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THIS MONTH IN

ANESTHESIOLOGY, V 131   •   NO 6 DECEMBER 2019 DOI: 10.1097/ALN.0000000000003049

1223 Population Pharmacodynamics of Propofol and Sevoflurane in Healthy 
Volunteers Using a Clinical Score and the Patient State Index: A 
Crossover Study

Hypnotic drug effects can be assessed as the presence or absence of standard clinical endpoints, such as response to calling the 
person by name and tolerance to shake and shout. Antinociceptive drug effects can be assessed as the presence or absence of toler-
ance to tetanic stimulus. The Patient State Index is a processed, electroencephalographic-derived index that is considered by some to 
be a drug-independent representation of the depth of sedation and anesthesia. A four-period randomized sequence crossover study 
determined the concentration-effect relationships for both propofol and sevoflurane, both with and without remifentanil coadministra-

tion, with effects measured as tolerance to standard stimuli and by the Patient State Index. The sevoflurane Patient State Index values associated with a 50% probability 
of tolerance to the standard stimuli were higher than those for propofol. Adding a 2 ng · ml−1 predicted effect-site remifentanil concentration increased all Patient State 
Index values associated with a 50% probability of tolerance to the standard stimuli but 4 ng · ml−1 produced additional effects only during propofol administration. See 
the accompanying Editorial View on page 1199. (Summary: M. J. Avram. Photo: J. P. Rathmell. Illustration: S. M. Jarret, M.F.A., C.M.I.)

1254 Peripheral Nerve Blocks for Ambulatory Shoulder Surgery: A Population-
based Cohort Study of Outcomes and Resource Utilization

Recent systematic reviews suggest that nerve blocks provide the highest degree of acute postoperative pain relief in ambula-
tory shoulder surgery patients. This retrospective study examined the association between nerve blocks and health system 
outcomes after ambulatory shoulder surgery by testing the hypothesis that receipt of a nerve block would reduce the odds of 
unplanned day of surgery admissions, emergency department visits, hospital readmissions, or deaths within 7 days of surgery 
(combined as a composite primary outcome). In the total cohort, 6,234 of 59,644 patients (10.4%) experienced the primary 
outcome; no patients died in the 30 days after surgery. Of the 31,073 patients with a nerve block, 2,808 (9.0%) had an 

admission, readmission, or emergency department visit within 7 days of surgery compared to 3,424 of the 28,571 patients (12.0%) without a nerve block 
(unadjusted odds ratio 0.73; 95% CI, 0.69 to 0.77). After multilevel, multivariable adjustment, no significant difference remained (odds ratio 0.96; 95% CI, 
0.89 to 1.03). See the accompanying Editorial View on page 1205. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1316 Superior Trunk Block Provides Noninferior Analgesia Compared with 
Interscalene Brachial Plexus Block in Arthroscopic Shoulder Surgery

The conventional ultrasound-guided interscalene brachial plexus block provides highly effective postoperative analgesia after 
arthroscopic shoulder surgery but almost always produces hemidiaphragmatic paresis. A randomized, double-blinded, noninferiority 
clinical trial tested the hypothesis that superior trunk block would provide postoperative analgesia that is noninferior to that provided 
by interscalene brachial plexus block while reducing hemidiaphragmatic paresis in 78 patients undergoing arthroscopic shoulder 
surgery. The mean pain score at 24 h postoperatively was 1.4 ± 1.0 (mean ± SD) and 1.2 ± 1.0 in the superior trunk block and 
interscalene block groups, respectively. The mean difference in pain scores was 0.1 (95% CI, −0.3 to 0.6). As the upper limit of the 

95% CI was less than the prespecified noninferiority margin (δ = 1), noninferiority was established. Twenty-nine patients (72.5%) in the interscalene block group and 
2 (5.3%) in the superior trunk block group had complete hemidiaphragmatic paresis. Ten patients (25%) in the interscalene block group and 27 (71.1%) in the supe-
rior trunk block group had partial hemidiaphragmatic paresis. See the accompanying Editorial View on page 1207. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1239 δ-Oscillation Correlates of Anesthesia-induced Unconsciousness in 
Large-scale Brain Networks of Human Infants

Differences in functional brain connectivity have been observed during general anesthesia and at different stages of brain develop-
ment. Deeper stages of anesthesia in adults are characterized by reduced functional connectivity in higher-order brain networks, 
such as the default mode network and the frontoparietal network. Overall, α-oscillation functional connectivity in the anesthetized 
adult brain is less globally efficient and more segregated due to attenuated connectivity between higher-order networks. The hypoth-
esis that infant brain networks during maintenance of general anesthesia would display less complex and more fragmented connec-
tivity was tested using continuous multichannel electroencephalograph recordings collected during maintenance of anesthesia and 

at emergence in 20 subjects ages 0 to 3.9 months. Electroencephalograph functional connectivity was determined retrospectively using cross-spectral coherence 
between sensor signals or region of interest source reconstructed signals. Infant general anesthesia is potentially driven: by connectivity changes in key default mode 
network and frontoparietal regions; associated with more segregation (increase in δ-oscillation modularity); and related to reduction in δ-oscillation complexity at 
both the sensor and source levels. See the accompanying Editorial View on page 1202. (Summary: M. J. Avram. Image: J. P. Rathmell.)
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1292 Hydrocortisone Compared with Placebo in Patients with Septic Shock 
Satisfying the Sepsis-3 Diagnostic Criteria and APROCCHSS Study 
Inclusion Criteria: A Post Hoc Analysis of the ADRENAL Trial

