oropharyngeal colonization. These 
results question the use of chlorhexidine to prevent ventila-
tor-associated pneumonia and provide some explanation for 
the negative results of chlorhexidine on ventilator-associated 
pneumonia prevention.14,17

Chlorhexidine oral care is widely used to prevent ventila-
tor-associated pneumonia.22 Yet meta-analyses have yielded 
discordant results on its effectiveness.11–20 The major prob-
lem of these analyses is that studies included heterogeneous 
categories of patients and very heterogeneous practices in 
terms of frequencies of oral care, chlorhexidine concentra-
tions (from 0.12 to 2%), and modes of antiseptic adminis-
tration (mouthwash, dental paste, swabbing of the mucous 
membranes), that together question the reliability of the 
findings. Moreover, chlorhexidine seems to be effective to 
prevent nosocomial pneumonia only among cardiac sur-
gery patients.17 In addition, the vast majority of patients 
included in the three studies after cardiac surgery were intu-
bated less than 48 h. Therefore, one cannot make conclu-
sions about the long-term effect of chlorhexidine in patients 
ventilated for longer periods. Interestingly, the analysis of 

Fig. 2. Bacterial growth of the different genus of isolated strains, at the different timepoints. Timepoints are expressed as T, fol-
lowed by the elapsed minutes since the beginning of the oropharyngeal care. Results are expressed as means and range. There 
was no significant change in bacterial growth of the different genera of isolated strains over time. CFU, colony-forming units.

Fig. 3. Chlorhexidine (CHX) salivary concentration at the dif-
ferent timepoints. Timepoints are expressed as T, followed 
by the elapsed minutes after the oropharyngeal care. Results 
are expressed as means and range. There was a significant 
change in chlorhexidine over time.
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the 13 studies focusing on medical patients only did not 
find any effect of chlorhexidine on prevention of ventila-
tor-associated pneumonia.17 This suggests that the positive 
effect of chlorhexidine reported by some studies is biased 
by the short duration of ventilation. Importantly, a non-
significant trend toward an increased mortality in patients 
randomized to chlorhexidine use was noted (risk ratio, 
1.13 [95% CI, 0.99 to 1.28]).17 Another meta-analysis 
reported a significant increased mortality in patients ran-
domized to chlorhexidine use (odds ratio, 1.25 [95% CI, 
1.05 to 1.50]), possibly related to microaspirations of small 
amounts of chlorhexidine, leading to acute lung injury.16 
Finally, a very recent study also found that exposure to 
chlorhexidine oral care was associated with increased risk of 
death (odds ratio, 2.61 [95% CI, 2.32 to 2.92]).35 Thus, the 
use of chlorhexidine remains debated, with some societies 
having withdrawn chlorhexidine use from their recommen-
dations,36–38 while others have funded a large international 
multicenter study to evaluate the benefits of chlorhexidine 
2% oral care.39

Surprisingly, chlorhexidine has been broadly used for 
decades in the intensive care unit without prior evaluation 
of its antibacterial efficacy and its persistence in significant 
concentrations in the oropharynx of critically ill patients. 
Most of the only available data can be found for odonto-
logical outpatients,40 who are obviously very different from 
mechanically ventilated intensive care unit patients.41 Our 
results clearly indicate the persistence of a high oropharyn-
geal bacterial inoculum in intubated patients, despite well-
conducted chlorhexidine oral care. This raises the question: 
Why could chlorhexidine be ineffective? Reported minimal 
inhibitory concentration levels of chlorhexidine for Entero-
bacteriaceae and staphylococci were respectively around 4 
and 1 to 2 mg/l.42,43 These figures are considerably lower 
than those measured in our study (respectively, 32 [16 to 
32] and 24 [14 to 32] mg/l). Two non–mutually exclusive 
explanations may be brought forward for our observations: 
decreased bacterial susceptibility to chlorhexidine and insuf-
ficient concentrations at the site of interest. At the indi-
vidual level, oropharyngeal isolates, repetitively exposed 
to chlorhexidine, develop resistance to chlorhexidine. This 
phenomenon has been suggested to occur at least in vitro: 
Kitagawa et al. described an increase of Enterococcus faeca-
lis chlorhexidine minimal inhibitory concentration after 
repeated exposure to chlorhexidine, due to a change in pro-
tein expression profiles.44 After repeated passages in media 
containing increasing chlorhexidine concentrations, Braou-
daki and Hilton observed an increase of E. coli O157’s mini-
mal inhibitory concentration from 4 to 512 μg/ml.45 At the 
population level, one may hypothesize that over the years, 
E. coli’s susceptibility to chlorhexidine has changed, with 
bacteria becoming more resistant. We indeed have recently 
described very different chlorhexidine susceptibility patterns 
in E. coli isolates responsible for pneumonia in ventilated 
patients.46 Decreasing chlorhexidine susceptibility has also 

been described for Staphylococcus aureus isolates, after an 
increase in the use of chlorhexidine in oncology and cardiac 
surgery pediatric patients between 2001 and 2011.47,48

The conflicting results on chlorhexidine efficacy reported 
in the different meta-analyses obviously question the sali-
vary availability of chlorhexidine. Surprisingly, we found 
no data reporting values for chlorhexidine salivary concen-
trations in critically ill ventilated patients. To address this 
point, we measured salivary chlorhexidine concentration in 
the last 10 patients. The reason chlorhexidine concentra-
tions were not measured in all patients relates to the delay 
in establishing the appropriate high-pressure liquid chro-
matography setup. Our measurements are consistent with 
those performed in healthy volunteers and nonventilated 
patients, which reported very low chlorhexidine concen-
trations early after chlorhexidine oral care.49,50 Our results 
indicate a very rapid drop in chlorhexidine salivary con-
centration as early as 60 min after the oral care (reaching a 
low of 7.6 mg/l), which is lower than most of the bacteria 
minimal inhibitory concentration we found. A possible 
explanation for the rapid decrease could be chlorhexidine 
absorption to mucin, and partly to albumin in saliva.51 
Hence, a too rapid a drop in chlorhexidine oropharyn-
geal concentrations may explain its antimicrobial ineffec-
tiveness. Moreover, as previously discussed, subinhibitory 
chlorhexidine concentrations may contribute to the devel-
opment of chlorhexidine resistance in oropharyngeal 
pathogens.

We recognize our study has a few limitations. First, it was 
not controlled. However, the main objective was to assess 
chlorhexidine oral care effects on oropharyngeal bacterial 
microbiota, and to try to unravel its reported ineffective-
ness rather than to compare it to another agent. Second, the 
number of included patients could be regarded as small, in a 
single-center study. Thus, results might not be generalizable, 
reflecting the habits and bacterial ecology of this intensive 
care unit. The results do, however, represent 250 bacterial 
samples that consistently showed high persistent oropharyn-
geal bacterial inoculum, despite well-conducted chlorhexi-
dine oral care. It is thus highly unlikely that a larger number 
of patients would have yielded very different results. We 
deliberately chose to include only those patients ventilated 
for more than 48 h because we wished to assess chlorhexidine 
efficacy in established oropharyngeal colonization. Whether 
or not oral care with chlorhexidine prevents oropharyngeal 
colonization from occurring was not directly assessed in the 
present study. It could be hypothesized that initial bacte-
rial inoculums were much higher than those we measured, 
and that chlorhexidine just maintained the level of bacteria. 
However, all our patients received chlorhexidine oral care 
from the beginning of  their intensive care unit admission. 
The fact that all 30 patients had a very high level of oro-
pharyngeal colonization by day 3 suggests that chlorhexi-
dine was indeed not able to prevent colonization from 
occurring. Moreover, had chlorhexidine been effective, one 
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would have expected significant changes in bacterial levels, 
in parallel with variations in chlorhexidine concentrations. 
We believe that the stability of bacterial counts suggests 
that chlorhexidine exposure was ineffective. Third, we used 
0.12% chlorhexidine, which is not the highest chlorhexidine 
concentration available, but the highest in France at the time 
of the study.15,17 One might conclude that our results might 
not be generalizable for other chlorhexidine concentrations. 
However, stronger solutions of chlorhexidine are not avail-
able worldwide, and they are known to be poorly tolerated, 
causing oral mucosa lesions, because of cytotoxicity.39,52,53

Providing exhaustive, longitudinal, fully quantitative 
(and not semiquantitative as in most studies) bacterial cul-
tures in parallel with assays of chlorhexidine salivary concen-
tration is a definite strength of our study. What alternatives 
can be proposed to clinicians that would envisage aban-
doning chlorhexidine? Unfortunately, evidence regarding 
the efficacy of existing alternatives to chlorhexidine mouth 
rinse is insufficient.20 Hence, new approaches need to be 
developed. We have recently shown that proanthocyanidins 
extracted from cranberry had the ability to decrease bacterial 
adhesion to fresh human buccal epithelial cells and that in 
an animal model, they decreased the virulence of pathogens 
responsible for ventilator-associated pneumonia.54 They may 
be an interesting alternative that obviously requires clinical 
demonstration of their potential benefit.

Conclusions
To summarize, we showed that, despite its broad use, 0.12% 
chlorhexidine has almost no effect on oropharyngeal bacterial 
microbiota in patients requiring invasive mechanical ventila-
tion for more than 48 h, even on strains exhibiting low mini-
mal inhibitory concentrations. High oropharyngeal bacterial 
inoculums persist, and chlorhexidine salivary concentration 
rapidly decreases below bacteria minimal inhibitory concen-
trations to chlorhexidine. These results may partly explain 
why ventilator-associated pneumonia rates remain above 10 
to 15% in intensive care unit patients, despite application 
of dedicated bundles.25,55 Given the number of patients that 
routinely receive oral care with chlorhexidine, our results 
have major and immediate clinical and economical reper-
cussions since they directly question the pertinence of using 
chlorhexidine in this indication, and provide some explana-
tions for the divergent results of studies on ventilator-associ-
ated pneumonia prevention with chlorhexidine.
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P ERIOPERATIVE hemodynamic instability may lead 
to cardiovascular morbidity and requires prompt rec-

ognition and correction. Possible causes include blood loss, 
fluid deficit, or sepsis. Fluid therapy is therefore a key com-
ponent of the perioperative management of surgical patients. 
Resuscitation fluids are divided into two categories: colloid 
and crystalloid solutions. The ideal fluid to be used in the 
surgical setting remains uncertain.1,2 Colloids are composed 
of heavy molecular weight molecules, which are retained in 
the plasma compartment. Hemodynamic goals are reached 
by administrating smaller volumes of colloids than crystal-
loids.3–5 Among colloids, starches are the most commonly 
administered fluid. The use of starches has been restricted by 
the European Medicines Agency in sepsis, burns, or critically 
ill patients6 because of the risk of acute kidney injury and of 
death.5,7 The U.S. Food and Drug Administration also issued 
a warning about the increased risk of renal failure or death, 

as well as a risk of bleeding after cardiopulmonary bypass 
associated with starches.6 However, because these data do 
not derive exclusively from surgical patients, extrapolation 

Editor’s Perspective

What We Already Know about This Topic

• Whether crystalloid or colloids are preferable for treatment of 
hypovolemic shock in surgical patients remains unclear

What This Article Tells Us That Is New

• In a preplanned subgroup analysis of a previous trial, the 
authors compared 28-day mortality in 741 surgical patients 
with hypovolemic shock who were randomized to crystalloids 
or colloids

• Mortality at 30 and 90 days was similar in the two groups, and 
colloid administration did not increase the need for dialysis

• Colloid administration did not improve mortality but also did 
not cause renal injury
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ABSTRACT

Background: The multicenter randomized Colloids versus Crystalloids for the Resuscitation of the Critically Ill (CRIS-
TAL) trial was designed to test whether colloids altered mortality compared to crystalloids in the resuscitation of intensive 
care unit patients with hypovolemic shock. This preplanned analysis tested the same hypothesis in the subgroup of surgi-
cal patients.
Methods: The CRISTAL trial prospectively defined patients as critically ill surgical patients whenever they underwent emer-
gency or scheduled surgery immediately before or within 24 h of intensive care unit admission and had hypovolemic shock. 
The primary outcome measure was death by day 28. Secondary outcome measures included death by day 90, the need for renal 
replacement therapy, or the need for fresh frozen plasma transfusion.
Results: There were 741 critically ill surgical patients, 356 and 385 in the crystalloid and colloid arm, respectively. Median 
(interquartile range) age was 66 (52 to 76) yr, and 484 (65.3%) patients were male. Surgery was unscheduled in 543 (73.3%) 
cases. Mortality by day 28 did not significantly differ for crystalloids 84 (23.6%) versus colloids 100 (26%; adjusted odds ratio, 
0.86; 95% CI, 0.61 to 1.21; P = 0.768). Death by day 90 (111 [31.2%] vs. 122 [31.7%]; adjusted odds ratio, 0.97; 95% CI, 
0.70 to 1.33; P = 0.919) did not significantly differ between groups. Renal replacement therapy was required for 42 (11.8%) 
patients in the crystalloids arm versus 49 (12.7%) in the colloids arm (P = 0.871).
Conclusions: The authors found no survival benefit when comparing crystalloids to colloids in critically ill surgical patients. 
(Anesthesiology 2018; 129:1149-58)
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Crystalloids versus Colloids, Surgical Subgroup

of these findings to the perioperative period is question-
able. Indeed, crystalloids are not devoid of side effects such 
as hyperchloremic metabolic acidosis, reduced renal blood 
flow, or impaired renal cortical perfusion.8,9

The Colloids versus Crystalloids for the Resuscitation of 
the Critically Ill (CRISTAL) trial was designed to test the 
hypothesis that colloids altered 28-day mortality compared 
with crystalloids for fluid resuscitation in a general popula-
tion of critically ill patients.4 This a priori defined second-
ary analysis tested the same hypothesis in the subgroup of 
surgical critically ill patients. Patients were identified as 
surgical whenever they underwent emergency or scheduled 
surgery immediately before or within 24 h of intensive care 
unit admission. Our primary outcome was 28-day mortal-
ity. Secondary outcomes included the occurrence of organ 
dysfunction over a 28-day period, as well as the need for 
renal replacement therapy, secondary surgical intervention, 
blood product administration, intensive care unit and hospi-
tal length of stay, and 90-day mortality.

Materials and Methods

Study Setting and Patients
The CRISTAL trial (ClinicalTrials.gov NCT00318942) ran-
domly assigned 2,857 acutely hypovolemic patients from 57 
participating centers in Europe, North Africa, and North 
America to receive either crystalloids or colloids.4 The study 
protocol was approved by local institutional review boards. 
Deferred written informed consent was obtained from par-
ticipants or legally authorized surrogates. Included partici-
pants had not previously received any fluid in the intensive 
care unit and required fluid resuscitation for acute hypovo-
lemia. Acute hypovolemia was defined by the combination 
of (1) hypotension: systolic arterial pressure of less than  
90 mmHg, mean arterial pressure of less than 60 mmHg, 
orthostatic hypotension (i.e., decrease in systolic arterial 
pressure of at least 20 mmHg, from the supine to the semi-
recumbent position), or a delta pulse pressure of 13% or 
higher; (2) evidence for low filling pressures and low car-
diac index, assessed either invasively or noninvasively; and 
(3) signs of tissue hypoperfusion or hypoxia, including at 
least two of the following clinical symptoms: Glasgow Coma 
Scale score of less than 12, mottled skin, urinary output of 
less than 25 ml/h, or capillary refilling time of 3 s or lon-
ger; and arterial lactate levels higher than 2 mM, blood urea 
nitrogen higher than 56 mg/dl, or a fractional excretion of 
sodium of less than 1%.4

A computer-generated list with fixed-block permutation 
(n = 4) was used to randomize patients on a 1 to 1 ratio. 
Randomization was stratified by center and by three admis-
sion diagnoses: sepsis, multiple trauma, and other causes 
of hypovolemic shock. Allocation concealment used sealed 
envelopes at the bedside to allow randomization of eligible 
patients without any delay. Investigators were blinded to 
block size.

Eligible patients were randomly allocated to fluid resus-
citation with crystalloids or with colloids. In the crystalloids 
group, allowed treatments included isotonic or hypertonic 
saline and any buffered solutions. In the colloids group, 
hypooncotic (e.g., gelatins, and 4 or 5% of albumin) and 
hyperoncotic (e.g., dextrans, hydroxyethyl starches, and  
20 or 25% of albumin) solutions were permitted. Within 
each treatment group, investigators could use whichever flu-
ids were available at their institution. The amount of fluid 
and duration of treatment was left at the discretion of the 
investigators with the following restrictions: (1) the daily 
total dose of hydroxyethyl starch could not exceed 30 ml/
kg of body weight and (2) investigators were required to fol-
low any local regulatory agency recommendations governing 
use. Patients had to be managed according to their random-
ization arm except for (1) maintenance fluids, which were 
isotonic crystalloids, regardless of treatment group, and (2) 
in instances in which physicians wished to administer albu-
min in response to demonstrated hypoalbuminemia (serum 
albumin concentration less than 20 g/dl).

The blinding of the clinicians to the fluid interventions 
was considered by the study advisors to be inappropriate 
or infeasible because study treatments had to be available 
immediately for resuscitation to ensure avoidance of non-
study fluids in emergent situations. In addition, because the 
intervention would be continued until intensive care unit 
discharge and could thus be highly variable, there was no 
practical way to stock sites with adequate supplies of masked 
fluid solutions. However, the mortality endpoints were col-
lected and assessed by study members blinded to treatment 
assignment. Similarly, the principal investigator, study spon-
sor, and the members of the data and safety monitoring 
board remained blinded to the study interventions until all 
patients were followed up and the final analysis was executed.

For this analysis, we included all surgical patients included 
in the original trial. Surgical patients were a priori defined 
as patients requiring elective or unscheduled surgery, either 
before or up to 24 h after intensive care unit admission.