Two recent large randomized controlled trials of the use of corticosteroids in patients with septic shock, the Adjunctive Glucocorticoid 
Therapy in Patients with Septic Shock (ADRENAL) trial and the Activated Protein C and Corticosteroids for Human Septic Shock 
(APROCCHSS) trial, reported different treatment effects on 90-day mortality. Although both trials enrolled patients who met the criteria 
for septic shock using Sepsis-2 definitions, the APROCCHSS trial used greater severity of shock as an inclusion criterion and reported 
improved 90-day mortality in the steroid group. The ADRENAL trial reported no difference in 90-day mortality between groups. The hypoth-

esis that hydrocortisone may have beneficial effects on mortality in the sicker cohort of patients was tested by conducting post hoc subgroup analyses of the ADRENAL 
trial. In ADRENAL trial participants who fulfilled either an updated consensus definition of sepsis and septic shock, termed Sepsis-3, or the APROCCHSS inclusion criteria, 
a continuous infusion of hydrocortisone did not result in a significantly lower 90-day mortality than placebo in septic shock. (Summary: M. J. Avram. Image: J. P. Rathmell.)

1327 Analgesic and Respiratory Depressant Effects of R-dihydroetorphine: A 
Pharmacokinetic–Pharmacodynamic Analysis in Healthy Male Volunteers

Opioid agonists acting at the nociception/orphanin FQ, δ-opioid, and κ-opioid receptors may counteract respiratory depression 
induced by activation of the µ-opioid receptor. R-dihydroetorphine is an opioid with full agonism and high affinity for the µ-opioid, 
κ-opioid, and δ-opioid receptors and low affinity for the nociception/orphanin FQ receptor. The hypothesis that, given its receptor 
profile, R-dihydroetorphine would produce an apparent plateau in respiratory depression but not in antinociception was tested 
by determining the effects of four R-dihydroetorphine doses (12.5, 75, 125, and 150 ng/kg) on isohypercapnic ventilation and 
antinociception in 40 healthy male volunteers. Over the dose range tested, an apparent maximum in respiratory depression to 

33% of baseline ventilation was identified but a maximum in antinociception was not reached. At an R-dihydroetorphine effect-site concentration of 20 pg/ml, the 
probability of analgesia was 60%, while the probability of analgesia without respiratory depression was 45%. The probability of analgesia increased to 95% at 100 
pg/ml, but the probability of analgesia without respiratory depression was reduced to 20%. (Summary: M. J. Avram. Image: From original article.)

1276 Drug-selective Anesthetic Insensitivity of Zebrafish Lacking  
γ-Aminobutyric Acid Type A Receptor β3 Subunits

Studies in transgenic mice indicate major actions of etomidate, propofol, and pentobarbital are mediated by a subset of  
γ-aminobutyric acid type A (GABA

A
) receptor isotypes containing β3 subunits. Compared to wild-type mice, global β3 knockout 

(β3-/-) mice are resistant to the sedative-hypnotic effects of etomidate and propofol, but have unchanged sensitivity to pentobarbital 
and ethanol. Zebrafish larvae represent another vertebrate species for assessing the role of β3-containing GABA

A
 receptors in 

anesthetic mechanisms. To test the hypothesis that global β3-/- zebrafish would have a pattern of anesthetic sensitivities similar to 
those of global β3-/- mice, the effects of nine drugs, each at seven or more concentrations, were assessed in up to 18 animals per 

condition, in both wild-type and β3-/- zebrafish. The drug sensitivity profile of β3-/- zebrafish larvae more closely resembled that of homozygous β3N265M knock-in 
mice than of β3-/- mice. Compared to their wild-type controls, both β3-/- zebrafish and β3N265M mice had reduced sensitivities to etomidate, propofol, and pento-
barbital, but similar sensitivity to alphaxalone. The only notable difference among drug sensitivities was for ethanol. (Summary: M. J. Avram. Image: ©gettyimages.)

1346 Artificial Intelligence and Machine Learning in Anesthesiology (Review 
Article)

The present review introduces the theory underlying classical and modern approaches to artificial intelligence and machine learn-
ing and surveys current empirical and clinical areas to which these techniques are being applied. Basic concepts of artificial intel-
ligence and machine learning are introduced incrementally. Creating a classical artificial intelligence algorithm begins by defining 
a set of possible solutions that the algorithm can produce using what is known about the problem, proceeds to progressively 
evaluating and searching possible solutions trying to find the optimal one, then the algorithm is terminated and a result presented. 
Logistic regression is a powerful machine-learning technique that fits a weighted linear combination of physiologic variables to an 

outcome. Augmented linear regression allows certain nonlinear relationships between outcomes and physiologic variables to be discerned, even in the absence 
of a defined physiologic model. Neural networks provide a mechanism to establish a relationship between input variables and an output without defining a logical 
representation of the problem or defining transformations of the inputs in advance. (Summary: M. J. Avram. Image: From original article.)
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ON THE COVER: It remains unclear how to quantitatively compare the pharmacodynamics of propofol 
and sevo� urane in the absence or presence of opioids during anesthesia. In this issue of Anesthesiology, Kuizenga 
et al. assessed the population pharmacodynamics of propofol and sevo� urane with or without opioids in healthy 
volunteers. In an accompanying Editorial View, Sleigh puts the new � ndings into the context of clinical practice 
where anesthesiologists commonly—and e� ectively—use more complex combinations of volatile agent, opioid, 
and infusions of propofol, dexmedetomidine, lidocaine, or ketamine. Cover photo: J. P. Rathmell. Cover illustration: 
S. M. Jarret, M.F.A., C.M.I.
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An Automated Software Application Reduces Controlled Substance
Discrepancies in Perioperative Areas

N. Shah, A. Sinha, A. Thompson, K. Tremper, A. Meka,  
S. Kheterpal  ...............................................................................1264

In a large number of patients studied, a software application that tracks 
perioperative controlled substance use that is integrated into the electronic 
health and pharmacy records and database systems is associated with a 
decrease in management errors.
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Drug-selective Anesthetic Insensitivity of Zebrafish Lacking  
γ-Aminobutyric Acid Type A Receptor β3 Subunits

X. Yang, Y. Jounaidi, K. Mukherjee, R. J. Fantasia, E. C. Liao,  
B. Yu, S. A. Forman .....................................................................1276

Zebrafish larvae lacking functional β3 subunits of the γ-aminobutyric acid 
type A (GABA

A
) receptor displayed selective insensitivity to the same an-

esthetic drugs (etomidate, propofol, and pentobarbital) as transgenic mice 
with mutated GABA

A
 receptor β3 subunits. These experiments indicate 

phylogenetic conservation of β3 subunit-containing GABA
A
 receptors be-

tween zebrafish and mice in mediating hypnotic and sedative components 
of general anesthesia. These observations also suggest that zebrafish can 
be a valuable experimental model for mechanisms of anesthesia research.
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A. Perner,  A. Rhodes, K. Thompson, S. Webb, J. Myburgh ...........1292

In a post hoc analysis of the Adjunctive Glucocorticoid Therapy in Patients with 
Septic Shock (ADRENAL) trial, in participants who fulfilled either the Sepsis-3 
or -2 inclusion criteria or those with severe septic shock, a continuous infusion 
of hydrocortisone did not result in a lower 90-day mortality than placebo.

BASIC SCIENCE

Sevoflurane Promotes Bactericidal Properties of Macrophages 
through Enhanced Inducible Nitric Oxide Synthase Expression in  
Male Mice

T. J. Gerber, V. C. O. Fehr, S. D. S. Oliveira, G. Hu, R. Dull,  
M. G. Bonini, B. Beck-Schimmer, R. D. Minshall ...........................1301

In a lipopolysaccharide model of inflammation, sevoflurane increased 
mouse macrophage nitric oxide synthase activity and bacteria phagocytosis 
in vitro and in vivo. These effects were abolished by pharmacologically 
inhibiting nitric oxide synthase expression. In endotoxemia in mice, sevoflu-
rane had bactericidal effects.
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Superior Trunk Block Provides Noninferior Analgesia Compared with 
Interscalene Brachial Plexus Block in Arthroscopic Shoulder Surgery

R. Kang, J. S. Jeong, K. J. Chin, J. C. Yoo, J. H. Lee,  
S. J. Choi, M. S. Gwak, T. S. Hahm, J. S.  Ko .................................1316

When interscalene block was compared with superior trunk block, less 
frequent hemidiaphragmatic paralysis was seen in the superior trunk block 
group. Superior trunk block was noninferior to interscalene block in terms 
of pain scores for up to 24 h postoperatively, and superior trunk block 
patients were no less satisfied.