Data Collection
At the time of randomization, age, sex, cause of intensive 
care unit admission, type of admission (medical, elective 
surgery, unscheduled surgery, trauma), McCabe class,10 dis-
ability scale score,11 cause of hypovolemia (divided into three 
separate strata: sepsis, trauma, and other), Simplified Acute 
Physiology Score II,12 Sequential Organ Failure Assessment 
score,13 Injury Severity Score,14 signs of hypovolemia, and 
amount of fluids administered before randomization were 
collected. The global Sequential Organ Failure Assessment 
score was recorded daily over a 7-day period and thereaf-
ter on days 14 and 28. Any occurrence of renal replacement 
therapy was recorded. We assessed the need for secondary 
surgical intervention and for blood product administration 
(including platelets, fresh frozen plasma, and packed eryth-
rocytes) over a 7-day period. Outcomes included intensive 
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care unit and hospital length of stay, as well as death by days 
28 and 90.

Statistical Analysis
Quantitative variables were expressed as median (interquar-
tile range) and categorical variables as number (percentage). 
When designing the CRISTAL trial, we anticipated that 
responses to colloids versus crystalloids may vary across dif-
ferent groups of patients, namely sepsis, trauma, and other 
categories of acute hypovolemia. Thus, randomization was 
stratified according to these three groups of patients. In 
addition, we anticipated potential qualitative interaction 
between treatment responses within each of these strata 
and the type of admission, namely surgical versus medi-
cal. Thus, we planned to report the estimation of treatment 
effects in the surgical and medical groups of patients sepa-
rately. We undertook an intention-to-treat analysis for the 
primary outcome, death by day 28, where patients, once 
selected in one treatment group according to randomiza-
tion, were analyzed in the group assigned by the random-
ization, insuring the absence of any selection or attrition 
bias. No imputation was used. Nevertheless, in response 
to peer review, per-protocol analyses were added as a sec-
ondary analysis including all participants who adhered 
adequately to the assigned treatment. Categorical variables 
were compared with the Fisher exact test, and continuous 
variables were compared with the Wilcoxon rank sum test. 
To assess differences over time of the Sequential Organ 
Failure Assessment score across both arms, we built a lin-
ear mixed-effects model. This allowed us to model obser-
vational heterogeneity incurred by repeat measurements of 

the score in the same patient (with fixed effects of Sequen-
tial Organ Failure Assessment and time) and accounted for 
the fact that some individuals may have higher values than 
others (by using a random intercept).

All patients were followed until day 90 unless death 
occurred before day 90, so that analysis of mortality data 
across randomized groups used the chi-square test; esti-
mate of odds ratio of death according to fluid used a logis-
tic model, adjusted to the nature of surgery. To display the 
cumulative incidence of death, we used nonparametric esti-
mator and then compared between randomized groups by 
the Gray test.

All analyses were preplanned, except for those factors 
selected for adjustment and additional analyses requested 
by the reviewers or editors. Statistical analyses were per-
formed with SAS 9.3 (SAS Inc., USA) and R 2.13.0 (http://
www.R-project.org/; accessed August 10, 2017) software. 
Tests were two-sided. The results were adjusted for multiple 
comparisons.15 P levels less than 0.05 were considered sta-
tistically significant.

Results

Baseline Characteristics
Of 2,857 patients in the initial trial, there were 741 critically 
ill surgical patients (fig. 1). Of those 741 surgical patients, 
484 (65.3%) were male, 369 (49.8%) suffered from sep-
sis, and the median age was 66 (52 to 76) yr. In total, 356 
patients (48%) were allocated to the crystalloids arm, and 
385 (52%) were allocated to the colloids arm. Surgery was 
elective for 198 (26.7%) patients and unscheduled for 543 

Fig. 1. Enrollment, randomization, and predetermined strata.
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(73.3%) patients; 395 patients (53.3%) underwent general 
or abdominal surgery, 198 patients (26.7%) underwent 
orthopedic surgery, 127 patients (17.1%) underwent car-
diac surgery, and 21 patients (2.9%) underwent neurosur-
gery. In both arms, some patients received crystalloids and/
or colloids in the operating theater before intensive care unit 
admission and before randomization (table 1). Nevertheless, 
severe acute hypovolemia was present upon randomization 
as highlighted by tachycardia, low systolic blood pressure 
and high diastolic blood pressure, low cardiac index, and 
high arterial lactate levels (Supplemental Digital Content, 
supplemental table 1, http://links.lww.com/ALN/B772).

Outcomes
Patients in the crystalloids arm received a median 7-day 
cumulative dose of fluids of 4,275 (2,000 to 7,500) ml ver-
sus 2,750 (1,500 to 4,500) ml for patients in the colloids 
arm (table 2). By day 1, the amount of fluids was markedly  
(P < 0.0008) higher in the crystalloids than in the colloids-
treated patients (fig. 2). Over time, 14.8% (n = 57) of patients 
in the colloids arm received crystalloids, whereas 5.6% (n = 
20) of patients in the crystalloids arm received colloids.

There was no difference in the occurrence of death by day 
28 between groups: 84 (23.6%) in the crystalloids arm com-
pared to 100 (26%) patients in the colloids arm (adjusted 

Table 1. Main Characteristics at Baseline According to Randomization Arm

 
Colloids Arm 

(n = 385)
Crystalloids Arm  

(n = 356)

Age, median (IQR), yr 65 (52–76) 67 (52–76)
Male sex, n (%) 249/385 (64.7) 235/356 (66.0)
Reason for ICU admission, n (%)   
    Scheduled surgery 109/385 (28.3) 89/356 (25.0)
    Emergency surgery 276/385 (71.7) 267/356 (75.0)
Source of admission to ICU, n (%)   
    Community 158/385 (41.0) 156/356 (43.8)
    Hospital ward 199/385 (51.7) 175/356 (49.2)
    Other ICU 15/385 (3.9) 18/356 (5.0)
    Long-term care facility 13/385 (3.4) 7/356 (2.0)
Type of surgery   
    General surgery 200/385 (51.9) 195/356 (54.8)
    Orthopedic surgery 102/385 (26.5) 96/356 (27.0)
    Cardiac surgery 72/385 (18.7) 55/356 (15.4)
    Neurosurgery 11/385 (2.9) 10/356 (2.8)
McCabe class, n (%)   
    No underlying disease or no fatal disease 215/383 (56.1) 210/356 (59.0)
    Underlying ultimately fatal disease (> 5 yr) 23/383 (6.0) 13/356 (3.6)
    Underlying rapidly fatal disease (< 1 yr) 145/383 (37.9) 133/356 (37.4)
Knaus disability scale, n (%)   
    A 94/383 (24.5) 89/356 (25.0)
    B 139/383 (36.3) 133/356 (37.4)
    C 91/383 (23.8) 83/356 (23.3)
    D 59/383 (15.4) 51/356 (14.3)
Glasgow Coma Scale score, median (IQR) 13 (4–15) 13 (5–15)
Simplified Acute Physiology Score II, median (IQR) 45 (30–62) 47 (33–66)
Sequential Organ Failure Assessment score,  

median (IQR)
7 (4–11) 7 (5–11)

Injury Severity Score, median (IQR) 22 (16–29) 24 (17–34)
Cause of hypovolemia, n (%)   
    Sepsis 186/385 (48.3) 183/356 (51.4)
    Trauma 60/385 (15.6) 56/356 (15.7)
    Other 139/385 (36.1) 117/356 (32.9)
Fluid administration before ICU admission (within  

the past 12 h)
  

    Crystalloids, n (%) 269/385 (70.0) 231/356 (64.9)
    Dose, median (IQR), ml 1,000 (500–2,500) 1,500 (500–2,500)
    Colloids, n (%) 266/385 (69.1) 235/356 (66.0)
    Dose, median (IQR), ml 500 (0–1,000) 500 (0–1,000)

The Knaus scale is defined as follows: A, prior good health, no functional limitations; B, mild to moderate limitation of activity because of chronic medical 
problem; C, chronic disease producing serious but not incapacitating restriction of activity; and D, severe restriction of activity caused by disease; includes 
persons bedridden or institutionalized because of illness.
ICU, intensive care unit; IQR, interquartile range.
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odds ratio, 0.86; 95% CI, 0.61 to 1.21; P = 0.768; fig. 3). 
No interaction of the intervention with any of the random-
ization strata (sepsis, trauma, and other) was found (fig. 4). 
No interaction of the intervention with the type of surgery 
was found (fig. 5). There was no difference in the occurrence 
of death by day 90 between groups: 111 (31.2%) in the crys-
talloids arm compared to 122 (31.7%) patients in the col-
loids arm (adjusted odds ratio, 0.97; 95% CI, 0.70 to 1.33; 

P = 0.919; fig. 6). The time course of the global Sequential 
Organ Failure Assessment score was similar in both groups 
(P = 0.915; fig. 7). The median number of days alive within 
the first 7 days with a Sequential Organ Failure Assessment 
score less than 6 did not significantly differ between arms: 2 
(0 to 4.25) days in the crystalloids arm versus 2 (0 to 4) days 
in the colloids arm (P = 0.786). Renal replacement therapy 
was required for 42 patients (11.8%) in the crystalloids 

Table 2. Type of Fluid Administered by Randomization Arm (Cumulative Dose Administered over a 7-day Period)

 
Colloids Arm

(n = 385)
Crystalloids Arm

(n = 356) P

Isotonic saline, n (%) Volume, median (IQR), ml 70/385 (18.2)  
2,000 (1,000–4,900)

313/356 (87.9)  
3,000 (1,500–5,500)

0.0001
0.050

Ringer’s lactate, n (%) Volume, median (IQR), ml 36/385 (9.4) 
3,500 (1,000–6,125)

120/356 (33.7)  
2,500 (1,000–5,000)

0.001
0.815

Hypertonic saline, n (%) Volume, median (IQR), ml 9/385 (2.3)  
750 (350–2,500)

16/356 (4.5)  
1,250 (620–2,625)

0.462
0.893

Gelatins, n (%) Volume, median (IQR), ml 171/385 (44.4) 
1,500 (1,000–3,500)

7/356 (2.0)  
500 (500–750)

0.002
0.098

Hydroxyethyl starch, n (%) Volume, median (IQR), ml 299/385 (77.7)  
1,500 (1,000–2,275)

24/356 (6.7)  
500 (500–1,125)

0.004
0.002

Albumin 20%, n (%)* Volume, median (IQR), ml 5/385 (1.3)  
200 (200–300)

11/356 (3.1)  
330 (200–400)

0.166
0.832

Albumin 4%, n (%)* Volume, median (IQR), ml 5/385 (1.3)  
500 (500–500)

6/356 (1.7)  
725 (500–1,362)

0.867
0.754

*Administration of albumin to correct hypoalbuminemia (albumin < 20 g/l) was not taken into account.
IQR, interquartile range.

Fig. 2. Total fluid administered over a 7-day period. The amount of colloids administered to achieve hemodynamic stability over 
the first 24 h was markedly lower than the amount of crystalloids (P < 0.0008).
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arm versus 49 patients (12.7%) in the colloids arm, over a 
7-day period (P = 0.897). The median length of stay in the 
intensive care unit did not significantly differ: 7 (3 to 17) 
days in the crystalloids arm compared to 7 (3 to 15) days 
in the colloids arm (P = 0.855). The median length of stay 

in the hospital was 22 (11 to 40) days in the crystalloids 
arm compared to 21 (10.5 to 38) days in the colloids arm 
(P = 0.815). We also performed a per-protocol comparison 
of the 340 patients who effectively received colloids and the 
259 patients who effectively received crystalloids. Of note, 
we excluded from the per-protocol analysis all patients in 
the crystalloid arm who had been treated by albumin even 
though the protocol provided for albumin supplementation 
in case of hypoalbuminemia. The per-protocol analysis did 
not find any difference in the rate of death by day 28 (87 
[25.6%] vs. 54 [20.8%]; adjusted odds ratio, 0.75; 95% CI, 
0.51 to 1.12; P = 0.429). The results of the per-protocol 
analysis are in table 3.

Secondary Surgical Interventions and Blood Transfusion
Secondary surgery was required in 278 (37.5%) patients, 
of which 131 (36.8%) were in the crystalloids group and 
147 (38.2%) in the colloids group (P = 0.875). A median 
number of 2.7 (2.2 to 3.4) units of packed erythrocytes were 
administered to patients in the crystalloids arm compared 
to 2.7 (2.3 to 3.5) units in the colloids arm (P = 0.890). A 
median number of 2 (1 to 5) units of platelets was adminis-
tered to patients in the crystalloids arm compared to 2 (1 to 
3) units in the colloids arm (P = 0.533). A median volume 
of 450 (175 to 800) ml of fresh frozen plasma was adminis-
tered in the crystalloids arm compared to 600 (400 to 1,200) 

Fig. 3. Mortality over a 28-day period after randomization in 
the colloid group, compared with the crystalloid group.

Fig. 4. Hazard ratio for 28-day mortality in the colloid group, compared with the crystalloid group, overall and in predefined sub-
groups. Size of data markers correspond to the relative size of each subgroup. Error bars indicate 95% CIs.

Fig. 5. Hazard ratio for 28-day mortality in the colloid group, compared with the crystalloid group, overall and by type of surgery. 
Size of data markers correspond to the relative size of each subgroup. Error bars indicate 95% CIs.
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ml in the colloids arm (P = 0.108). Additional information 
regarding the requirement for blood products are found in 
Supplemental Digital Content, supplemental tables 2 to 7 
(http://links.lww.com/ALN/B772). The results of the per-
protocol analysis regarding surgical interventions and blood 
transfusions are found in table 3.

Discussion
In this subgroup analysis of a large pragmatic trial compar-
ing the administration of crystalloids to colloids in surgical 
patients, we found that colloids did not exhibit a signifi-
cantly different safety profile from crystalloids. The current 
analysis encompasses both elective and unscheduled surgery 
associated with clinically significant hypovolemia. Our main 

finding was that 28-day mortality did not differ between 
treatment arms, both in the intention-to-treat and the per-
protocol analyses. Additionally, mortality by day 28 did not 
differ in any of the three prespecified strata. Mortality by 
day 90 did not differ between treatment arms, neither in 
the intention-to-treat nor in the per-protocol analysis. In-
hospital and in–intensive care unit length of stay did not 
differ between treatment arms. The need for secondary surgi-
cal interventions did not significantly differ between groups. 
The amounts of packed erythrocytes, of platelets, and of 
fresh frozen plasma did not differ between patients treated 
by crystalloids and those receiving colloids. Importantly, the 
global Sequential Organ Failure Assessment score and the 
need for renal replacement therapy did not differ between 
groups. Because patients were randomized in CRISTAL 
to receive products belonging to a broad family of fluids, 
extrapolating our findings to a particular type of solution, 
such as balanced solutions, is hazardous.16 We did not record 
enough data to provide information regarding the develop-
ment of acute kidney injury in this cohort. However, in sim-
ilar trials, the occurrence of acute kidney injury was found to 
be inconsistent with other markers of kidney failure, such as 
the requirements for renal replacement therapy.5,7

The whole population of the CRISTAL trial mainly 
encompassed patients admitted to the intensive care unit 
for medical reasons (71%).4 In the primary analysis of the 
CRISTAL trial, death by day 28 did not differ significantly 
between the colloids and crystalloids groups (relative risk, 
0.96; 95% CI, 0.88 to 1.04; P = 0.26), and mortality by day 
90 was significantly lower in the colloids arm (relative risk, 
0.92; 95% CI, 0.86 to 0.99; P = 0.03). In this exploratory 
analysis of the surgical population, mortality rates by days 
28 and 90 are broadly similar to that of the global CRISTAL 
population, as well as the risk for renal replacement ther-
apy requirement (relative risk, 0.93; 95% CI, 0.83 to 1.03;  
P = 0.19). Data pertaining more specifically to the surgi-
cal subpopulation (e.g., bleeding risk and need for secondary 
surgery) were not analyzed in the whole population of the 
CRISTAL trial.

Colloids for the Surgical and the Trauma Patient
The most thoroughly studied subtype of colloid in the surgi-
cal context is starch. Retrospective studies hint at the possibil-
ity of acute kidney injury after the administration of starches 
in the surgical setting.17 However, several small randomized 
controlled trials in elective surgery reported no renal side 
effect related to hydroxyethyl starch administration.18,19 In 
the Crystalloid versus Hydorxyethyl Starch Trial, the number 
of surgical patients undergoing renal replacement therapy  
did not differ between both groups: 61 of 1,425 assigned to 
hydroxyethyl starch (4.3%) versus 45 of 1,447 assigned to 
saline (3.0%) (relative risk, 1.38; 95% CI, 0.94 to 2.01).20 The 
Fluids in Resuscitation of Severe Trauma trial, comparing the 
administration of starches to that of crystalloids in both blunt 
and penetrating trauma, found no difference in mortality, 

Fig. 6. Mortality over a 90-day period after randomization in 
the colloid group, compared with the crystalloid group.

Fig. 7. Global Sequential Organ Failure Assessment score 
over a 28-day period after randomization in the colloid group, 
compared with the crystalloid group. Error bars indicate 95% 
CIs. SOFA, Sepsis-related Organ Failure Assessment.

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024

http://links.lww.com/ALN/B772


Anesthesiology 2018; 129:1149-58 1156 Heming et al.