Analgesic and Respiratory Depressant Effects of R-dihydroetorphine: 
A Pharmacokinetic–Pharmacodynamic Analysis in Healthy Male 
Volunteers

E. Olofsen, M. Boom, E. Sarton, M. van Velzen, P. Baily,  
K. J. Smith, A. Oksche, A. Dahan, M. Niesters ..............................1327

The effects of four R-dihydroetorphine doses (12.5, 75, 125, and 150 
ng/kg) on isohypercapnic ventilation and antinociception were studied 
in 40 healthy male volunteers. Over the dose range tested, an apparent 
maximum in respiratory depression to 33% of baseline ventilation was 
identified, but a maximum in antinociception was not reached. At an R-
dihydroetorphine effect-site concentration of 20 pg/ml, the probability of 
analgesia was 60%, while the probability of analgesia without respiratory 
depression was 45%. The probability of analgesia increased to 95% at 
100 pg/ml, but the probability of analgesia without respiratory depression 
was reduced to 20%.
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SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST 

Deborah J. Culley, M.D., Editor

DOI: 10.1097/ALN.0000000000003057 DECEMBER 2019 ANESTHESIOLOGY, V 131   •   NO 6

Conserved cell types with divergent features in human versus mouse cortex. 
Nature 2019; 573:61–8.
An understanding of the cellular scheme of the cortex is essential to our understanding of cognitive function and susceptibility 
to neuronal disease. This study used single-nucleus RNA sequencing to classify cell types to reveal preserved and contrasting 
features between mouse and the human brain. The authors identified 75 transcriptomically distinct cell types, 45 of which 
were inhibitory. Among the excitatory neurons the authors noted that they were not restricted to single cortical layers but rather 
that they were often distributed between layers. When the author compared transcriptomic cell types in humans to those in 
mice, they found divergence in expression between the species. More specifically, two thirds of the 9,748 genes evaluated 

were divergently expressed between the two species with the greatest differences noted among nonneural cells. These results suggest significant species 
differences in gene expression between mouse and human brain that may influence function and add to our understanding of why preclinical studies using 
mice are often not translatable to humans. (Article Selection: Evan D. Kharasch. Image: ©Adobe Stock.)
Take home message: There are significant differences between the human and mouse brain that may explain why preclinical studies using mice often do 
not translate to humans.

Is disruptive behavior inherent to the surgeon or the environment? Analysis of 
314 events at a single academic medical center. Ann Surg 2019; 270:463–72.
Disruptive behavior is thought to disrupt a culture of safety. This study compared accounts of a reporter and the involved 
individual responses to an episode of disruptive behavior to evaluate whether the hospital environment may contribute and 
whether disruptive behavior is associated with patient harm. The authors identified 314 reports among 204 involved individ-
uals. Surgical specialties had the highest percentage of involved individuals (43%) and 56% of the events occurred in high- 
intensity environments such as the operating room or intensive care unit (P < 0.001). Logistic regression analysis identified 
that unclear hospital policies (odds ratio 3.0; 95% CI, 1.7 to 5.6; P < 0.001), a surgeon being the involved individual (odds 

ratio 2.4; 95% CI, 1.4 to 4.1; P < 0.001), and urgent competing responsibilities (odds ratio 1.9; 95% CI, 1.1 to 3.2; P = 0.02) were associated with potential 
harm to patients. Interestingly, events involving members of nonsurgical services were more likely to be associated with insensitivity to patients (odds ratio 
2.8; 95% CI, 1.6 to 4.8; P < 0.001). (Article Selection: Deborah J. Culley. Image: ©gettyimages.)
Take home message: Disruptive behavior that may be associated with harm to patients is related to unclear hospital policies, being a surgeon, and the 
presence of urgent competing responsibilities.

Dietary intake regulates the circulating inflammatory monocyte pool. Cell 2019; 
178:1102–14.
Caloric restriction has been shown to be beneficial for inflammatory and autoimmune diseases. This study investigated the 
effect of fasting on monocytes in mice and humans. The authors found that fasting reduced the pool of circulating monocytes 
not because the cells are dying but rather due to decreased release of monocytes from the bone marrow to the periphery. 
This decrease in monocytes release from the bone marrow pool may be partially mediated by a reduction in CCL2, as CCL2 
administration was shown to enhance monocyte migration from the bone marrow in fasted animals. The authors also demon-
strated that fasting was associated with changes in monocyte metabolic activity as the expression of more than 2,700 genes 

were differentially expressed after 20 h of fasting. Perhaps the most interesting finding of these studies was that while fasting can lead to improvements in 
chronic inflammatory diseases, it does not affect the ability of monocytes to mobilize during acute inflammation at least in normal weight individuals. (Article 
Selection: Martin J. London. Image: ©gettyimages.)
Take home message: Fasting has a major effect on monocyte egress to the periphery and gene expression yet allows monocytes to maintain their ability 
to mobilize in the setting of an acute immune response.
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ANESTHESIOLOGY, V 131   •   NO 6 DECEMBER 2019 DOI: 10.1097/ALN.0000000000003057 

Sustained efficacy of kangaroo care for repeated painful procedures over 
neonatal intensive care unit hospitalization: A single-blind randomized con-
trolled trial. Pain 2019; 160:2580–8.
Painful procedures are frequently performed on preterm neonates in intensive care units. A body of data suggests that 
maternal contact and sweet-tasting liquids reduce pain from a single procedure. This study evaluated whether maternal 
kangaroo care (infants placed upright on their mother’s bare chest) with or without sucrose were equally efficacious in 
repeated procedural-related pain in neonates admitted to a neonatal intensive care unit. Preterm infants were randomized 
to kangaroo care plus water, kangaroo care plus sucrose, or sucrose alone before a medically indicated heel lance. A total 

of 242 patients were randomly assigned to one of the three groups. Premature Infant Pain Profiles were measured at 30, 60, and 90 s after each of three 
heel lances. Maternal kangaroo care and sucrose were equally efficacious as pain-relieving interventions over time. There was no additional benefit of 
providing both maternal kangaroo care and sucrose (all P values greater than 0.3). (Article Selection: J. David Clark. Image: L. Gray.)
Take home message: Maternal kangaroo care was as effective as sucrose during a medically indicated heel lance in neonates.

Effect of professional background and gender on residents’ perceptions of 
leadership. Acad Med 2019 Jul 30 [Epub ahead of print].
Questions persist about how professional background and gender influence a resident’s perception of leadership skills. 
This study used identically scripted, simulated, video-recorded resuscitation scenarios with either a male or female leader 
identified as either a nurse practitioner or physician to determine the effects of gender and profession on the perception of 
leadership skills. One hundred and sixty resident volunteers subsequently rated the leader’s performance using the Ottawa 
Crisis Resource Management Global Rating Scale. Female leaders received lower scores in the areas of leadership and 
communication skills when compared to male leaders (P < 0.01) but the sexes were equivalent in their overall performance 

and in the domains of problem solving, situational awareness, and resource utilization skills. There was no effect of professional background on any of the 
scores. (Article Selection: Cathleen Peterson-Layne. Image: ©gettyimages.)
Take home message: On identically scripted video recordings, females were perceived to have lower leadership and communication skills when com-
pared to males despite identical performances. Interestingly, their overall scores were similar.

Persistent opioid use is associated with worse survival after lobectomy for 
stage I non-small cell lung cancer. Pain 2019; 160:2365–73.
A large percentage of patients have persistent opioid use after thoracic surgical procedures. This study used a national 
cancer registry linked with Medicare claims to identify whether persistent opioid use 3 to 6 months after lung resection 
in 2,884 patients with non–small cell lung cancer was associated with worse survival. Twenty-seven percent of patients 
had persistent opioid use between 3 and 6 months after their surgical procedure. On multivariate analysis, predictors of 
mortality included higher opioid utilization, age, male sex, not being married, larger tumors, open procedures, radiation 
therapy, lack of chemotherapy, higher tumor grade, and higher Charleston Comorbidity score. While the title highlights 

that persistent opioid use is associated with worse survival after lobectomy, the multivariate analysis suggests that there are multiple indicators for early 
mortality after surgery for lung cancer that may be associated with increased opioid utilization. (Article Selection: J. David Clark. Image: ©gettyimages.)
Take home message: Higher opioid utilization, age, male sex, not being married, larger tumors, open procedures, radiation therapy, lack of chemother-
apy, higher tumor grade, and higher Charleston Comorbidity score are independently associated with mortality in patients with lung cancer.
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Donor simvastatin treatment in heart transplantation. Circulation 2019; 
140:627–40.
Data suggest that the administration of simvastatin to organ donors may inhibit allograft ischemia-reperfusion injury. 
This prospective, randomized, double-blinded study evaluated the effect of administering simvastatin to heart donors on 
ischemia-reperfusion injury after heart transplantation in 84 heart donors. Primary outcome measures included plasma 
concentrations of troponin T, troponin I, or creatine kinase MB subunit in the recipient in the first 24 h after organ reper-
fusion. Administration of simvastatin to organ donors had no effect on creatine kinase MB concentrations and troponin 
T levels but did reduce concentrations of troponin I from 171,000 ± 151,000 to 103,000 ± 109,000 ng/l (P = 0.04) in 

organ recipients. There was no effect of simvastatin on the incidence or severity of transplant rejections between the groups. (Article Selection: Martin 
J. London. Image: ©Adobe Stock.)
Take home message: Administration of simvastatin to heart donors may be associated with decreased concentrations of troponin I in organ recipients.

Improving operating room efficiency: Machine learning approach to predict 
case-time duration. J Am Coll Surg 2019; 229:346–54.
Operating room case duration estimates are important for optimizing operating room utilization. This study evaluated 
whether the use of supervised artificial intelligence and linear regression analyses to statistically predict case-time duration 
were accurate. Data were derived from 46,986 scheduled surgical procedures. Eighty percent of the data was used for 
training and 20% for validation of the model and comparison using average historical times and surgeon estimates. The 
historical times and surgeon estimate models accurately predicted case-time duration within a 10% tolerance threshold in 
31% of cases. In 27% of cases this model overpredicted the case duration and in 41% of cases this model underpredicted 

case duration. The most accurate artificial intelligence model could predict case duration within a 10% tolerance threshold 50% of the time with the least 
accurate models being similar to the utilization of historical times and surgeon estimates. (Article Selection: Deborah J. Culley. Image: ©Adobe Stock.)
Take home message: Artificial intelligence may be useful in predicting surgical case time and may make it easier to optimize operating room utilization.