Crystalloids versus Colloids, Surgical Subgroup

whereas acute kidney injury occurred more frequently in the 
saline group.21 A recent trial found that the use of colloids was 
associated with fewer complications than use of crystalloids in 
elective abdominal surgery.22 Several meta-analyses of surgical 
patients concluded that starches do not induce additional renal 
injury.23–25 Although these analyses have been criticized,26,27 
our findings, namely no increased need for renal replace-
ment therapy associated with the administration of colloids, 
are in keeping with previous reports. Such a difference in the 
occurrence of acute kidney injury between subjects affected by 
sepsis and those affected by surgery or trauma may be related 
to different pathophysiology of acute kidney injury. If blood 
loss from trauma or during surgery leads to hypotension and 
renal ischemia, prompt restoration of renal hemodynamic may 
reduce the incidence of acute kidney injury.28 The pathophysi-
ology of sepsis-associated acute kidney injury is wholly differ-
ent, because acute kidney injury may occur despite normal 
renal blood flow.29 Pathophysiologic mechanisms of sepsis-
associated acute kidney injury include inflammation, micro-
circulatory dysfunction, and endothelial cell injury.30 Starches 
may also affect bleeding in surgical patients. Several trials com-
paring starches to crystalloids found that starches reduced the 
clot strength and increased bleeding during both major surgery 
and cardiac surgery.31–33 In the Fluids in Resuscitation of Severe 
Trauma trial, patients suffering from blunt trauma randomized 
to the hydroxyethyl starch group required significantly more 
blood products than those randomized to receive saline.21 
We did not observe any difference in the required amount of 
packed erythrocytes, platelets, or fresh frozen plasma. Little is 
known of the effect of colloid versus crystalloid solutions on 
mortality in the surgical setting, because surgical-related mor-
tality in most circumstances is extremely low. In the subgroup 
of patients undergoing surgery before randomization into the 
6S trial, death by day 90 occurred in 61 of 131 patients in the 
hydroxyethyl starch subgroup versus 53 of 146 patients in the 
Ringer’s acetate subgroup (relative risk, 1.28; 95% CI, 0.97 to 
1.70; P = 0.42).34 A last point to be mentioned when compar-
ing crystalloids to colloids is the cost of each product. CRIS-
TAL was not designed to analyze the cost of both interventions.

No power computation was performed when this second-
ary analysis of the trial was undertaken. Nevertheless, given 
the sample size of 741 patients broadly divided into two 
equal-sized groups, the statistical power to detect an effect 
size of at least 0.2 was above 80%. Strengths of the current 
study include the fact that our data set stems from a prag-
matic, randomized clinical trial, depicting the use of resus-
citation fluids in real-world conditions. Additionally, our 
analyses were preplanned, and we report on a small number 
of outcomes, reducing the risk of false-positive results.35 Our 
study has several limitations. First, we did not have access 
to perioperative blood loss; we therefore had to use a sur-
rogate marker of blood loss, the number of packed erythro-
cytes administered. Second, because our population consists 
of patients who were transferred from the operating theater 
to the intensive care unit, extrapolation of our findings to all 
patients managed in the operating theater requires careful 
consideration.

Conclusions
In surgical patients included in the CRISTAL trial, we found 
no difference between colloids and crystalloids regarding 
safety, namely the risk of death or of organ failure, including 
acute kidney injury. The safety of colloids was comparable 
to that of crystalloids in our population of surgical patients 
treated for hypovolemic shock.
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Table 3. Main Outcomes, Per-protocol Analysis

 
Colloids Arm  

(n = 340)
Crystalloids Arm  

(n = 259) P

Death by day 28, n (%) 87/340 (25.6) 54/259 (20.9) 0.494
Death by day 90, n (%) 109/340 (32.1) 74/259 (28.6) 0.745
Renal replacement therapy, n (%) 48/340 (14.1) 27/259 (10.4) 0.525
Length of stay in the ICU, median (IQR), days 7 (3–14) 6 (3–15) 0.891
Length of stay in the hospital, median (IQR), days 21 (10–38) 20 (11–38) 0.905
Secondary surgery requirement, n (%) 132/340 (38.8) 98/259 (37.8) 0.870
Packed erythrocyte transfusion, median (IQR), units 2 (2–4) 2 (2–4) 0.467
Platelet transfusion, median (IQR), units 2 (1–3) 2.5 (1.25–3) 0.533
Fresh frozen plasma administration, median (IQR), ml 600 (400–1,088) 400 (108–600) 0.034

ICU, intensive care unit; IQR, interquartile range.
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York Dentist Kurwin Eisenhart Provided “Any Anesthetic Desired”

From the Ben Z. Swanson Collection of the Wood Library-Museum of Anesthesiology, this “floral spray” type of trade card 
(high) was distributed around 1886 by a dental surgeon headquartered above the post office on Center Square in York, 
Pennsylvania. Born the year that Simpson pioneered chloroform anesthesia, Kurwin L. Eisenhart, D.D.S. (1847 to 1925) was 
one of the few dentists in York who could administer not only chloroform, but also ether, nitrous oxide, or “vitalized air,” which 
was laughing gas supplemented with alcohol and chloroform. Indeed, he advertised (low) that he could extract teeth “by 
any anesthetic desired.” (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.P.H., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-Museum 
of Anesthesiology, Schaumburg, Illinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland, 
Ohio. UJYC@aol.com.
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A S residents, most of us are intimidated by the moun-
tain of knowledge that we need to climb. As fellows, 

falsely confident that we have scaled at least halfway to the 
peak, an impish notion begins to insinuate itself—the pos-
sibility that we might be able to make the mountain a little 
higher. That was a stimulating aspiration for anyone lucky 
enough to work with the likes of Ephraim S. [Rick] Siker, 
M.D. (deceased, previously of University of Pittsburgh 
Medical Center Mercy Hospital, Pittsburgh, Pennsylvania), 
and Bernard [Bernie] Wolfson, M.D. (retired, previously of 
University of Pittsburgh Medical Center Mercy Hospital, 
Pittsburgh, Pennsylvania), in the early 1970s.

Our first article tested the hypothesis that preopera-
tive intermittent positive pressure breathing therapy would 
improve postoperative pulmonary function in patients with 
chronic obstructive lung disease.1 We were not able to reject 
the null hypothesis, but according to the custom of Anesthe-
sia & Analgesia in 1973, as first author, I got my picture in 
the article (fig. 1)—and yes, I sent a reprint to my mother!

We had better luck with the null hypothesis in our 1976 
paper on airway resistance during sedation of my fellow resi-
dents!2 So I got off to a lucky start with pulmonary studies 
before being drafted by the U.S. Navy, where my lucky streak 
continued. I was packed for Vietnam when a last-minute 

change of deployment landed me in the Naval Health Facil-
ity at Keflavik, Iceland, and I applied for a faculty appoint-
ment at Borgaspitalin in Reykjavik, Iceland, where I did 
some clinical work and taught medical students, residents, 
and anesthesia nurses.

Intracranial and Hemodynamic Changes after Succinyl-
choline Administration in Cats. By Cottrell JE, Hartung 
J, Giffin JP, and Shwiry B. Anesthesia & Analgesia 1983; 
62:1006–9. Reprinted with permission.
Abstract: Bolus injections of succinylcholine (1.5 mg/kg) 
significantly increased intracranial pressure (ICP) in cats 
under normal conditions from control levels of 8 +/- 1 
mmHg to 16 +/- 3 mmHg (+/- SEM, P less than 0.01), 
and in the presence of artificially increased ICP from 

control levels of 27 +/- 1 mmHg to 47 +/- 4 mmHg (P less 
than 0.01). These approximately 100% increases in ICP 
were accompanied by a transitory decrease in mean arte-
rial pressure (approximately 10 s), followed by a 15 to 20% 
increase (P less than 0.05). Pulmonary arterial pressure 
increased 20 to 30% (P less than 0.05). These results, when 
considered in conjunction with results previously obtained 
in humans, suggest that succinylcholine may be contrain-
dicated in neurosurgical patients.

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters 
Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1159-62
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After a year in Iceland, I was assigned to coordinate the neu-
roanesthesia section of the Philadelphia Naval Hospital, Phila-
delphia, Pennsylvania, which served as sufficient experience to 
land essentially the same job back in civilian life, as an assis-
tant professor at New York University, New York, New York. 
As a level 1 trauma center, Bellevue Hospital, New York, New 
York, had an amazing team of neurosurgeons, neurologists, and 
vascular neuroradiologists, and a sophisticated brain and spi-
nal cord monitoring facility. But I had mixed feelings. On one 
hand, with so many experts and so much high-end monitoring, 
I felt like a kid in a candy store; on the other hand, at times I 
felt like a first-year resident—if not a first-year medical student!

One of those amazing surgeons was always asking us 
about intracranial pressure (ICP) and commenting on brain 
swelling during open cranium procedures. After closure, he 
would leave a ventricular drain or place a Becker Bolt so 
we could directly monitor ICP in the neurointensive care 
unit. Meanwhile, our vascular surgeon loved to use vasoac-
tive drugs to demonstrate how he could relax spastic vessels 
around an aneurysm with topical papaverine and an intra-
venous infusion of aminophylline. So, the time was right to 

formally investigate the effect of commonly used drugs on 
ICP and cerebral perfusion pressure.

Our first investigation measured changes in ICP, osmolality, 
and electrolytes after administration of mannitol and furosemide 
in craniotomy patients. The data warranted our recommenda-
tion “that furosemide be used instead of mannitol when diuresis 
is desired in patients with increased ICP, and in those who have 
pre-existing cardiac and electrolyte abnormalities.”3,4 Over the 
ensuing decades, we investigated these and other variables, in 
vitro and in vivo, after administration of nitroprusside,5,6 nitrous 
oxide,7 nitroglycerin,8 naloxone,9 succinylcholine,10 nifedip-
ine,11 midazolam,12 thiopental,13 tetrodotoxin,14 diltiazem,15 
atracurium,16 trimethaphan,17 lidocaine,18 sevoflurane,19 des-
flurane,20 and protein kinase Mzeta,21 among others.

From the above list, I chose the publication “Intracranial 
and Hemodynamic Changes after Succinylcholine Admin-
istration in Cats”10 to serve as a Classic Paper Revisited—
an article that addressed the concern that a commonly used 
muscle relaxant could cause ischemic damage from decreased 
cerebral perfusion pressure when given to a patient with low 
intracranial compliance, or even irreparable damage from 

Fig. 2. Tracing of intracranial pressure (ICP), blood pressure (BP), and pulmonary arterial pressure (PAP) for approximately 100 s. Vertical 
line, injection of succinylcholine (Sch; 1.5 mg/kg; from cat No. 10, initial ICP increased). Reprinted with permission from Cottrell et al.10

Fig. 1. From Cottrell JE, Siker ES: Preoperative intermittent positive pressure breathing therapy in patients with chronic obstruc-
tive lung disease: Effect on postoperative pulmonary complications. Anesth Analg 1973; 52:258–62. Reprinted with permission 
from Cottrell and Siker.1
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brainstem herniation through the foramen magnum conse-
quent to a large, sudden increase in ICP.

The backstory on our succinylcholine investigation is that 
we were in the laboratory to determine whether we could mea-
sure ICP in cats via cisterna magna puncture with a double-
lumen 18-gauge needle in preparation for testing the effect of 
nifidepine-induced hypotension on normal and elevated ICP. 
We were pleased to find that our double-lumen technique gave 
a breath-to-breath sensitive measure of ICP through one lumen 
with that sensitivity maintained while increasing ICP through 
the other lumen. We were about to inject a final test dose of 
nifedipine when pancuronium-induced paralysis appeared to 
be wearing off. We decided to give an injection of succinylcho-
line to buy the small amount of time needed give one last dose 
of nifedipine. To our surprise, the ICP tracing spiked immedi-
ately upon injection of succinylcholine (fig. 2). After establish-
ing this effect of succinylcholine with repeated injections, we 
decided to delay the nifedipine study11 and design a protocol 
for testing the effect of succinylcholine on ICP.10

Subsequent to our finding in cats, Lanier et al.22,23 found 
convincing evidence that succinylcholine induces sufficient 
muscle afferent activity to generate immediate electroencepha-
lographic arousal accompanied by rapidly elevated cerebral 
blood flow and increased ICP in dogs. To date, seven inves-
tigations have found that succinylcholine increases ICP in 
patients,24–30 suggesting that our observations in cats warranted 
clinical concern. Two of those investigations also found that 
succinylcholine-induced increases in ICP can be ameliorated 
by previous administration of alternative muscle relaxants.29,30

Although reports relating succinylcholine administration to 
brain herniation have not been published, absence of evidence 
is not evidence of absence,31 especially when dealing with rare 
and life-threatening events.32 Brain herniation aside, empirical 
evidence supporting the physiologic basis for succinylcholine-
induced cerebral ischemia has recently been published in a 
thoughtfully designed and analyzed retrospective study enti-
tled “Succinylcholine Is Associated with Increased Mortality 
When Used for Rapid Sequence Intubation of Severely Brain 
Injured Patients in the Emergency Department.”33

Competing Interests
The author declares no competing interests.

Correspondence
Address correspondence to Dr. Cottrell: State University of New York, 
Downstate Medical Center, Department of Anesthesiology – Box 6, 450 
Clarkson Avenue, Brooklyn, New York 11203. James.Cottrell@down
state.edu. Information on purchasing reprints may be found at www.
anesthesiology.org or on the masthead page at the beginning of this 
issue. ANESTHESIOLOGY’s articles are made freely accessible to all read
ers, for personal use only, 6 months from the cover date of the issue.

References
 1. Cottrell JE, Siker ES: Preoperative intermittent positive pres-

sure breathing therapy in patients with chronic obstructive 

lung disease: Effect on postoperative pulmonary complica-
tions. Anesth Analg 1973; 52:258–62

 2. Cottrell JE, Wolfson B, Siker ES: Changes in airway resistance 
following droperidol, hydroxyzine, and diazepam in normal 
volunteers. Anesth Analg 1976; 55:18–21

 3. Cottrell JE, Robustelli A, Post K, Turndorf H: Furosemide- and 
mannitol-induced changes in intracranial pressure and serum 
osmolality and electrolytes. ANESTHESIOLOGY 1977; 47:28–30

 4. Cottrell JE, Marlin AE: Furosemide and human head injury. J 
Trauma 1981; 21:805–6

 5. Cottrell JE, Patel K, Turndorf H, Ransohoff J: Intracranial pres-
sure changes induced by sodium nitroprusside in patients 
with intracranial mass lesions. J Neurosurg 1978; 48:329–31

 6. Cottrell JE, Casthely P, Brodie JD, Patel K, Klein A, Turndorf 
H: Prevention of nitroprusside-induced cyanide toxicity with 
hydroxocobalamin. N Engl J Med 1978; 298:809–11

 7. Hartung J, Cottrell JE: Nitrous oxide reduces thiopental-
induced prolongation of survival in hypoxic and anoxic 
mice. Anesth Analg 1987; 66:47–52

 8. Cottrell JE, Gupta B, Rappaport H, Turndorf H, Ransohoff J, 
Flamm ES: Intracranial pressure during nitroglycerin-induced 
hypotension. J Neurosurg 1980; 53:309–11

 9. Estilo AE, Cottrell JE: Hemodynamic and catecholamine 
changes after administration of naloxone. Anesth Analg 
1982; 61:349–53

 10. Cottrell JE, Hartung J, Giffin JP, Shwiry B: Intracranial and 
hemodynamic changes after succinylcholine administration 
in cats. Anesth Analg 1983; 62:1006–9

 11. Griffin JP, Cottrell JE, Hartung J, Shwiry B: Intracranial pres-
sure during nifedipine-induced hypotension. Anesth Analg 
1983; 62:1078–80

 12. Giffin JP, Cottrell JE, Shwiry B, Hartung J, Epstein J, Lim K: 
Intracranial pressure, mean arterial pressure, and heart rate 
following midazolam or thiopental in humans with brain 
tumors. ANESTHESIOLOGY 1984; 60:491–4

 13. Bendo AA, Kass IS, Cottrell JE: Anesthetic protection against 
anoxic damage in the rat hippocampal slice. Brain Res 1987; 
403:136–41

 14. Cottrell JE, Hartung J, Giffin JP, Shwiry B: Intracranial pres-
sure during tetrodotoxin-induced hypotension. Anesth Analg 
1984; 63:1005–8

 15. Mazzoni P, Giffin JP, Cottrell JE, Hartung J, Capuano C, Epstein 
JM: Intracranial pressure during diltiazem-induced hypoten-
sion in anesthetized dogs. Anesth Analg 1985; 64:1001–4

 16. Giffin JP, Litwak B, Cottrell JE, Hartung J, Capuano C: 
Intracranial pressure mean arterial pressure and heart rate 
after rapid paralysis with atracurium in cats. Can Anaesth Soc 
J 1985; 32:618–21

 17. Karlin A, Hartung J, Cottrell JE: Rate of induction of hypo-
tension with trimetaphan modifies the intracranial pressure 
response in cats. Br J Anaesth 1988; 60:161–6

 18. Lei B, Popp S, Capuano-Waters C, Cottrell JE, Kass IS: 
Lidocaine attenuates apoptosis in the ischemic penumbra 
and reduces infarct size after transient focal cerebral isch-
emia in rats. Neuroscience 2004; 125:691–701

 19. Liu J, Yang L, Lin D, Cottrell JE, Kass IS: Sevoflurane blocks 
the induction of long-term potentiation when present dur-
ing, but not when present only before, the high-frequency 
stimulation. ANESTHESIOLOGY 2018; 128:555–63

 20. Dimaculangan D, Bendo AA, Sims R, Cottrell JE, Kass IS: 
Desflurane improves the recovery of the evoked postsynaptic 
population spike from CA1 pyramidal cells after hypoxia in rat 
hippocampal slices. J Neurosurg Anesthesiol 2006; 18:78–82

 21. Hsieh C, Tsokas P, Serrano P, Hernández AI, Tian D, Cottrell 
JE, Shouval HZ, Fenton AA, Sacktor TC: Persistent increased 
PKMζ in long-term and remote spatial memory. Neurobiol 
Learn Mem 2017; 138:135–44

 22. Lanier WL, Milde JH, Michenfelder JD: Cerebral stimulation fol-
lowing succinylcholine in dogs. ANESTHESIOLOGY 1986; 64:551–9

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024

mailto:James.Cottrell@downstate.edu
mailto:James.Cottrell@downstate.edu
www.anesthesiology.org
www.anesthesiology.org


Anesthesiology 2018; 129:1159-62 1162 James E. Cottrell

Succinylcholine and Intracranial Pressure

 23. Lanier WL, Iaizzo PA, Milde JH: Cerebral function and 
muscle afferent activity following intravenous succinylcho-
line in dogs anesthetized with halothane: The effects of 
pretreatment with a defasciculating dose of pancuronium. 
ANESTHESIOLOGY 1989; 71:87–95