Mechanical and oral antibiotic bowel preparation versus no bowel prepa-
ration for elective colectomy (MOBILE): A multicentre, randomised, parallel, 
single-blinded trial. Lancet 2019; 394:840–8.
A growing body of data is suggesting that mechanical and oral antibiotic bowel preparation may lead to a decrease in sur-
gical site infections and subsequent morbidity. This multicenter, parallel, single-blinded trial included 417 patients having 
elective colon surgery and randomized them to no bowel preparation or mechanical and oral antibiotic bowel preparation 
with a primary outcome of surgical site infection within 30 days after surgery. The final analysis included the 396 patients 
that completed the study. Surgical site infections within 30 days of surgery occurred in 13 of 196 patients receiving 

mechanical and oral antibiotic bowel preparation (7%) and in 21 of 200 patients who did not undergo bowel preparation (11%, effect size 1.65; 95% CI, 
0.80 to 3.40; P = 0.17). There were also no differences in any of the secondary outcomes including Comprehensive Complication Index score within 30 
days of surgery, anastomotic dehiscence, reoperation, readmission, hospital length of stay, mortality at 30 or 90 days, and adverse effects of antibiotic 
administration. (Article Selection: Martin J. London. Image: ©Adobe Stock.)
Take home message: Mechanical and oral antibiotic bowel preparation does not appear to have benefit over no bowel preparation in patients having 
elective colectomy.
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Association of domestic responsibilities with career satisfaction for physician 
mothers in procedural vs nonprocedural fields. JAMA Surg 2019 Apr 10 [Epub 
ahead of print].
Challenges between career goals and domestic responsibilities are common among mothers who are physicians. This 
study surveyed female physicians to investigate associations between increased domestic workload and career satisfaction 
among physician mothers in procedural and nonprocedural specialties. The majority of the 1,712 participants were married 
(99%). Interestingly, there were no differences between proceduralists and nonproceduralists in perceiving that they held 
sole responsibility for the majority of domestic tasks. Despite this similarly, physician mothers in procedural specialties 

responsible for five or more domestic tasks had a greater interest in changing careers to a less demanding specialty when compared to those with fewer 
than five domestic tasks (odds ratio 1.5; 95% CI, 1.0 to 2.2; P = 0.05) on multivariate analysis. This difference was not noted for those in nonprocedural 
fields. Interestingly, there were a number of differences between proceduralists and nonproceduralists identified in this study that may be related to some 
of these differences. See the accompanying editorial, “Domestic Responsibilities of Physician Mothers: Chores, Catsup Sandwiches, and Snacks” (JAMA 
Surg 2019 Apr 10 [Epub ahead of print]), for creative examples of how one proceduralist mother reduced chores and parental guilt for not being that 
“perfect mom.” (Article Selection: Deborah J. Culley. Image: J. P. Rathmell.)
Take home message: This study found an association between domestic chores and an interest in moving to a less demanding specialty among proce-
duralist but not nonprocedural physician mothers.

Mortality after discontinuation of primary care-based chronic opioid therapy 
for pain: A retrospective cohort study. J Gen Intern Med 2019 Aug 29 [Epub 
ahead of print].
The risks of discontinuing chronic opioid therapy for the treatment of chronic pain are relatively unknown. This retrospective 
cohort study was designed to evaluate mortality, use of prescription opioids, and stability of primary care in patients who 
had been on chronic opioid therapy that was stopped. This study included 572 patients on chronic opioid therapy from a 
clinic opioid registry. In 60% of these patients, chronic opioid therapy was discontinued. The reasons for discontinuation 
included a transfer of care or behavioral and safety concerns. In 18% of the patients where chronic opioid therapy was 

discontinued, there were patient-initiated reasons for discontinuation; in 77% of cases there was at least one provider-initiated reason for discontinuation 
of chronic opioid therapy. Discontinuation of chronic opioid therapy was not associated with an increase in the overall death rate, although the overall 
death rate was high (P = 0.12, 21%), but was associated with an increased in overdose deaths (hazard ratio 2.9; 95% CI, 1.0 to 8.6; P < 0.05). (Article 
Selection: Evan D. Kharasch. Image: J. P. Rathmell.)
Take home message: Discontinuation of chronic opioid therapy may increase the risk of death by overdose.

Permanent percutaneous carotid artery filter to prevent stroke in atrial fibril-
lation patients: The CAPTURE trial. J Am Coll Cardiol 2019; 74:829–39.
Some patients who are at high risk of stroke, including those with atrial fibrillation, have contraindications to anticoagulation 
therapy. This study assessed the feasibility and safety of placing bilateral common carotid artery filters for the prevention of 
stroke in 25 patients from three centers. The primary feasibility endpoint was two properly positioned filters and the primary 
safety endpoints included absence of device- or procedure-related death, stroke, major bleeding, more than 70% common 
carotid artery stenosis, common carotid artery thrombus, or common carotid artery complication requiring endovascular 
treatment or surgery to repair at 30 days postprocedure. For the majority of the patients (92%), the investigators were able 