 24. Halldin M, Wahlin A: Effect of succinylcholine on the intra-
spinal fluid pressure. Acta Anaesthesiol Scand 1959; 3:155–61

 25. Sondergard W: Intracranial pressure during general anaes-
thesia. Dan Med Bul 1961;8:18–25

 26. Lewelt W, Moszynski K, Kozniewska H: Effects of depolariz-
ing, nondepolarizing muscle relaxants and intubation on the 
ventricular fluid pressure. In: Beks JwF, Bosch DA, Brock M, 
eds. Intracranial Pressure III. Berlin, Springer-Verlag, 1976, 
pp 215–8

 27. Moszyński K: Dynamic changes in cerebrospinal fluid pres-
sure during neurosurgical operations. Acta Neurochir (Wien) 
1976; 34:295–6

 28. Marsh ML, Dunlop BJ, Shapiro HM, Gagnon RL, Rockoff MA: 
Succinylcholine-intracranial pressure effects in neurosurgical 
patients. Anes Analg 1980; 59:550–1

 29. Minton MD, Grosslight K, Stirt JA, Bedford RF: Increases in 
intracranial pressure from succinylcholine: Prevention by prior 
nondepolarizing blockade. ANESTHESIOLOGY 1986; 65:165–9

 30. Stirt JA, Grosslight KR, Bedford RF, Vollmer D: “Defasciculation” 
with metocurine prevents succinylcholine-induced increases in 
intracranial pressure. ANESTHESIOLOGY 1987; 67:50–3

 31. Hartung J, Cottrell JE, Giffin JP: Absence of evidence is not 
evidence of absence. ANESTHESIOLOGY 1983; 58:298–300

 32. Hartung J, Cottrell JE: Negative inferences about rare events 
require large samples. ANESTHESIOLOGY 1993; 79:1155–6

 33. Patanwala AE, Erstad BL, Roe DJ, Sakles JC: Succinylcholine 
is associated with increased mortality when used for rapid 
sequence intubation of severely brain injured patients in the 
emergency department. Pharmacotherapy 2016; 36:57–63

Chloroforming a Hoosier Holiday Turkey

On Christmas day in 1930, The Indianapolis Star featured the culinary adventures of a bride-to-be from Richmond, Indi-
ana. In attempting to dispatch her plucky-but-unplucked holiday turkey in a humane manner, the young woman had chlo-
roformed the feisty fowl before defeathering and then refrigerating it overnight. As the Star recorded, when “she opened 
the refrigerator the next morning, the turkey had recovered from the chloroform and although weak from the plucking 
and cold” …was still alive. The naked bird was chloroformed again until “thoroughly dead” and roasted in the oven. Not 
surprisingly, the fowl tasted foul. Indeed, the “turkey had been so thoroughly chloroformed that neither hostess nor guests 
could partake of it.” (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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A PREVIOUSLY healthy 
52-yr-old man was 

admitted to the inten-
sive care unit for septic 
shock and diffuse alveo-
lar hemorrhage caused by 
leptospirosis. He received 
high-dose norepinephrine 
(2.2 μg · kg−1 · min−1); the 
heart rate was 155 beats/
min, and the electrocardio-
gram revealed regular tachy-
cardia with narrow QRS 
complexes (image A, white 
arrows). A P wave (image A, 
black arrows) was observed 
in the middle of each RR 
interval, and it was unclear if 
the rhythm was sinus tachy-
cardia, atrial tachycardia, or 
atrial flutter. Transesopha-
geal echocardiography, per-
formed for evaluation of  
shock, included pulsed-
wave Doppler ultrasound 
directed to the left atrial 
appendage (image B, *). 

This demonstrated two atrial contractions (image C, yellow arrows) between each QRS complex (image C, white arrows), 
suggesting atrial tachycardia with a 2:1 atrioventricular block. Because there was no atrial thrombus, electrical cardiover-
sion (150 J) was performed; the rhythm converted to sinus rhythm and the requirement for norepinephrine significantly 
decreased. The patient ultimately recovered and was discharged home. New-onset supraventricular arrhythmias are com-
mon (up to 42%) in patients with septic shock.1 When interpretation of the electrocardiogram is difficult, transesophageal 
echocardiography Doppler can distinguish among supraventricular arrhythmias.2 The presence of two left atrial appendage 
contractions between two QRS complexes suggests atrial tachycardia or flutter with a 2:1 atrioventricular block. Electrical 
cardioversion is a first-line therapy if hemodynamically unstable,3 but it can cause systemic embolization in the presence  
of a left atrial thrombus.
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I N the management of severe respiratory failure, veno-venous extra-
corporeal membrane oxygenation is an increasingly used therapy that 

presents a unique challenge for anesthesiologists.1 Veno-arterial-venous 
extracorporeal membrane oxygenation is emerging as a strategy to treat 
refractory respiratory failure with coexisting cardiogenic shock.2 This 
image demonstrates profound constrictive effects of high-dose vasopressor 
therapy on arterial caliber and implications for percutaneous arterial access.

The accompanying computed tomography angiogram demonstrates 
a patient established on veno-venous extracorporeal membrane oxygen-
ation using a bifemoral percutaneous approach. A 25Fr multistage access 
cannula and a 23Fr return cannula can be seen ascending the inferior 
vena cava via the left and right femoral veins, respectively, with their tips 
lying at the cavoatrial junction. A 8Fr arterial sheath was inserted per-
cutaneously via the right femoral artery at time of extracorporeal mem-
brane oxygenation cannulation to allow rapid arterial access if circulatory 
support was required in the form of veno-arterial-venous extracorporeal 
membrane oxygenation; the tip of the arterial sheath is labeled. At time 
of image acquisition, the patient was on high-dose vasopressor therapy 
(norepinephrine 0.8 mcg · kg · min and epinephrine 0.5 mcg · kg · min). 
Severe vasoconstriction of the femoral and iliac arteries can be seen (yel-
low arrows) and is present bilaterally.

Anesthesiologists should be aware of the importance of gaining arterial 
access early in a patient on veno-venous extracorporeal membrane oxygen-
ation with coexistent septic cardiomyopathy. Percutaneous arterial access 
may be very challenging when a patient is on high-dose vasopressor therapy. 
This image also demonstrates why distal limb perfusion must be monitored 
closely for ischemic complications if indwelling arterial devices are in situ.3
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SONOGRAPHIC guidance 
has increased the efficacy of 

regional anesthesia and improved 
safety by reducing the minimum 
effective local anesthetic volume1; 
however, block failures still occur 
due to anomalous anatomy and/
or sonographic misidentification 
of relevant structures.2 The ultra-
sound image presented (image A) 
demonstrates the typical “stop-
light” pattern of three vertically 

oriented hypoechoic structures denoting C5 and C6 of the brachial plexus, lying between the anterior and middle scalene mus-
cles.3 However, color Doppler imaging (image B) reveals blood flowing through a transverse cervical artery viewed in cross section, 
mimicking the sonographic appearance of the C5 nerve root (see the Supplemental Digital Content, http://links.lww.com/ALN/
B769, a video that demonstrates color Doppler flow through the artery). Because ultrasound works by detecting differences in tis-
sue density, anatomic structures with tissue homogeneity typically produce hypoechoic signals. In this case, blood inside an artery 
and solid neural tissue are both homogenous and of similar size, and misidentification may occur. Arterial and venous structures  
can be sonographically differentiated from neural structures through compressibility, pulsatility, and application of color  
Doppler. Image B highlights the importance of sonographic guidance, but underscores the need for awareness of anatomic 
features and their interpretation throughout interventional procedures.
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M E D I C A T I O N 
spread after trans-

verse ultrasound-guided 
thoracic paravertebral block 
has been studied in cadav-
ers1 and on volunteers with 
magnetic resonance imaging2 
and it can be highly variable. 
Ultrasound-guided thoracic 
paravertebral block can be 
performed under direct tho-
racoscopic visualization to 
monitor the dynamic spread 
of medication to achieve 
optimal anesthetic coverage 
and confirm correct catheter 
placement.

We present images of a 
17-yr-old boy (52.9 kg) who 

had a T6 ultrasound-guided thoracic paravertebral block catheter placed as described by Boretsky et al.3 Correct needle and 
catheter placement into the paravertebral space was confirmed with simultaneous sonographic (See video, Supplemental Digital 
Content, http://links.lww.com/ALN/B771) and thoracoscopic visualization (See video, Supplemental Digital Content, http://
links.lww.com/ALN/B770). Initially, 10 ml saline was injected into the paravertebral space, but spread was seen only over one 
single intercostal space (A). Injection of an additional 15 ml ropivacaine led initially to more caudal intercostal spread (B), which 
was then followed by further filling (C) of the paravertebral space. A heart-shaped bulge of the parietal pleura was observed, which 
remained consistent after more saline was injected through the catheter in an attempt to achieve an even wider distribution. As 
seen with the thoracoscope, a total of two intercostal spaces (6 to 7) and four paravertebral levels (T5 to T8) were covered after 
injection of 0.5 ml/kg medication. The medication preferentially distributed in the caudal direction rather than cephalad within 
the paravertebral space. In contrast to previous reports1 and to our own experience, the catheter (D) was easy to place and could be 
seen coiling in the paravertebral space at the desired level (T6). Our thoracoscopic and ultrasound-guided thoracic paravertebral 
block approach helped understanding of dermatomal mapping and confirmation of correct paravertebral catheter placement.

Competing Interests
Dr. Visoiu is a consultant at Hospira (Lake Forest, Illinois). The remaining author declares no competing interests.

Correspondence
Address correspondence to Dr. Visoiu: visoium@upmc.edu

Brian P. Kavanagh, M.B., F.R.C.P.C., Editor

Thoracoscopic and Ultrasound Guidance for 
Optimization of Medication Spread during Thoracic 
Paravertebral Nerve Blockade

Mihaela Visoiu, M.D., Stefan Scholz, M.D.

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1167-8

From the Department of Anesthesiology (M.V.), Pediatric Surgery (S.S.), and Acute Pediatric Pain Service (M.V.), UPMC Children’s Hospital 
of Pittsburgh, Pittsburgh, Pennsylvania.

Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are available in both the 
HTML and PDF versions of this article. Links to the digital files are provided in the HTML text of this article on the Journal’s Web site (www.
anesthesiology.org).

images in anesthesiology

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024

http://links.lww.com/ALN/B771
http://links.lww.com/ALN/B770
http://links.lww.com/ALN/B770
mailto:visoium@upmc.edu
www.anesthesiology.org
www.anesthesiology.org


Images in Anesthesiology

Anesthesiology 2018; 129:1167-8 1168 M. Visoiu and S. Scholz

References
 1. Cowie B, McGlade D, Ivanusic J, Barrington MJ: Ultrasound-guided thoracic paravertebral blockade: A cadaveric study. Anesth 

Analg 2010; 110:1735–9
 2. Marhofer D, Marhofer P, Kettner SC, Fleischmann E, Prayer D, Schernthaner M, Lackner E, Willschke H, Schwetz P, Zeitlinger M: 

Magnetic resonance imaging analysis of the spread of local anesthetic solution after ultrasound-guided lateral thoracic paraverte-
bral blockade: A volunteer study. ANESTHESIOLOGY 2013; 118:1106–12

 3. Boretsky K, Visoiu M, Bigeleisen P: Ultrasound-guided approach to the paravertebral space for catheter insertion in infants and 
children. Paediatr Anaesth 2013; 23:1193–8

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024



Anesthesiology, V 129 • No 6 1169 December 2018

B LUE Rubber Bleb 
Nevus Syndrome is 

a rare anomaly of devel-
opmental vascular biol-
ogy that can occur in any 
part of the body, most 
commonly the skin and 
gastrointestinal tract. The 
accompanying images 
show the typical appear-
ance of these firm but 
compressible lesions (short 
arrows) in the pyriform 

sinuses, the anterior laryngeal wall, and in relation to the aryepiglottic fold (left panel, long arrow). These locations would be 
at risk for injury during direct laryngoscopy and intubation, or even with placement of a laryngeal mask, which could result 
in potentially catastrophic hemorrhage.

Sometimes called “Bean Syndrome” following its original description in 1958, this entity can involve dozens of these 
lesions, which are felt to be congenital venous malformations rather than true vascular neoplasms.1 Although cutaneous lesions 
are often present at birth or develop in early childhood, the diagnosis has been made in an octogenarian. Of approximately 
300 cases in the literature, approximately 10% showed definite airway involvement; central nervous system involvement was 
almost twice as common.2 Clinical manifestations are secondary to chronic occult blood loss, or rarely, intussusception from 
a bleb acting as a lead point. Although surgical extirpation of symptomatic lesions has been the mainstay of therapy, recent 
reports describe regression after sirolimus treatment.3 Patients presenting for endoscopy or surgical intervention should be 
assessed preoperatively for anemia and assumed to have lesions in the upper aerodigestive tract. Blind nasal intubation should 
be avoided, and because involvement of the lower airways has been observed, fiberoptic intubation may be prudent.
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T HE image shows carbon dioxide absorbent that is violet 
at the top and bottom of the canisters. This was observed 

on a Monday after a weekend of nonuse when fresh gas was 
left flowing. Like other absorbents, Amsorb Plus (Armstrong 
Medical, Ireland)1 changes color when exhausted because 
alkaline absorbents convert carbon dioxide to carbonic acid, 
and the ethyl violet indicator changes color when the pH 
drops to less than 10.3. During use of this anesthesia breath-
ing circuit, exhaled gas flows through the canisters from top 
to bottom. The absorbent at the top of the upper canister in 
this image is violet, indicating that it is exhausted. During 
nonuse, fresh gas can flow retrograde through the canisters, 
causing desiccation. Unlike other absorbents, Amsorb Plus 
also changes color when desiccated,2 so the absorbent at the 
bottom of the lower canister in this image is violet because 
it is desiccated. The absorbent in this image is still perfectly 
safe for use because it is not totally exhausted and the absor-
bent will not produce toxic substances. Armstrong Medical 
recommends replacing the absorbent in this dual-canister 
system when the top canister and half of the bottom canister 
have changed color.

Desiccated Amsorb Plus, unlike some other absorbents, 
does not interact with volatile anesthetics to produce carbon 
monoxide or compound A.3 The desiccated absorbent in this 
image will change back to its original color when rehydrated 
by humidified exhaled gas during use.
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D ESPITE the increasing use of non–vitamin K antago-
nist oral anticoagulants, vitamin K antagonists, such 

as warfarin, are still widely used in patients with atrial fibril-
lation, venous thromboembolism, and mechanical heart 
valves. In 2015, approximately 3 million patients were 
prescribed warfarin in the United States alone.1 As with 
all anticoagulants, the main risk associated with vitamin K 
antagonist therapy is an increased risk for bleeding. Thus, 
annual rates of major hemorrhagic events ranged from 1.0 
to 7.4% in a systematic review of patients with atrial fibril-
lation receiving vitamin K antagonist therapy for stroke pre-
vention, while rates of intracranial hemorrhage in the same 
population ranged from 0.1 to 2.5%.2

Patients receiving vitamin K antagonist therapy who require 
surgery or an invasive procedure present a specific challenge 
to clinicians, with an estimated 250,000 to 400,000 patients 

affected per year in North America alone.3 Data from the Ran-
domized Evaluation of Long-Term Anticoagulation Therapy 
trial demonstrated that major bleeding (defined as 2 g/dl or 
more reduction in hemoglobin, transfusion of two or more units 
of red blood cells, or a critical area or organ bleed) occurred in 
3.3% of warfarin-treated patients undergoing elective surgery, 
increasing to 21.6% in patients who required emergency sur-
gery.4 Consequently, effective perioperative management is a 
key consideration in this population. In patients undergoing 
elective surgery, current guidelines recommend discontinuing 
vitamin K antagonist therapy 5 days before the procedure to 
restore patients’ international normalized ratio to a normal range 
and to minimize the risk of perioperative bleeding.3 However, 
in patients who require an emergency surgical procedure, rapid 
vitamin K antagonist reversal is recommended by replacing the 
vitamin K–dependent coagulation factors II, VII, IX, and X.5
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ABSTRACT

Vitamin K antagonist therapy is associated with an increased bleeding risk, and clinicians often reverse anticoagulation in 
patients who require emergency surgical procedures. Current guidelines for rapid anticoagulation reversal for emergency sur-
gery recommend four-factor prothrombin complex concentrate and vitamin K coadministration. The authors reviewed the 
current evidence on prothrombin complex concentrate treatment for vitamin K antagonist reversal in the perioperative set-
ting, focusing on comparative studies and in the context of intracranial hemorrhage and cardiac surgery. The authors searched 
Cochrane Library and PubMed between January 2008 and December 2017 and retrieved 423 English-language papers, which 
they then screened for relevance to the perioperative setting; they identified 36 papers to include in this review. Prothrombin 
complex concentrate therapy was consistently shown to reduce international normalized ratio rapidly and control bleeding 
effectively. In comparative studies with plasma, prothrombin complex concentrate use was associated with a greater proportion 
of patients achieving target international normalized ratios rapidly, with improved hemostasis. No differences in thromboem-
bolic event rates were seen between prothrombin complex concentrate and plasma, with prothrombin complex concentrate 
also demonstrating a lower risk of fluid overload events. Overall, the studies the authors reviewed support current recom-
mendations favoring prothrombin complex concentrate therapy in patients requiring vitamin K antagonist reversal before 
emergency surgery. (anesthesiology 2018; 129: 1171-84)
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Prothrombin Complex Concentrates

Intravenous vitamin K monotherapy is recommended only 
for vitamin K antagonist reversal in patients in whom surgery 
can be delayed6 because it can take more than 48 h to normalize 
functional factor levels and restore them to the normal range.5 
Therefore, in situations requiring rapid vitamin K antagonist 
reversal, treatment with prothrombin complex concentrates, 
concomitantly with vitamin K, is more commonly adminis-
tered. Although fresh frozen plasma (plasma frozen within 8 h 
of collection) or plasma (frozen within 24 h of collection) was 
traditionally used for rapid reversal of anticoagulation with 
vitamin K antagonists, there are multiple limitations to its use, 
including the need for blood type matching before adminis-
tration; time required to thaw the product; and risks of fluid 
overload, pathogen transmission, and transfusion-related 
acute lung injury.5 Furthermore, only minimal benefits have 
been shown from plasma when reducing the international 
normalized ratio to less than 1.7 in adults, as well as minimal 
efficacy for anticoagulation reversal.7,8

Prothrombin complex concentrates, which are classed as 
either four-factor prothrombin complex concentrates (con-
taining coagulation factors II, VII, IX, and X) or three-factor 
prothrombin complex concentrate (containing factors II, IX 
and X, but only minimal levels of factor VII; table 1), are 
stored at room temperature, administered in a smaller vol-
ume and shorter infusion time than plasma, and are virally 
inactivated to minimize the risk of pathogen transmission. 
Current treatment guidelines recommend prothrombin 
complex concentrates, specifically four-factor prothrombin 
complex concentrates, with concomitant intravenous vita-
min K, as the preferred therapy for urgent vitamin K antago-
nist reversal (table 2).5,6,9,10

The perioperative management of hemostasis in patients 
receiving vitamin K antagonists was previously reviewed in 

this journal in 2008.11 Since then, multiple new studies have 
investigated vitamin K antagonist reversal in perioperative 
and periprocedural settings, and prothrombin complex con-
centrates have become more widely available in the United 
States and are recommended in guidance documents. 
Despite the fact that prothrombin complex concentrate is 
recommended in all guidelines, plasma is still frequently 
administered for vitamin K antagonist reversal.12 This article 
provides an update on the latest evidence for the use of pro-
thrombin complex concentrates in patients requiring urgent 
vitamin K antagonist reversal for emergency surgery, but it 
also reviews current use for non–vitamin K antagonist oral 
anticoagulant reversal.

Materials and Methods
A Cochrane Library   and PubMed search for publications 
between January 2008 and December 2017 was conducted 
with the following search terms: prothrombin complex 
concentrate* AND (warfarin OR [vitamin K antagonist*]). 
The search retrieved 423 English-language papers, which 
were then screened for relevance to the perioperative set-
ting (fig. 1). We excluded preclinical studies and reviews but 
included all other studies, including case studies.

In total, 35 papers investigating the use of prothrombin 
complex concentrate for vitamin K antagonist reversal in 
perioperative settings were identified and included in this 
review. A further paper investigating prothrombin complex 
concentrate use in cardiac surgery was identified through a 
recent meta-analysis of warfarin reversal with prothrombin 
complex concentrate or fresh frozen plasma,13 bringing the 
total number of papers included to 36. Of these papers, six 
studies in cardiac surgery and three in neurosurgical settings 
were identified.

Table 1. Composition of Available Prothrombin Complex Concentrates

Product  
(Manufacturer) Coagulation Factor Content (U) Antithrombotic Content (U)

 II VII IX X Protein C Protein S ATIII

Beriplex P/N (CSL 
Behring, Germany)

400–960 200–500 400–620 440–1200 300–900 240–760 4–30

Octaplex (Octapharma, 
Switzerland)

280–760 180–480 500 360–600 260–620 240–640 0

Prothromplex Total 
(Shire/Baxalta, USA)

480–900 500 600 600 400 Not declared Not declared

Cofact/PPSB SD/ 
Kanokad (Sanquin/
CAF, The Netherlands)

280–700 140–400 500 280–700 222–780 20–160 ≤ 0.6

Uman Complex  
(Kedrion, Italy)

500 Not declared 500 400 Not declared Not declared 2.5

Profilnine (Grifols, Spain) 150 35 100 100 Not declared Not declared Not declared
Bebulin (Shire/Baxalta) Not  

declared
Not  

declared (low)
Not  

declared
Not  

declared
Not declared Not declared Not declared

FEIBA (Shire/Baxalta) Present,* mainly 
nonactivated

Present,*  
activated

Present,* mainly 
nonactivated

Present,* mainly 
nonactivated

Not declared Not declared Not declared

Data are based on the prescribing information of each product, as of January 2017. 
*Indicates that values are not provided in the prescribing information, just the presence or absence of the coagulation factor.
ATIII, antithrombin III.
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Results

Noncomparative Studies of Prothrombin Complex 
Concentrates
The majority of studies identified in the search were of a 
retrospective observational design, with limited numbers of 
patients and lacking a comparator treatment arm. In general, 
perioperative bleeding episodes were well controlled with 
prothrombin complex concentrate therapy. The percent-
age of patients achieving effective hemostasis (no reports of 
excessive bleeding or bleeding controlled with no require-
ment for additional products) ranged from 90 to 100%,14–19 
while in a study of 20 patients treated with a four-factor 
prothrombin complex concentrate, blood loss decreased sig-
nificantly, from an average of 829 ml in the 6 h preceding 

four-factor prothrombin complex concentrate administra-
tion to 283 ml 6 h after administration.20

Reversing vitamin K antagonist anticoagulation, as 
reflected by a normalized international normalized ratio, 
is often required for most surgeries and procedures. In the 
studies identified, prothrombin complex concentrate ther-
apy consistently reduced patients’ international normalized 
ratio to 1.1 to 1.9 from baseline values of 1.6 to 4.2.15,16,20–35 
These reduced international normalized ratios are in line 
with the target international normalized ratio for patients 
undergoing surgery of less than 1.5.3

As well as reducing the risk for bleeding during surgery, 
rapid vitamin K antagonist reversal with prothrombin complex 
concentrates may also reduce time to surgery. For minor proce-
dures such as a lumbar puncture, the time between administra-
tion of prothrombin complex concentrate and the start of the 
procedure was as short as 15 to 30 min.16,24 In patients requir-
ing more extensive surgery (e.g., heart transplantation, neuro-
surgery), this period ranged from 2.5 to 5.2 h.22,23,36

All-cause mortality rates were generally between 10% and 
25%,14,22,23,30,37 although one study in patients requiring 
neurosurgery because of a life-threatening intracranial hem-
orrhage reported a mortality rate of 43.5%.21 It should be 
noted that this study included high-risk patients with serious 
head trauma; the authors also highlighted that delays in ther-
apy administration, subtherapeutic doses of prothrombin 
complex concentrate, and incorrect vitamin K use may also 
have been factors contributing to this high mortality rate.21

Studies Comparing Prothrombin Complex Concentrate 
and Fresh Frozen Plasma or Plasma
Given that fresh frozen plasma or plasma is still often used 
by clinicians for the urgent reversal of vitamin K antagonist 

Table 2. Current Guideline Recommendations for Reversal of Vitamin K Antagonist Anticoagulation in Patients with Bleeding 
Events or Requiring Surgery

Condition

Guidance

U.S. Guidelines3,9,55,107 European Guidelines6,10

Elective surgery •  Cessation of VKAs approximately 5 days before 
surgery 

•  VKAs should not be taken for 5 days before surgery
•  PCC should not be used to enable elective surgery

Emergency surgery  
 

•  Intravenous vitamin K should be administered in 
patients whose surgery can be delayed for 6 to 12 h

•  In patients with life-threatening bleeding and an INR 
> 1.5, 20 to 40 U/kg 4F-PCC and 10 mg intravenous 
vitamin K should be administered

Nonmajor bleeding  •  1 to 3 mg intravenous vitamin K should be administered

Major or life- 
threatening  
bleeding

•  25 to 50 U/kg 4F-PCC concomitant with 5 to 10 mg 
intravenous vitamin K should be administered

•  25 to 50 U/kg 4F-PCC concomitant with 5 to 10 mg 
intravenous vitamin K should be administered

•  In patients with VKA-associated ICH
 ○  PCCs might be considered over FFP
 ○  If INR ≥ 1.4: 10 mg intravenous vitamin K  

plus 3F- or 4F-PCC should be administered

•  rFVIIa is not recommended for anticoagulation in this 
setting

•  4F-PCC is preferred over plasma

3F, three-factor; 4F, four-factor; FFP, fresh frozen plasma; ICH, intracranial hemorrhage; INR, international normalized ratio; PCC, prothrombin complex 
concentrate; rFVIIa, activated recombinant factor VII; VKA, vitamin K antagonist.

Fig. 1. Literature search process. ICH, intracranial hem-
orrhage; PCC, prothrombin complex concentrate; VKA,  
vitamin K antagonist.
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anticoagulation, it is pertinent to look at studies that spe-
cifically compared this treatment option with prothrombin 
complex concentrate in patients undergoing emergency sur-
gical procedures. Overall, three randomized trials38–40 and 
one retrospective study41 comparing these treatment options 
in this setting were identified. Outside of the literature 
search, a further study was identified that investigated the 
administration of prothrombin complex concentrate versus 
fresh frozen plasma in patients who experienced coagulopa-
thy while undergoing elective pulmonary endarterectomy 
(table  3).42 All studies used either fresh frozen plasma or 
plasma frozen within 24 h of collection (frozen plasma). 
Compared with fresh frozen plasma, only levels of factors V 
and VIII are slightly reduced in frozen plasma; therefore, for 
the purposes of this review, the terms fresh frozen plasma and 
plasma can be used interchangeably.

Effect of Prothrombin Complex Concentrate versus 
Plasma on International Normalized Ratio
In the randomized trials, prothrombin complex concentrate 
was consistently shown to reduce the international normal-
ized ratio more rapidly than plasma. One study, by Goldstein 
et al., in various surgical indications demonstrated superior-
ity of four-factor prothrombin complex concentrate over 
plasma for rapid international normalized ratio reduction, 
with 55% of patients treated with a four-factor prothrom-
bin complex concentrate achieving a target international 
normalized ratio of 1.3 or less versus 10% of patients in the 
plasma group at 30 min after the end of infusion (treatment 
difference, 45.3%; 95% CI, 31.9 to 56.4%; P < 0.0001).40 
Patients undergoing cardiac surgery with cardiopulmonary 
bypass demonstrated a significant treatment difference 
15 min after infusion, with 17.5% of patients receiving four-
factor prothrombin complex concentrate achieving a target 
international normalized ratio of 1.5 or less compared to no 
patients who received fresh frozen plasma (P = 0.0068).38 
These quicker international normalized ratio reduction 
times seen with prothrombin complex concentrate com-
pared with plasma should also be considered in the context 
of the smaller volume that needs to be administered (40 to 
100 ml with prothrombin complex concentrate compared 
with 520 to 1,200 ml with plasma), which leads to a shorter 
infusion time.38–40 Thus, in the Goldstein et al. study, mean 
infusion times were 21 min for four-factor prothrombin 
complex concentrate and 141 min for plasma. Therefore, 
despite plasma having almost two additional hours to start 
exerting a treatment effect, international normalized ratio 
reduction 30 min after end of infusion was still superior with 
four-factor prothrombin complex concentrate.40

An important advantage of a more rapid and predictable 
international normalized ratio reduction is the ability to pro-
ceed to surgery quickly in emergency situations. The length 
of time from start of infusion to start of surgery was reported 
in one study: patients who received four-factor prothrombin 
complex concentrate had a significantly shorter median time 

to surgery than did patients who received plasma (3.6 h vs. 
8.5 h, respectively; P = 0.0098).40 In a post hoc analysis of 
patients with gastrointestinal bleeding requiring procedures 
in the Goldstein et al. study and in another study investi-
gating four-factor prothrombin complex concentrate for 
warfarin reversal in patients with acute bleeding,43 the mean 
time between the start of treatment and the first procedure 
was significantly shorter in patients given four-factor pro-
thrombin complex concentrate than in those given plasma  
(P = 0.037).44

Unlike the randomized trials, the retrospective analysis 
comparing prothrombin complex concentrate versus fresh 
frozen plasma in patients undergoing emergency neurosur-
gery did not investigate the time taken to achieve interna-
tional normalized ratio reversal. However, both prothrombin 
complex concentrate and fresh frozen plasma were shown 
to significantly decrease the international normalized ratio 
from baseline (P < 0.001), with no significant difference 
between either group for posttreatment values.41

Effect of Prothrombin Complex Concentrate versus 
Plasma on Clinical Outcomes
As well as demonstrating more rapid international nor-
malized ratio reduction, four-factor prothrombin complex 
concentrates have also been associated with greater clini-
cal efficacy than plasma. In a study by Goldstein et al. in 
patients undergoing various surgical or invasive procedures, 
effective hemostasis (defined as intraoperative blood loss not 
exceeding predicted loss by 50 ml or 30%, normal hemosta-
sis, and no requirement for additional coagulation products) 
was achieved in 90% of patients who received four-factor 
prothrombin complex concentrate compared with 75% 
of patients who received plasma. This treatment difference 
was significant (P = 0.0142) and demonstrated the superi-
ority of four-factor prothrombin complex concentrate over 
plasma.40 In another study involving patients who received 
four-factor prothrombin complex concentrate or plasma 
for vitamin K antagonist reversal while undergoing elective 
pulmonary endarterectomy, cumulative blood loss was sig-
nificantly lower up to 12 h postoperatively in the four-factor 
prothrombin complex concentrate group than in the plasma 
group (277 ml and 650 ml, respectively; P = 0.0078).42

In general, similar numbers of patients receiving pro-
thrombin complex concentrate and plasma required transfu-
sions of additional blood products (i.e., platelets, erythrocytes, 
cryoprecipitate).40,42 However, one study in patients under-
going cardiopulmonary bypass reported a significantly greater 
proportion of patients who received plasma requiring addi-
tional doses of plasma or four-factor prothrombin complex 
concentrate versus patients who originally received four-factor 
prothrombin complex concentrate (100% vs. 30% of patients 
receiving plasma or four-factor prothrombin complex concen-
trate, respectively; P < 0.001).38

Mortality rates were reported in two studies. Although 
fewer deaths occurred among patients who received 
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four-factor prothrombin complex concentrate than among 
patients who received plasma (3.4% vs. 9.1%40 and 6.7% 
vs. 7.3%42), this difference did not reach statistical signifi-
cance.40,42 A recent systematic review and meta-analysis of 
13 studies comparing prothrombin complex concentrate 
versus plasma in patients with warfarin-related bleeding also 
demonstrated a nonsignificant reduction in mortality out-
comes in a subgroup analysis of studies evaluating patients 
who underwent urgent surgical procedures.13 By contrast, 
when all warfarin-related bleeding events were included, and 
not just those in the perioperative setting, this meta-analysis 
demonstrated that prothrombin complex concentrate ther-
apy was associated with a significant reduction in all-cause 
mortality compared with plasma (P = 0.006).13

Studies Comparing Three-factor Prothrombin Complex 
Concentrates and Four-factor Prothrombin Complex 
Concentrates
Both three- and four-factor prothrombin complex con-
centrates were used in the studies identified in our search, 
although no studies directly compared these different for-
mulations in a surgical setting. However, current guidelines 
recommend the use of four-factor prothrombin complex 
concentrates for patients who require rapid vitamin K antag-
onist reversal.6,9 These recommendations are aligned with the 
findings of retrospective studies conducted in patients expe-
riencing major bleeding, which have demonstrated that a 
greater proportion of patients achieved vitamin K antagonist 
reversal (as measured by achievement of target international 
normalized ratios ranging from 1.3 or less to 1.5) with four-
factor prothrombin complex concentrate than three-factor 
prothrombin complex concentrate,45–48 reaching statistical 
significance in two studies.45,47 One study also reported a 
significantly higher mortality rate (P = 0.001) in patients 
who received three-factor than in patients who received four-
factor prothrombin complex concentrate.48

Studies Comparing Prothrombin Complex Concentrate 
and Recombinant FVIIa
Despite being off label, use of recombinant FVIIa has 
been reported for vitamin K antagonist reversal. Although 
recombinant FVIIa completely normalizes the international 
normalized ratio, it does not correct the coagulation defect 
based on peak thrombin levels and endogenous thrombin 
potential.49,50 Two retrospective studies investigated the 
use of recombinant FVIIa in comparison with a three-
factor prothrombin complex concentrate. In one analysis, 
recombinant FVIIa was shown to reduce the international 
normalized ratio more rapidly than prothrombin complex 
concentrates, although this difference did not result in clin-
ical benefit, with a greater proportion of patients receiving 
recombinant FVIIa experiencing hematoma expansion.51 
The second study also reported more rapid international 
normalized ratio reduction with recombinant FVIIa versus 
prothrombin complex concentrate; however, there were no 

significant differences in thromboembolic events or mor-
tality rates.52 In another retrospective review, a significantly 
greater proportion of patients achieved a target interna-
tional normalized ratio of less than 1.3 when receiving a 
combination of three-factor prothrombin complex con-
centrate and recombinant FVIIa (79.4%) compared with 
patients who received either recombinant FVIIa (45.7%) 
or four-factor prothrombin complex concentrate (50%) 
alone; however, this combination therapy was associated 
with a significantly higher proportion of deep vein throm-
boses (18.7%) than was associated with either recombinant 
FVIIa (4.2%) or four-factor prothrombin complex con-
centrate (6.1%).53 The high number of patients achieving 
international normalized ratio less than 1.3 and experienc-
ing deep vein thromboses with the combination therapy 
might be indicative of “double dosing” of coagulation fac-
tors and the fact that three-factor prothrombin complex 
concentrates lack small amounts of anticoagulant factors 
(protein C and S) present in four-factor prothrombin com-
plex concentrates.53

Current guidelines do not recommend recombinant 
FVIIa for urgent vitamin K antagonist anticoagulation 
reversal.5,6 Further investigative studies would be beneficial 
to compare the efficacy and safety of prothrombin complex 
concentrates and rFVIIa to help inform future practice.