to properly place the filters bilaterally and satisfied the safety endpoints. On follow-up there were four patients where thrombi were found in the filter on 
ultrasound. These patients were treated with subcutaneous heparin with resolution of the clot. (Article Selection: Martin J. London. Image: J. P. Rathmell.)
Take home message: Placement of a permanent carotid coil filter may be safe and feasible for the capture of thromboembolism in patients deemed 
unsuitable for anticoagulation therapy.
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EEG, electroencephalography. 
Infographic created by Jonathan P. Wanderer, Vanderbilt University Medical Center, and James P. Rathmell, Brigham and Women’s Health Care/Harvard Medical School. 
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 The Art of General Anesthesia 
 Juggling in a Multidimensional Space   
     Jamie W.     Sleigh    ,   M.D.                       

 The art of general anesthesia 
involves making intuitive 

predictions of how a particular 
patient will respond to anesthetic 
drugs and to the noxious stimuli 
of surgery. Patient responses might 
consist of somatic movements, 
various autonomic nervous sys-
tem e� ects (including tachycar-
dia, bradycardia, hypertension, 
sweating, mydriasis), return of 
consciousness and memory, and 
endocrine and immune activa-
tion. To suppress these responses 
we use many di� erent classes 
of anesthetic drugs or adjuncts. 
Clearly the delivery of anesthe-
sia requires an appreciation of a 
multiplicity of dimensions. In this 
issue of  Anesthesiology , an arti-
cle by Kuizenga  et al.   1   attempts to 
bring some scienti� c quanti� ca-
tion to the question of hypnotic – 
opioid interactions. They investigated how the addition of 
an opioid drug (remifentanil) alters responses to two com-
monly used hypnotic drugs (propofol and sevo� urane). 
This sort of study has been done previously,  2 – 4   but the nov-
elty of the present study was the use of a within-subject 
design to formally compare the e� ects of remifentanil on 
propofol head-to-head with sevo� urane. Thus they studied 
three input variables (two hypnotic drugs and one anal-
gesic drug) and two output variables (the resting state of 
the cortical activity as measured by the Patient State Index 
[a processed electroencephalographic measure], and the 
probability of behavioral response to graded external stim-
ulation). Because they were looking at perhaps � ve dimen-
sions, it is hard to represent the totality of their results 
graphically in a single diagram. Instead we follow the con-
ventional methods of reductive science, and ask separate, 
tractable (but two-dimensional) questions.  

  1.      How does remifentanil a� ect 
the relationship between hyp-
notic drug concentrations 
and the probability of quantal 
behavioral response to stimuli? 
(and ignore the cortical state)  

  2.      Does remifentanil alter the state 
of cortical activity at each con-
centration of hypnotic drug? 
(and ignore the behavioral 
response)  

  3.      How does remifentanil a� ect 
the relationship between the 
unstimulated resting corti-
cal state and the probability of 
behavioral response to stimuli? 
(and ignore the hypnotic drug 
concentrations)   

 To answer the � rst question we 
� nd that the addition of even a 
low concentration of remifentanil 
dramatically reduces the responses 

to stimuli for propofol; furthermore, the e� ects are more 
marked for the more painful stimulus. This comes as no 
surprise to any clinician. Because it is one of the standard 
descriptive parameters estimated in the mathematical 
model, the remifentanil e� ect is usually reported as a left 
shift in the concentration of propofol required to prevent 
a response in 50% of the population (EC50; shown as a 
horizontal black arrow in  � g.   1A)  . However the practic-
ing clinician is more interested in the probability that a 
patient — when given at a particular propofol e� ect site 
concentration — will move in response to surgery. With 
this perspective, the e� ect of adding some remifentanil 
is shown by the vertical black arrows in  � gure   1 . We can 
see that, for low and moderate concentrations of hyp-
notic (less than 3 µ g/ml propofol and less than 1.5% sevo-
� urane), the addition of remifentanil causes dramatic 
reductions in probability of response. For example, at the 

  “ [How does] the addition of 
an opioid drug (remifentanil) 
alter responses to … propofol 
and sevo� urane? ”  

 Image: J. P. Rathmell. 

This editorial accompanies the article on p. 1223. This editorial has a related Infographic on p. 17A.

Accepted for publication January 27, 2019. From the Department of Anaesthesia and Pain Medicine, Waikato Clinical School, University of Auckland, Hamilton, New Zealand. 
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EC50 propofol concentration of 2.8  µ g/ml, even 2   ng/ml 
of remifentanil (equivalent to a steady-state infusion of 
about 0.1   ng/kg/min) reduces the probability of response 
from 50% to less than 5%. The lesser leftward shift of the 
EC50 for sevo� urane suggests a lesser additive remifent-
anil e� ect. This conclusion is illusory. Because the slope of 
the sevo� urane curves are steeper than those for propofol, 
the clinical bene� cial hypnotic-sparing e� ect of remifen-
tanil for sevo� urane is actually comparable with that of 
propofol ( i.e ., both vertical black arrows in  � g.   1  are sim-
ilar in length). With the proviso that the tetanic stimu-
lus is less than that of a surgical incision, these � gures 
would suggest that giving concentrations of remifentanil 
greater than 2   ng/ml has diminishing bene� t for prevent-
ing patient movement.  