Studies Conducted in Specific Surgical Indications
The majority of surgeries carry an inherent risk of bleed-
ing; however, certain surgical indications are associated with 
an increased bleeding risk in patients receiving vitamin K 
antagonists.3 Furthermore, uncontrolled bleeding in patients 
undergoing cardiac, intracranial, or spinal surgery can result 
in serious clinical consequences.3
Intracranial Hemorrhage. Intracranial hemorrhage is a par-
ticular concern in patients treated with vitamin K antago-
nists. A report from a large U.S. cohort of more than 13,500 
patients with atrial fibrillation demonstrated that almost 
88% of deaths resulting from warfarin-associated bleed-
ing were intracranial hemorrhage events, and more than 
40% in patients who developed an intracranial hemorrhage 
died.54 Although surgical intervention in cases of intracra-
nial hemorrhage remains controversial, it can be considered 
in patients who are deteriorating neurologically, have brain-
stem compression or hydrocephalus as a result of ventricular 
obstruction,55 or those with supratentorial intracranial hem-
orrhage and a Glasgow coma score of 9 to 12.56

Few studies have investigated vitamin K antagonist 
reversal in patients with intracranial hemorrhage in the 
perioperative setting, and a comprehensive examination of 
prothrombin complex concentrate use in patients present-
ing with intracranial hemorrhage, not just those requiring 
surgical intervention, is outside the scope of this review. 
A retrospective analysis by Agarwal et al. investigated 
prothrombin complex concentrate use versus plasma in 
warfarin-treated patients undergoing emergency surgery 

D
ow

nloaded from
 /anesthesiology/issue/129/6 by guest on 18 April 2024



Anesthesiology 2018; 129:1171-84 1177 Levy et al.

EDUCATION

for treatment of intracranial hemorrhage.41 As highlighted 
earlier, both prothrombin complex concentrate and plasma 
significantly reduced the international normalized ratio 
from baseline (P < 0.001); however, no difference between 
the posttreatment international normalized ratio values 
were seen between prothrombin complex concentrate and 
plasma. In-hospital mortality rates were similar between 
the two treatments with a rate of 17.9% and 14.3% in 
the prothrombin complex concentrate and plasma groups, 
respectively.41

In studies investigating plasma and prothrombin com-
plex concentrate treatment in warfarin-treated patients pre-
senting with intracranial hemorrhage and not just patients 
undergoing neurosurgery, prothrombin complex concen-
trate use versus plasma resulted in more rapid international 
normalized ratio reversal,57–60 and a greater proportion 
of patients achieved the target international normalized 
ratio.58,59,61,62 Mortality rates were not significantly differ-
ent between treatments,41,57,59,63,64 and fewer patients expe-
rienced neurologic deterioration63 or required neurosurgical 
intervention after prothrombin complex concentrate treat-
ment.57 In a study comparing plasma, three-factor pro-
thrombin complex concentrate, and recombinant FVIIa in 
patients with intracranial hemorrhage, time to anticoagula-
tion reversal was almost twice as long with plasma than with 
three-factor prothrombin complex concentrate or recom-
binant FVIIa; international normalized ratio rebound was 
seen more frequently in patients who received recombinant 
FVIIa than in those who received either plasma or pro-
thrombin complex concentrate, and the mortality rate was 
lowest in patients who received three-factor prothrombin 
complex concentrate (although it should be noted that the 
population size for these groups was small).65 In another 
retrospective study conducted in the intracranial hemor-
rhage setting, recombinant FVIIa was shown to reduce 
the international normalized ratio to 1.3 or less in 83% of 
patients, compared with only 20% of patients treated with 
three-factor prothrombin complex concentrate. However, 
this improved international normalized ratio reversal did 
not translate into clinical efficacy, with hematoma expan-
sion occurring in a greater proportion of patients receiving 
recombinant FVIIa.51

Cardiac Surgery. Major bleeding events in patients undergo-
ing cardiac surgery have been shown to significantly increase 
the risk of operative mortality and are also a precursor to 
reoperation and increased erythrocyte transfusions, both of 
which are associated with increased morbidity and mortal-
ity.66 As such, rapid vitamin K antagonist reversal is essential 
for patients requiring emergency cardiac surgery. In a study 
in patients undergoing cardiopulmonary bypass, interna-
tional normalized ratio reversal to 1.5 or less within 15 min 
was achieved in 35% of patients who were administered 
four-factor prothrombin complex concentrate compared 
with 0% of plasma recipients,38 whereas another study of 
prothrombin complex concentrate in patients undergoing 

heart transplantation showed that 12% and 75% of patients 
achieved an international normalized ratio less than 1.5 and 
less than 1.7, respectively, before transplantation.67 Inter-
national normalized ratio reduction to less than 1.5 was 
achieved in all four patients in a small case series of patients 
undergoing heart transplantation; however, the average time 
to achieve this was 2.45 h (still within the recommended 2- 
to 3-h window between dosing and incision).36

In comparison with plasma, prothrombin complex con-
centrate treatment was associated with a more rapid inter-
national normalized ratio decrease,38 a greater proportion of 
patients achieving the target international normalized ratio 
before cardiac surgery,39 and less cumulative postoperative 
blood loss.38,42 Nonsignificant decreases in blood product 
use (e.g., red blood cells, plasma, platelets, and cryopre-
cipitate), patients requiring reoperation for bleeding, and 
in-hospital mortality were also seen in patients undergoing 
heart transplantation treated with four-factor prothrombin 
complex concentrate compared with a nonfactor concen-
trate historical control group.67

In a retrospective analysis of patients undergoing ortho-
topic heart transplantation, significantly fewer units of 
cryoprecipitate and packed erythrocytes were transfused 
in patients who received four-factor prothrombin com-
plex concentrate than in those who did not (P < 0.001).68 
Furthermore, the median time to chest closure was signifi-
cantly shorter in patients receiving four-factor prothrombin 
complex concentrate (547.9 min) versus those who did not 
(618.8 min; P = 0.008).68 No significant difference in in-
hospital mortality was observed.68

Reversing Vitamin K Antagonist Therapy in Trauma 
Patients
Patients who receive vitamin K antagonist therapy and pres-
ent with trauma represent a challenging medical emergency. 
In the United States, the proportion of trauma patients 
who take warfarin has been shown to be approximately 4%, 
which increases to almost 13% when considering patients 
older than 65 yr.69 Furthermore, anticoagulant use before 
trauma has been associated with an increased risk of mortal-
ity, even when adjusting for confounders such as age and 
preexisting medical conditions.69,70

While rapid reversal of the anticoagulant effect is essen-
tial in any vitamin K antagonist–treated patient suffer-
ing a traumatic injury, simply replenishing the vitamin 
K–dependent coagulation factors does not provide volume 
replacement, which is often required in patients who are in 
hypovolemic shock after major blood loss. For patients with 
a suspected massive bleed, current European guidelines rec-
ommend transfusion of fresh frozen plasma (or pathogen-
inactivated plasma) in conjunction with packed erythrocytes 
in a plasma–erythrocyte ratio of at least 1:2.71 The recent 
Pragmatic, Randomized Optimal Platelet and Plasma Ratios 
(PROPPR) trial investigated the effectiveness and safety 
of a 1:1:1 plasma, platelet, erythrocyte transfusion ratio 
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compared with a 1:1:2 ratio.72 No significant differences 
were seen in overall mortality after 24 h or 30 days; however, 
the 1:1:1 transfusion ratio was associated with a significantly 
greater proportion of patients achieving hemostasis (86.1% 
vs. 78.1%; P = 0.006) and significantly fewer patients dying 
from exsanguination (9.2% vs. 14.6%; P = 0.03).72

However, the administration of large amounts of fresh 
frozen plasma and erythrocytes to restore blood volume can 
lead to a dilution of the coagulation factors, which delays 
coagulopathy reversal.71 As such, the administration of pro-
thrombin complex concentrate in conjunction with fresh 
frozen plasma has been proposed as an alternative therapeu-
tic option for the rapid correction of traumatic coagulopa-
thy while also restoring volume and should be considered 
in a vitamin K antagonist–treated patient. While studies 
have also investigated three-factor prothrombin complex 
concentrate for the treatment of traumatic coagulopathy,73,74  
four-factor prothrombin complex concentrate is recom-
mended by current guidelines for the reversal of vitamin K 
antagonist–related anticoagulation,5,6,9,10 and a number of 
studies have investigated the use of four-factor prothrombin 
complex concentrate to reverse the anticoagulant effect in 
vitamin K antagonist–treated trauma patients.47,60,75–77 In a 
retrospective study of four-factor prothrombin complex con-
centrate administered to 26 trauma patients on warfarin, the 
mean international normalized ratio was shown to signifi-
cantly decrease from 5.7 to 1.5 (P < 0.001), and this decrease 
was sustained for more than 2 days.75 No patients developed 
venous thromboembolic events, and no in-hospital mortality 
was reported.75 A prospective study investigated four-factor 
prothrombin complex concentrate treatment for warfarin-
associated coagulopathy after traumatic brain injury.60 In 
five patients treated with four-factor prothrombin complex 
concentrate, the international normalized ratio was corrected 
to 1.2 or less from a baseline of more than 2.0 in all patients; 
for patients requiring surgery, the time to anesthesia induc-
tion was 159 min, which compared favorably to patients 
who received fresh frozen plasma (307 min).60 Administra-
tion of four-factor prothrombin complex concentrate has 
also been shown to result in significantly lower transfusion 
requirements of erythrocyte and platelet concentrate units (P 
< 0.001), as well as fewer trauma patients requiring transfu-
sion compared with patients receiving fresh frozen plasma.76

When comparing with prothrombin complex concen-
trates, four-factor prothrombin complex concentrate has 
been shown to result in a significantly lower international 
normalized ratio (1.3 vs. 1.6; P < 0.001) and a significantly 
greater proportion of trauma patients achieving successful 
reversal of anticoagulation (83% vs. 50%; P = 0.022).47 
Three-factor prothrombin complex concentrate was also 
associated with a greater number of venous thromboembolic 
events in patients, compared with four-factor prothrombin 
complex concentrate (15% vs. 0%), although this differ-
ence did not reach statistical significance.47 In a retrospec-
tive analysis of warfarin-treated trauma patients comparing 

four-factor prothrombin complex concentrate with three-
factor prothrombin complex concentrate plus recombinant 
FVIIa, the combination therapy of a three-factor prothrom-
bin complex concentrate and recombinant FVIIa achieved 
a significantly lower international normalized ratio than 
did four-factor prothrombin complex concentrate (0.75 vs. 
1.28; P < 0.001); however, no difference was seen between 
treatments for patients achieving a target international nor-
malized ratio less than 1.5.77 Furthermore, the combination 
therapy was associated with a significantly increased risk of 
deep vein thrombosis development compared with the four-
factor prothrombin complex concentrate group (22.6% vs. 
2.9%; P = 0.01).

These studies demonstrate that prothrombin complex 
concentrate results in a rapid reversal of the coagulopathy, 
as measured by the international normalized ratio. However, 
as stated earlier, it is important to remember that because of 
its concentrated nature, prothrombin complex concentrate 
does not provide the volume support that can be required to 
correct hypoperfusion associated with major blood loss, and, 
therefore, administration of plasma is still recommended in 
this patient population.71

Safety
Thromboembolic and Bleeding Events. Historically, the use 
of prothrombin complex concentrates has been associated 
with a potential increase in venous thromboembolic events, 
possibly because activated coagulation factors were included 
in the previous formulations of prothrombin complex con-
centrates78 but also because patients on anticoagulants are 
treated for hypercoagulable disorders. Current formulations 
use nonactivated clotting factors and include antithrom-
botic components (protein C and S), which may mitigate 
the risk of developing venous thromboembolic events.79 In a 
meta-analysis of 27 studies investigating prothrombin com-
plex concentrate therapy for vitamin K antagonist–treated 
patients in various settings, the overall risk of venous or arte-
rial venous thromboembolic events was only 1.4%, which 
decreased to 0.8% in the subset of patients undergoing a 
surgical procedure.80

In the studies identified in our search, rates of venous 
thromboembolic events in patients receiving prothrom-
bin complex concentrates varied considerably, from 0 to 
26.3%.19,22,23,25,31,37,41,64,81–83 We also identified two case 
studies that each reported a patient undergoing surgery who 
developed a venous thromboembolic event within 1 h after 
three-factor prothrombin complex concentrate administra-
tion.35,84 It should be noted that many of these studies included 
few patients, and the patient populations investigated often 
had a number of comorbidities; moreover, once vitamin K 
antagonist therapy is reversed, the underlying risk that first 
necessitated anticoagulation is restored, and as a result, caution 
should be taken when interpreting these findings.

In a comparative study of patients requiring vitamin K 
antagonist reversal before heart transplantation, venous 
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thromboembolic events were reported more frequently in 
patients receiving three-factor prothrombin complex con-
centrate than with a historical cohort who received vitamin 
K and plasma (18.7% vs. 10%, respectively), although this 
difference was not significant.67 In another comparative 
study of four-factor prothrombin complex concentrate and 
plasma in patients undergoing emergency surgery, no signifi-
cant difference was noted in the percentage of patients with 
venous thromboembolic events, with 7% and 8% of patients 
who received prothrombin complex concentrate and plasma, 
respectively, experiencing a venous thromboembolic event,40 
which is in line with a recent meta-analysis demonstrating no 
increase in risk of venous thromboembolic events with pro-
thrombin complex concentrates compared with plasma.13 
However, none of the studies were designed to compare the 
incidence of thromboembolic events between prothrombin 
complex concentrates and plasma.

Across four studies, no significant differences in overall 
adverse event rates were seen in patients who received pro-
thrombin complex concentrate compared with patients who 
received plasma.38–40,42 One study reported similar rates of late 
bleeding events in four-factor prothrombin complex concen-
trate–treated patients and plasma-treated patients,40 whereas 
another study reported abnormal bleeding in two patients 
who received plasma but none in those treated with four-
factor prothrombin complex concentrate.38 These abnormal 
bleeding events were likely linked to plasma’s lower effective-
ness at reducing patients’ international normalized ratio.38

Because rapid infusion of prothrombin complex concen-
trates have potential safety concerns, a multinational trial 
evaluated 43 patients given prothrombin complex concen-
trates for emergency warfarin reversal to evaluate the effect 
of the infusion rate on international normalized ratio cor-
rection and thrombogenicity.85 The infusion speed ranged 
from 2.0 to 40.0 ml/min (median of 7.5 ml/min). The inves-
tigators noted that the speed of infusion did not affect the 
international normalized ratio measured at 30 min after pro-
thrombin complex concentrate completion, and measured 
thrombogenicity parameters were not affected by infusion 
speed.85 Currently, recommendations for four-component 
prothrombin complex concentrate administration is recon-
stitution in 20 ml, and the solution should be administered 
intravenously (not more than 3 U · kg−1 · min−1, maximum 
210 U/min, approximately 8 ml/min).
Fluid Overload. Owing to the increased volumes admin-
istered with plasma compared with prothrombin com-
plex concentrate, there is a greater risk of fluid overload in 
patients treated with plasma.86 In the study by Goldstein et 
al., fluid overload or similar cardiac events were reported 
in 3% of patients who received four-factor prothrom-
bin complex concentrate, compared with 13% of patients 
who received plasma.40 In another study, one patient who 
received plasma experienced a significant increase in pul-
monary and/or atrial pressure after plasma administration, 
which is indicative of fluid overload; no patients treated with 

four-factor prothrombin complex concentrate demonstrated 
fluid overload events.38 Taken together, these safety findings 
are in line with those reported in a recent meta-analysis of 
warfarin-treated patients who required urgent reversal owing 
to major bleeding or urgent surgical intervention: no signifi-
cant difference between prothrombin complex concentrate 
and plasma was seen in relation to thromboembolic risk, and 
fluid overload was less likely in patients treated with pro-
thrombin complex concentrate than in patients treated with 
plasma.13 In summary, large volumes of plasma are required 
to reverse vitamin K antagonists; however, they ineffectively 
increase the concentration of coagulation factors, expose 
patients to allogeneic blood products with all the inherent 
risks, and should not be recommended or used for vitamin K 
antagonist reversal as also recommended in guidelines.

Future Directions: Role of Prothrombin Complex 
Concentrates for Reversal of Oral Factor Xa 
Anticoagulants
In contrast with vitamin K antagonists, the non–vitamin 
K oral anticoagulants specifically inhibit either coagulation 
factors IIa or Xa, and unlike vitamin K antagonists, have 
few drug–drug interactions.87 However, as with vitamin K 
antagonists, increased bleeding risk remains a concern with 
non–vitamin K oral anticoagulants.88 In cases of emergency 
surgical intervention, there are currently no approved spe-
cific reversal agents for factor Xa inhibitors, although andex-
anet alfa, a recombinant factor Xa decoy receptor protein, 
was approved in May 2018 for patients treated with riva-
roxaban and apixaban, when reversal of anticoagulation is 
needed because of life-threatening or uncontrolled bleeding. 
The use of specific reversal strategies for non–vitamin K oral 
anticoagulants, also called antidotes, is an evolving strategy 
for treating bleeding with these agents.89 However, andex-
anet has not been studied in surgical patients and will be 
available initially in a limited number of medical centers; its 
role for perioperative use remains to be determined.

Based on preclinical evidence and recent reports, current 
guidelines suggest that prothrombin complex concentrates 
could be used as part of a multimodal approach in patients 
requiring urgent surgery or experiencing life-threatening 
bleeding.10,90–93 Infusion of four-factor prothrombin com-
plex concentrate has been shown to reduce prothrombin time 
and/or increase endogenous thrombin potential in studies of 
healthy volunteers or patients who received apixaban, edoxa-
ban, or rivaroxaban.94–98 Furthermore, infusion of four-factor 
prothrombin complex concentrate after edoxaban administra-
tion demonstrated a dose-dependent effect on reducing bleed-
ing duration and volume within 30 min, with a dose of 50 U/
kg decreasing bleeding duration and volume below baseline 
levels in patients receiving therapeutic doses.98

An increasing amount of clinical data on prothrombin 
complex concentrate use for treatment of acute major bleed-
ing associated with factor Xa anticoagulation is emerging from 
large patient registries and observational studies. Data from 
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a large prospective registry of patients receiving non–vitamin 
K oral anticoagulants, the Dresden registry,99 demonstrated 
the rates, management, and outcome of rivaroxaban-related 
bleeding. Of 1,776 patients, 66 patients experienced a major 
bleeding event and six patients received prothrombin complex 
concentrates (dose range, 18 to 47 U/kg). Only one patient 
had a significant improvement in coagulation parameters 
(international normalized ratio, prothrombin time ratio, and 
activated partial thromboplastin time); however, five of the six 
patients demonstrated hemorrhage stabilization.99 In a retro-
spective review of patients developing hemorrhage secondary 
to dabigatran or rivaroxaban therapy, a median dose of 40 U/
kg prothrombin complex concentrate was administered in 3 
of 25 patients.100 All three patients had rivaroxaban-associated 
bleeds (one major, two life threatening), and administration 
of prothrombin complex concentrate successfully resolved the 
bleeding in all cases.100 With regards to the perioperative set-
ting, a retrospective, multicenter study investigated patients 
who received four-factor prothrombin complex concentrate for 
treatment of the anticoagulation effects of factor Xa inhibitors 
when developing a pericardial effusion during or after atrial 
fibrillation ablation.101 In total, 11 patients were administered 
four-factor prothrombin complex concentrate. Two patients 
required further surgery for treatment of the pericardial effu-
sion, and the other nine patients were hemodynamically stable 
and there was no recurrence of the pericardial effusion, demon-
strating that four-factor prothrombin complex concentrate is 
an effective management option in this patient population.101

There have also been a few case reports of patients on 
factor Xa inhibitors (either apixaban or rivaroxaban) being 
treated with prothrombin complex concentrate before 
undergoing a surgical procedure.102–104 Overall, administra-
tion of prothrombin complex concentrate was associated 
with successful completion of surgery and no bleeding com-
plications were reported.102–104

A recent prospective evaluation reported 84 patients receiv-
ing rivaroxaban or apixaban who were treated with prothrom-
bin complex concentrates for major bleeding and evaluated 
for thromboembolic events and all-cause mortality within 30 
days.105 Prothrombin complex concentrates were administered 
at a median dose of 2,000 U (1,500 to 2,000 U) for patients 
with an intracranial hemorrhage (n = 59; 70.2%) or gastroin-
testinal bleeding (n = 13; 15.5%). Treatment to stop bleeding 
was considered effective in 58 (69.1%) and ineffective in 26 
(30.9%) treated patients. The majority of the patients with 
ineffective hemostasis had intracranial hemorrhage (n = 16; 
61.5%), and two patients developed an ischemic stroke 5 and 
10 days after prothrombin complex concentrate administra-
tion. A total of 27 (32%) patients died within 30 days; how-
ever, there was no control group in the report.105

An additional report from Canada evaluated major bleed-
ing in 66 apixaban- or rivaroxaban-treated patients treated 
with 2,000 units of prothrombin complex concentrates and 
evaluated thromboembolism or mortality 30 days later.106 
Using a specific evaluation scale, the investigators reported 

cessation of bleeding was good in 65%, moderate in 20%, 
and poor or none in 15% of patients and included patients 
with intracranial hemorrhage or gastrointestinal bleeding. 
Overall reversal was considered to be effective in 68% of 
patients and ineffective in 32%, and mortality was 14% in 
30 days, with an 8% risk of thromboembolic events.106

Conclusions
Overall, the studies identified in this review support current 
guideline recommendations that four-factor prothrombin 
complex concentrate is a preferred treatment option for 
urgent reversal of vitamin K antagonist anticoagulation in 
patients requiring urgent surgical or invasive procedures. 
Prothrombin complex concentrates consistently and rapidly 
reduced patients’ international normalized ratio. Compara-
tive studies with plasma demonstrated greater clinical effi-
cacy with prothrombin complex concentrates in patients 
requiring emergency surgery. Furthermore, prothrombin 
complex concentrate treatment was associated with lower 
rates of fluid overload owing to its lower infusion volume 
compared to plasma and no instances of viral transmission. 
Prothrombin complex concentrates are recommended in 
guidelines for rapid reversal of anticoagulation in vitamin 
K antagonist–treated patients and represent an important 
therapeutic option for emergency surgical interventions.
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HHe felt a backache in springtime
Moving bricks to build a garden wall
For me.

Persistent. Not backrubs
Nor Ben-Gay nor bed.
X-rays, blood tests, CT scan,
As big as a grapefruit.

New scars, new words:
5-FU, Leucovorin.
Deadly music:
Camptosar, Oxaliplatin.

Devil child’s poem:
Thoracentesis, Pleuradesis
Hepatic metastasis.

Coffee in sunlight, each sip
A gift. One year.
Green grass growing in my
New garden.

Stephen T. Harvey, M.D., Editor
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Jo Dereske
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This poem is one of the finalists of ANESTHESIOLOGY’s first annual creative writing competition, The Letheon.
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WWe stood in silence and watched as a bright blue sky slowly turned black 
with ash. The sense of anxiety was nearly palpable as the distant sounds 
of ambulance sirens slowly grew louder. My hands fidgeted in the pockets 
of my short white coat, bulging with reference books and other tools, still 
clean enough to identify me as a medical student early in my clinical rota-
tions. No one knew what to expect, but the mass of students, physicians, 
nurses, and staff was a formidable sight in the otherwise empty ambulance 
bay at Bellevue Hospital.

Everyone has his or her own story of the morning of September 11, 2001. 
Where they were when the first tower fell, whom they called first. I heard 
it from our waiter at breakfast in the café in Bellevue Hospital, the flagship 
hospital of New York City’s Health and Hospitals Corporation, located a 
few miles from the site of the attacks. I turned to see the tiny television 
screen beyond the cash register showing fire rising from the South Tower. 
Over the next hours my colleagues and I would reinvent ourselves time and 
again, our responsibilities evolving at a lightning pace. My patients would 
change from those with congestive heart failure and pneumonia to another 
type all together—the literal fragments of humanity. A charred body part, 
a ring attached to a severed hand. They were faces plastered on telephone 
poles, and missing persons reports on CNN.

Stephen T. Harvey, M.D., Editor

Among Body Parts and Colleagues

Finding My Team in the Rubble on 9/11

Jesse M. Raiten, M.D.
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The hours and days after 9/11 were full of chaos and confusion, yet my memories 
remain vivid, even raw. The smell of smoke and burned flesh mixed, permeating 
into my clothing, rising above and wafting through the windows of my seventh-
floor dormitory room, which now overlooked the makeshift triage tents of the 
medical examiner’s office. Hours after the towers fell, a group of medical students 
rode in an ambulance to Ground Zero. As we passed a giant tire on the side of the 
road, deep in soot, I wondered what size truck used a wheel that big. Chills ran 
down my back when, hours later, I realized it was the wheel of an airplane.

Of all the images of horror that I associate with 9/11, so too were there lessons 
of courage, and the power of a medical community coming together. As rumors 
swirled of countless injuries and traumas, we gathered in the emergency depart-
ment to await a rush of patients. Medical students, interns, residents, nurses, junior 
faculty, and senior faculty, shoulder-to-shoulder, waiting. It was then, in a cloud of 
confusion and uncertainty, that I learned the true meaning of being a team.

The onslaught of patients that we expected never materialized, although we rap-
idly mobilized our resources to prepare for the worst and adapted as the realities of 
the events gained clarity. In the coming days, my colleagues and I would become 
forensic examiners, cafeteria workers, patient transporters, and counselors. I tri-
aged body bags of rubble as they arrived in a virtual bucket brigade from ambu-
lances, and helped catalog bone fragments opposite a pathology resident. My 
colleagues would do the same heartbreaking work, then serve food to volunteers 
on the sidewalks along First Avenue.

We had no blueprint to follow. I was only two years out of anatomy class, and hardly 
the best person to identify human remains mixed among the rubble of the Manhat-
tan skyline. But we were a team—each of us with different skills and specialties, 
experience levels and titles—but all with the same responsibility: to do anything, 
and everything, we were able. Over the ensuing hours and days, in the backdrop of 
a city literally rising from the flames, we came together for our patients, and for each 
other. Being a team is more than picking up where someone left off or lending a 
helping hand. It is finding the silver lining in a ghastly situation to make things a lit-
tle easier for a colleague. It is the pathologist who paused for a moment as we triaged 
body bags when a teaching opportunity presented, offering, if only for a moment, 
a much-needed escape from the gravity of the situation. It is the ambulance crew 
agreeing to take you to Ground Zero on the night of 9/11, knowing there is nothing 
you could do there to help, but understanding that you needed to go, just to be sure.

Much of the study of medicine is individually driven. Success is achieved through 
exam scores and grades that allow you to move from college to medical school, and 
into residency. But success in medicine ultimately comes in the healing of your 
patients, something that rarely happens in isolation, but through the harmonious 
work of physicians, nurses, pharmacists, and the plethora of team members that 
patients require. Teamwork on 9/11 required acknowledging a new perspective—
one where treating our patients meant reuniting their bodies with their loved 
ones, understanding that everyone was grappling with a new, nearly inconceivable 
reality where a wheel on the sidewalk in lower Manhattan could come from an 
airplane, and where we would need to look out for each other as much as we did 
for our patients and their families.
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Life gradually assumed a new normalcy as the weeks and months passed after the 
attacks. The smoke from the towers slowed and we returned to our clinical rota-
tions and assignments. But the tragedy of 9/11 remained a tangible presence in 
our lives, the medical examiner’s triage tent still active outside our windows, and 
the hospital walls still plastered with the faces of the missing. They are experiences 
and images that will forever tie those of us who were there on 9/11 together. For 
many of us, it was the first time in our brief medical careers that we were ever truly 
depended on. And while I had yet to write my first prescription or place my first 
suture in the operating room, I learned that being a team was as much dependent 
on adaptability and respect for your colleagues, as on medical knowledge and 
skills. And while no one wants to learn these skills in the aftermath of a terrorist 
attack, ironically for my colleagues and I, little did we know how soon we would 
be using them again.

Two months and one day after 9/11, an American Airlines plane crashed only 
miles from the site of the World Trade Center. All over again, with many ques-
tions but few answers, we searched out opportunities to help—medical students, 
residents, and faculty, many still actively working on the aftermath of 9/11. As the 
events unfolded and we realized there would be no survivors, I found myself in a 
familiar position alongside a medical student colleague and a pathologist, triaging 
the remains of patients from arriving ambulances into the morgue. Once again, 
the images of flames and debris played on repeat on the television screen, and once 
again, the ambulance sirens screamed. And once again, we were a team.
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To the Editor:
I read with great interest Dr. Zhou et al.’s article regarding 
the effect of instituting the BASIC examination on anesthe-
siology knowledge acquisition.1 The authors should be com-
mended for their hard work and dedication to educating 
future leaders of our specialty.

As a recent graduate of anesthesiology residency in a large 
tertiary academic medical center, and as a member of the 
second class to take the American Board of Anesthesiology 
BASIC examination, my perspective on the examination dif-
fers somewhat from that of its developers. Scores on the in-
training examination have been shown to correlate poorly 
with clinical performance in a variety of medical specialties 
and practice environments,2–4 and therefore a statistically 
significant increase in these scores may not translate into 
any real clinical improvement. In addition, the advent of fre-
quent standardized testing is a likely factor of the burnout 
epidemic among anesthesiology trainees. I was not immune 
to this phenomenon, and personally experienced intense 
periods of detachment and depersonalization during my 
residency as a result of exam fatigue. This problem is only 
likely to worsen with the rollout of the new American Board 
of Anesthesiology Applied examination, which includes an 
Objective Structured Clinical Exam component in addition 
to the Standardized Oral Examination exam.

The rollout of the United States Medical Licensing Exam-
ination Step 2 Clinical Skills should be a cautionary tale to 
all in the world of medical education. Initially used as a 
method for ascertaining the bedside manner and communi-
cation skills of foreign medical graduates, it was expanded to 
include all U.S. graduates. The costs associated with finding 
a “legitimate failure” are estimated at over $1 million per 
failure,5 a sum financed largely by examinees mired in wors-
ening educational debt. Much ink has been spilled (includ-
ing by the authors of the article under discussion)6,7 about 
the rollout of the Objective Structured Clinical Exam exam, 
but it is important to put a human face to the discussion. 
The majority of residents experience burnout at some point 
during their time in education, and most anesthesiology resi-
dents personally know someone whose training was inter-
rupted for mental health reasons. Maybe this would happen 
less if we had to jump through fewer hoops to prove our 
baseline competence—or maybe not. But we cannot afford 
to keep adding on exam after exam without serious thought 
to the toll it’s taking on our trainees.

Although an increase in in-training examination scores 
is impressive and laudable, like everything else in medicine 
there should be a constant examination of the risks and 

In-training Exams, Performance,  
and Exam Fatigue

Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters 
Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 129:1189–93

benefits of our interventions. The question we should be ask-
ing ourselves is not whether additional exams raise perfor-
mance on our exams: Instead, maybe we should think about 
whether it will make us better anesthesiologists in the long 
run. We do what we do for the benefit of our patients, and 
they deserve us to be at our best educationally and in terms 
of our mental health.
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Does the American Board of 
Anesthesiology BASIC Examination 
Really Affect Anesthesiology Resident 
Knowledge Acquisition? 

To the Editor:
We applaud Zhou et al. for their recent publication of 
American Board of Anesthesiology data suggesting that after 
implementation of the BASIC certification examination, anes-
thesiology residents’ performance improved on the subsequent 
in-training examination.1 As opined by Murray in an accom-
panying editorial, increased transparency and sharing of data 
from the American Board of Anesthesiology is welcome and 
useful to the specialty, training programs, and community at 
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In Reply:
The letter from Pivalizza et al. confirms that residency pro-
grams do respond rapidly to changes in certification require-
ments.1 The program directors at this relatively large residency  
program suggest that both attrition of residents earlier in 
their training and changes to the curriculum could impact 
the conclusions about knowledge acquisition in the study by 
Zhou et al.2 The letter suggests that these factors, especially 
attrition of residents who likely had lower in-training exami-
nation scores, may have contributed to higher in-training 
examination scores in clinical anesthesia year 2, potentially 
tainting the “acceleration of knowledge” argument.2 Infor-
mation about the training outcomes of residents who do not 
successfully pass their BASIC exam, either on initial or fur-
ther attempts, could help alleviate the concerns regarding the 
representativeness of the resident cohort.

The more important question that this letter, the origi-
nal article by Zhou et al.,2 and the editorial1 all allude to 
is, “What measures would confirm that the changes in 
examination resulted in increased knowledge acquisition?” 
As noted in our editorial, if certification requirements stay 
the same, the ultimate outcome measure would be that a 
cohort of graduates would be more successful in their first 
attempt following the move to administering BASIC and 
ADVANCED examinations.1 Ideally, this cohort would 
need to include and account for those residents who entered 
training but were not allowed to take the ADVANCED 
examination because they were unsuccessful in passing the 
BASIC examination.

The letter by Pivalizza et al. also highlights an additional 
implied outcome that will result from a change in the cer-
tification requirements. The first certification requirement 

large that physician anesthesiologists serve.2 Our program, as 
we suspect many others have, is focusing educational prepara-
tion for the BASIC exam over the two years of clinical base and 
clinical anesthesia year 1 training, an acknowledged potential 
benefit and goal.

Both the editorial and article discuss the small effect size 
(two points in scaled score) in this initial evaluation of the 
examination process restructure. In the mixed effects model, 
residents with in-training examination scores were considered, 
thus implying that a large proportion not taking the in-train-
ing examination during the clinical base year and any resident 
not sitting for subsequent in-training examinations was not 
accounted for. The method similarly confirms that only resi-
dents “who maintained a regular progression of training level” 
were included. Thus, it is likely that residents lost from the 
program through attrition (whether for medical knowledge, 
professionalism, or another competency) may have affected 
the small signal. This and an additional unintended conse-
quence of the new examination structure is explored.

1. Most programs have incorporated success on the BASIC 
examination as an objective milestone measure of medi-
cal knowledge and many are offering residents only two 
unsuccessful opportunities, in the summer and fall of 
the rising clinical anesthesia year 2 year. As such, any 
deficiency will be apparent prior to the next spring in-
training examination in the clinical anesthesia year 2 
year and any loss of residents (who would naturally be 
presumed also to be poor performers on the in-training 
examination) may have de facto resulted in an appar-
ent improvement in the cohort’s second compared in-
training examination score.

2. Similarly, with appropriate increased academic atten-
tion and focus on the BASIC exam, it is likely that many 
clinical base and clinical anesthesia year 1 residents are 
more committed to the higher stakes first certification 
BASIC examination, which has implications for suc-
cessful maturation through the program. The more spe-
cific curriculum for the BASIC exam and time required 
for preparation may unintentionally distract attention 
from the preceding in-training examination, which for 
many programs is not a high-stakes examination for 
satisfactory academic progress. Thus, the in-training 
examination in the clinical anesthesia year 1 year as the 
first comparison point may be artificially lower, this also 
appearing to accentuate the “improvement” in the sub-
sequent in-training examination.

Addition of the BASIC exam as the first step in anes-
thesiology resident certification appears to be appropriate 
and useful to residents and programs in the milestone era. 
Optimism for objective markers of success should remain 
restrained, however, until the impact of unintended con-
sequences in resident exam preparation priorities and resi-
dents missing from the in-training examination through 
attrition are accounted for. We eagerly anticipate continued 

distribution of data from the American Board of Anesthesi-
ology on these and other certification processes. 
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now occurs early in training; residents who do not pass the 
BASIC examination would be more likely to leave (or be 
dismissed from) training prior to completing residency. The 
remaining residents who have passed their BASIC examina-
tion are more likely to be successful in their initial attempt 
to pass the ADVANCED certification examination, leading 
to a greater proportion of residents successful on their first 
attempt to become certified. From a patient safety perspec-
tive, this may be a desirable long-term outcome, because 
a prior investigation by Zhou et al. indicated that anes-
thesiologists who obtained their certification on the first 
attempt had a lower likelihood of having an action against 
their medical license than those who required more than 
one attempt.3 Under previous certification rules, the initial 
certification examination occurred after residents had suc-
cessfully completed their training. Prior to the change in 
certification, residents who did not successfully pass their 
written examination could enter practice and potentially 
never achieve certification.

Residency programs and program directors are likely 
to be the first to identify the desirable as well as the unin-
tended consequences of changes in certification. It is 
hoped that additional investigations from residency pro-
grams will follow the letter by Pivalizza et al. and provide 
information about how the introduction of the BASIC 
examination impacts training, certification, and patient 
safety outcomes.
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clarify. Their first question related to not accounting for those 
residents who did not take the in-training examination in 
their clinical base year in the analysis. There were actually 
two different models employed in the analysis of changes in 
in-training examination scores from the clinical base year to 
the clinical anesthesia year 1, and from the clinical anesthesia 
year 1 to year 2. The latter analysis (and our main conclusion) 
did not depend upon whether the residents had taken the in-
training examination during their clinical base year. Second, 
given the study question of in-training examination score 
increment, residents who did not take the in-training exami-
nation in both clinical anesthesia years 1 and 2 could not 
be analyzed, and concerns were raised regarding the possibil-
ity of those who had failed the BASIC examination leaving 
training before taking the in-training examination in their 
clinical anesthesia year 2, thus biasing the composition of the 
cohort. We note that three failures of the BASIC examination 
are required for mandatory extension of training, and that for 
the 2013 cohort, only 0.2% failed twice. Thus, we think it is 
unlikely that this factor significantly affected the analysis. Dr. 
Pivalizza and colleagues also question whether preparing for 
the BASIC examination may have distracted residents from 
preparing for the preceding in-training examination, lower-
ing in-training examination performance at clinical anesthe-
sia year 1 and biasing toward an increase in performance from 
clinical anesthesia year 1 to year 2. As shown in table 1 and 
figure 2 of our article,1 there is no evidence that the introduc-
tion of the staged examination system in the 2013 cohort 
was associated with lower in-training examination scores at 
clinical anesthesia year 1; indeed, the 2014 cohort had higher 
in-training examination scores at clinical anesthesia year 1. 
Finally, it is our perspective that what constitutes a “small” 
effect size is a matter of interpretation. The in-training exami-
nation performance of clinical anesthesia year 2 residents 
after the introduction of the staged examination system was 
similar to that of clinical anesthesia year 3 residents in the 
traditional examination system; we leave it to the readers to 
judge the significance of this finding.

Dr. Berman is concerned with “exam fatigue” associated 
with the introduction of new examination components in the 
primary certification process, and its potential to contribute to 
psychologic distress in residents. We appreciate his raising this 
important issue, given that a variety of studies have shown that 
residents in training can exhibit high levels of stress and burn-
out.2,3 Each of the physician directors of the American Board of 
Anesthesiology is a practicing anesthesiologist, well aware of the 
demands of training and practice. Consideration of the impact 
of changes in the certification process on residency training is an 
essential factor in American Board of Anesthesiology decisions. 
Dr. Berman questions the clinical significance of improved in-
training examination performance. Our prior work has shown 
that in-training examination performance is a significant pre-
dictor of achieving timely board certification,4 and that board 
certification (or rather the lack thereof) predicts relevant out-
comes such as disciplinary actions against the medical licenses 

In Reply:
We appreciate the interest in our publication1 and the oppor-
tunity to respond to these two Letters to the Editor.

Dr. Pivalizza and colleagues have questions about our 
methodology and inclusion criteria, and we would like to 
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of anesthesiologists.5 Nonetheless, we agree that our goal should 
always be focused on improving patient care, not on test scores  
per se. This study focused on whether knowledge acquisition 
was accelerated with the advent of the BASIC examination, 
not on whether the ultimate clinical performance of residency 
graduates is improved (an important question that remains 
to be answered in future research). We very much agree that 
changes such as the staged examination system, including the 
introduction of the Objective Structured Clinical Examination 
(also mentioned by Dr. Berman), require continued evalua-
tion. As evidenced by this and other publications, the Ameri-
can Board of Anesthesiology is committed to ongoing rigorous 
and transparent analyses of its systems and processes. These 
analyses include evaluation of the unintended consequences on 
our trainees and, ultimately, on the abilities of anesthesiologists 
to provide excellent patient care. Such analyses will be essential 
to the consideration of any future system and process modifica-
tions desired to better meet the goal of fulfilling the American 
Board of Anesthesiology’s mission to advance the highest stan-
dards of the practice of anesthesiology. We thank the authors 
of the letters for their comments, and we welcome further feed-
back from the community of anesthesiologists whom we serve.
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When Checklists Fail: Human  
Factors Learning from Aviation  
and Safety by Design

To the Editor:
There has been appreciable literature on the use of checklists 
to prevent errors that could lead to patient harm.1 In this 
letter, we use a recent commercial aviation event to explore 
the limitations of checklists and introduce the concept of 
engineering design to prevent error, and examine parallels in 
health care. In April 2018, following a cabin depressuriza-
tion on Southwest Airlines, images were posted online show-
ing passengers wearing oxygen masks incorrectly, covering 
their mouths only. This provoked debate blaming passen-
gers for not listening to the preflight briefing during which 
the instructions, “place the mask over your nose and mouth 
and breathe normally,” are given.2 There are many reasons 
why this simplistic analysis of the error and blame is coun-
terproductive, and why other solutions, such as engineering 
safety into the design of the oxygen masks, are more likely to 
succeed than using checklists alone. The Southwest Airlines 
preflight announcement2 is a checklist that imparts 34 pieces 
of information, providing a high cognitive load in a situa-
tion in which other distractions and anxiety may be present. 
Only exceptional individuals have a working memory that 
tolerates retention of more than half a dozen pieces of infor-
mation. Information retention of frequent flyers may be 
blunted over time due to a phenomenon known as “creep-
ing complacency” and “alert/warning fatigue.” We propose 
a simple, safety-design engineered solution for these rare 
events to improve compliance. Currently the airline oxygen 
mask is cylindrical with a round aperture. The elongated 
shape of a simple face mask and its elastic strap, however, 
can be presented to unaccustomed users in the correct ver-
tical orientation, providing the visual and haptic signals to 
nudge appropriate placement covering the nose and mouth. 

Similar rare events in health care are “serious adverse 
events” or “never events.” Despite the introduction of educa-
tion and checklists, the incidence of reported never events has 
increased. With rare but serious errors, the same problems 
of cognitive load, creeping complacency, and alert/warning 
fatigue come into play. The additional time and cognitive 
load upon an operator, performing complex procedures 
in distracting and stressful environments, from the use of 
formalized checklists, may be detrimental. This may have a 
greater overall absolute negative impact for the thousands 
of uncomplicated procedures outweighing the benefit of 
preventing a single rare error. Two-person checks are com-
monly instituted for preventing rare errors. However, dis-
traction and creeping complacency manifest here, wherein 
both operators tend to rely on the other to complete the 
procedure correctly, along with inattentional blindness in 
which the checkers see what they expect to see, rather than 
what is in plain sight. Warning fatigue is commonplace and 
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particularly problematic for rare events. For rare errors, an 
engineered solution in equipment design not only prevents 
the error but sustains the safety benefit over time. Through 
the introduction of simple design adaptations in health 
care, it may be possible to make specific rare serious events 
either less likely or impossible when checklists or human 
practice fail.
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The Basics of Anesthesia, 7th Edition. Edited by 
Manuel Pardo, M.D., and Ronald D. Miller, M.D., M.S. 
New York, Elsevier, 2017. Pages: 936. Price: $95.99. 
Miller’s Anesthesia Review, 3rd Edition. Written 
by Lorraine M. Sdrales, M.D., and Ronald D. Miller, 
M.D., M.S. New York, Elsevier, 2017. Pages: 544. 
Price: $87.36.

In the world of anesthesia, very few textbooks resonate 
with anesthesiologists the way that The Basics of Anesthesia 
does. This is the 7th edition of this classic, and the timing of 
this edition coincides with release of an update of the com-
panion study guide, Miller’s Anesthesia Review. The book 
honors the 33-yr stewardship of Dr. Miller, and ushers in 
a changing of the guard with Dr. Pardo assuming the role 
of lead editor. One will quickly notice the growth and far 
reaching collection of authors that have contributed to this 
version; there are a total of 87 authors in this edition. There 
are many familiar names, with the addition of new authors 
adding a unique and updated perspective.

At first glance, this book looks like previous versions. 
The organization of the book is what we have come to 
expect. For an introductory book it is robust: 936 pages. 
On further inspection, the reader will immediately notice 
that this edition is much more visually pleasing, with bet-
ter illustrations and important information more usefully 
highlighted. Each chapter is organized better than in previ-
ous editions, which leads to improved flow overall. Gone 
is the history chapter. Gone are the numerous appendices 
and “Please refer to…” comments. Although this is touted 
as a basics book, there is nothing basic about this book; it 
is dense with information and, while easy to read, it is not 
a quick read.

The sections of the book are organized similarly to previ-
ous editions. Most of the information in the basic science 
and pharmacology sections remain the same, but rather than 
presenting a dry litany of scientific fact, there is a concerted 
effort to relate the information in a more clinical fashion. 
The detailed introduction gives the topic a clinical focus, and 
in some sections a brief historical perspective is provided to 
make up for the loss of the chapter on anesthesia history. 
The addition of a physical diagnoses segment in each chapter 
is welcome, providing more opportunities to tie the scien-
tific facts to clinical practice. The pharmacology section is 
also enhanced with additional focus on the pharmacologic 
implications of obesity and advanced age. The updates to 
common practice, with the exclusion of halothane from 
clinical practice and the addition of newer drugs like sugam-
madex, brings the text into alignment with the current state 

of practice, as well as provides insightful clinical pearls in 
each section.

The evolution of our specialty and the changing context 
of anesthesiology practice is reflected in this new edition. 
There is an expanded and improved section on outpatient 
sedation, an updated section on hyperalgesia and the opi-
oid crisis in the pain chapter, and a beautifully organized 
trauma section. Chapter 12 is a welcomed addition, pro-
viding an outstanding summary of the current state of 
the controversial topic of anesthetic neurotoxicity. The 
addition of the “Human Induced and Natural Disasters” 
chapter sheds light on important aspects of our current 
geopolitical realities. In the context of the anesthesiolo-
gist as the “perioperative physician,” the text highlights the 
importance of anesthesiologists as in-hospital physicians 
whose clinical skills and leadership provide value to the 
system as a whole. The “Palliative Care” and “Sleep Medi-
cine and Anesthesia” chapters are brief introductions to 
worlds not very familiar to most; providing succinct, yet 
complete, overviews of new subspecialties that are evolving 
and gaining importance in our specialty. One of the most 
innovative chapters is “New Models of Anesthesia Care: 
Perioperative Medicine, the Perioperative Surgical Home, 
and Population Health,” encompassing new initiatives that 
provide value beyond the operating room, with a focus on 
the perioperative surgical home. For someone new to the 
field, it is an excellent introduction to the landscape of 
health care and the anesthesiologist’s future and role in this 
rapidly evolving world.

The negatives in this book are few, and most are related to 
the electronic version of the text. The eBook, while adding 
convenient access, does not offer anything additive or inno-
vative. In fact, it is essentially a digital copy of the hardcopy 
book. While there is the ability to highlight text and save 
“notes,” the search functionality is essentially a word search. 
On the whole, the regional section was perhaps the most dis-
appointing. Both the paper and digital versions would have 
benefited from a more through catalogue and description of 
basic blocks. This could have been an area where the digital 
version distinguished itself with an enhanced library of digi-
tal images or video clips.

As a companion to this text, Drs. Sdrales and Miller offer 
Miller’s Anesthesia Review, in its 3rd edition. It again has a 
familiar format to previous versions and is laid out in chap-
ters that match the text. It serves as a very thorough study 
guide when used in conjunction with the textbook, with 
open ended questions and detailed explanations that high-
light key points. For trainees looking for help in preparation 
for the American Board of Anesthesiology Part 1A Exam, 
this book provides an excellent synopsis of the fundamen-
tals; however, this is not the traditional test prep book with 
multiple choice questions. The use of open ended questions, 
coupled with the discussions that tie basic science concepts 

Alan Jay Schwartz, M.D., M.S.Ed., Editor
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to clinical scenarios, makes this an excellent text to review in 
preparation for the American Board of Anesthesiology Part 
2 Exam as well. It is also available as an eBook, providing 
convenient access; although it shares The Basics of Anesthesia 
eBook’s problem of being cumbersome to navigate.

In summary, the 7th edition of The Basics of Anesthesia con-
tinues to be an excellent textbook as it offers something to every-
one. It remains “must read” for all trainees. Coupled with the 
study guide, Pardo, Miller, and Sdrales have created an outstand-
ing and up-to-date clinical resource and education tool that pro-
vides a strong foundation of knowledge in anesthesiology. For 

the practicing physician it offers a good refresher and quick refer-
ence. This book serves to honor previous versions and shows that 
the future of this classic is in good hands.

Adolfo Gonzalez, M.D., Stephen Kimatian, M.D., 
F.A.A.P. University of Texas Southwestern, Dallas, Texas 
(S.K.).  stephen.kimatian@utsouthwestern.edu 
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Erratum

Brian Bateman, M.D., Recipient of the 2018 James E. Cottrell, M.D., American Society of Anesthesiologists Presidential 
Scholar Award: Erratum

In the article “Brian Bateman, M.D., Recipient of the 2018 James E. Cottrell, M.D., American Society of Anesthesiologists Presi-
dential Scholar Award” (Rathmell JP: ANESTHESIOLOGY 2018; 129:646–8), there was an error in the title. The corrected title is “Brian 
Bateman, M.D., Recipient of the 2018 James E. Cottrell, M.D., Presidential Scholar Award.”

The online version and PDF of the article have been corrected.

Reference

Rathmell JP: Brian Bateman, M.D., Recipient of the 2018 James E. Cottrell, M.D., American Society of Anesthesiologists Presidential 
Scholar Award. ANESTHESIOLOGY 2018; 129:646–8.
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dependent on candidate’s qualifications.  We provide dedicated 24/7 anesthesia coverage (incl. regional anesthesia) for > 6,000 
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Yale School of Medicine Department of Anesthesiology seeks a
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be eligible for appointment as an Assistant or an Associate
Professor at the Yale School of Medicine

prior participation in clinical research and scholarly publications
or desire to participate collaboratively
opportunities for J-1 visa candidates are available.

Department of Anesthesiology faculty provide care for patients in

Medical Center for academic collaboration in research and teach-
ing endeavors.

Interested candidates should apply at http://apply.interfolio.
-
-
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The University of Iowa Department of Anesthesia is recruiting 
qualified academic anesthesiologists with interest and expertise 
in several clinical subspecialties. Department leadership positions 
also are a possibility for interested candidates with the appropriate 
expertise.
We offer a competitive total compensation package, relocation 
incentives, seed funding for research, and protected non clinical 
time.
Iowa was recently ranked the #1 state in the nation by U.S. News 
& World Report for our exceptional quality of life. UIHC is a 
Level I trauma center with 811 beds and a 190-bed state-of-the-
art children’s hospital. We are an NIH-funded Institute for Clinical 
and Translational Science, which includes collaboration with 
investigators from all 11 colleges on campus. 

The University of Iowa is an equal opportunity/affirmative action employer. 
All qualified applicants are encouraged to apply and will receive consideration 

for employment free from discrimination on the basis of race, creed, color, 
national origin, age, sex, pregnancy, sexual orientation, gender identity, genetic 
information, religion, associational preference, status as a qualified individual 

with a disability, or status as a protected veteran.

Please send your CV and letter of interest to:

Cynthia A. Wong, MD
Professor, Chair, and DEO
UI Department of Anesthesia
Email: cynthia-wong@uiowa.educynthia-wong@uiowa.edu
Web: medicine.uiowa.edu/anesthesia/
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The Department of Anesthesiology at the University of 
Wisconsin Madison has openings for a neuroanesthesiologist 
at the level of Assistant Professor (CHS), Associate Professor 
(CHS), or Professor (CHS); or Clinical Assistant Professor, 
Clinical Associate Professor, or Clinical Professor. This 
position will be a dual appointment with UW Madison and 
UW Medical Foundation.

Requirements: Wisconsin medical license or eligible for 
Wisconsin license. Board eligible or certified by the 
American Board of Anesthesiology. Subspecialty training in 
neuroanesthesiology techniques and procedures preferred.

Duties: Provision of clinical anesthetic care to patients, and 
specific subspecialty area (working in the OR, plus call) in an 
anesthesia team model or personally performed. Teaching 
responsibilities for residents, fellows, and medical students 
in the OR, and didactic sessions.

To Apply: Apply at https://jobs.wisc.edu/. In the “Search 
Jobs” field, type “Neuroanesthesiologist”. Two separate 
listings are posted for each position available due to the 
flexibility of appointment track.

OPPORTUNITIES FOR ANESTHESIOLOGIST 
SPECIALIZING IN NEUROANESTHESIA 

Unless confidentiality is requested in writing, information regarding 
applicants and nominees must be released upon request. Finalists 
cannot be guaranteed confidentiality. The UW-Madison is an EO and 

AAE. Wisconsin Caregiver Law applies.
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FOURTH EDITION
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Philippa Newfield MD 
James E. Cottrell MD

Thoroughly updated for its Fourth Edition, this hand-
book is an essential guide to perioperative management
of neurosurgical patients. In a quick-reference outline
format, the book provides detailed instructions on
anesthetic management of all neurosurgical and neu-
roradiologic procedures, intensive care of neurosurgi-
cal patients, and the intensive care of neurosurgical
patients and those who have sustained traumatic brain
and spinal cord injury.

New material in this edition covers…
•  Interventional neuroradiology
•  Treatment of cerebral and spinal cord ischemia
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