 For the second question: does the addition of remifen-
tanil have a direct e� ect on the relationship between the 
hypnotic drugs and resting state cortical activity? The 
answer seems to be:  “ a little e� ect with propofol at these 
concentrations of remifentanil ”  and  “ no e� ect on sevo� u-
rane. ”  The propofol – Patient State Index curve is slightly 
shifted to the left, and the e� ect on the sevo� urane – Patient 
State Index relationship is almost nil. Other work  5   suggests 
that the EC50 of the remifentanil sigmoid dose – electroen-
cephalogram response curve — which is in turn acting to 
shift the propofol – electroencephalogram sigmoid curve — is 
higher (5 to 10   ng/ml of remifentanil) than the 4   ng/ml 
achieved in the present study. 

 The third question looks at whether the preexisting 
unstimulated state of cortical activity (the Patient State 
Index value) has any correlation with the probability of 
subsequent behavioral response to stimulus. This question 

lies at the core of the unending misunderstanding about 
the role of electroencephalographic monitors in clinical 
anesthesia. As is clearly shown in � gure 5 of their arti-
cle, the curves for response to verbal command are quite 
steep; for propofol, most patients will respond at a Patient 
State Index of 60, and most will not respond at 30. The 
curve is shifted 20 points to the left by using sevo� urane 
or adding remifentanil. Again, no clinical surprises here. 
You can easily give a sevo� urane-only anesthetic, but it is 
hard to give a propofol-only anesthetic for any serious sur-
gery. Sevo� urane is clearly better than propofol at blocking 
responses to sensory input. The curves of the probability of 
behavioral response to a painful stimulus are quite di� erent; 
the � at slopes of these curves indicate that cortical state is a 
poor predictor of the probability of subsequent movement 
in response to pain. Any individual patient could move at 
almost any value of Patient State Index. Interestingly the 
addition of remifentanil shifts the curves markedly up and 
to the left but does not make the slopes any steeper in this 
study. Somatic movement is largely driven by spinal chord 
responses. You cannot expect to accurately monitor spinal 
cord function by looking at the signal from electrodes on 
the forehead. 

 The article by Kuizenga  et al.   1   essentially looks piece-
meal at bivariate opioid – hypnotic combinations. In clinical 
practice we commonly — and e� ectively — use more com-
plex (multidimensional) combinations consisting of volatile 
agent, opioid, and infusions of propofol, dexmedetomidine, 
lidocaine, or ketamine. How do we objectively quantify 
these multiple simultaneous interactions at an individual 
patient level? The art of anesthesia is progressing rapidly; 
can the science keep up?           

 Fig. 1.      Effect of addition of remifentanil to probability of response to noxious stimulus, at different concentrations of propofol ( A ) and sevo-
fl urane ( B ). Red lines, remifentanil 0   ng/ml; green, 2   ng/ml, dashed blue, 4   ng/ml. Reproduced with permission from fi gure 2 of Kuizenga  et al.   1      
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 Are There Common Network-level Correlates of the 
Anesthetized Brain in Infants and Adults?         
    Michael P.     Puglia    ,   M.D., Ph.D.    ,       George A.     Mashour    ,   M.D., Ph.D.                        

 Anesthetic care of infants and 
children has evolved consid-

erably over the last four decades. 
In the mid-1980s, infants were 
undergoing invasive procedures 
with either no or  “ light ”  anesthesia 
supplemented with a neuromuscu-
lar blocking agent. Parents became 
appalled, which motivated a pub-
lic outcry and sparked an intense 
discussion among anesthesia pro-
viders on how best to anesthetize 
infants.  1   This led to a paradigm 
shift in pediatric anesthesiology, 
with providers recognizing the 
possibility and consequences of 
pain in infants undergoing sur-
gery and reconsidering anesthetic 
regimens accordingly. The pendu-
lum has now swung in the oppo-
site direction, as the conversation 
in pediatric anesthesia over the 
last decade has been dominated 
by neurotoxicity and the potentially detrimental e� ects 
of anesthetics in the developing brain, brought into pub-
lic view by a recent Food and Drug Administration black 
box warning on anesthetic medications for young children 
and pregnant women. As every pediatric anesthesia provider 
will attest, infants and children are not just  “ little adults, ”  
yet in accomplishing one of the fundamental goals of anes-
thetic care, methods of titrating anesthetics in infants are 
based on the same variables used in adult patients ( i.e. , mini-
mum alveolar concentration values, patient movement, and 
hemodynamic changes). This is, in part, due to an incom-
plete understanding of the neurobiologic mechanisms of 
anesthesia and lack of surrogate markers of unconsciousness 
in the developing brain. In this issue of  Anesthesiology , 
Pappas  et al.   2   present an elegant study that begins to inform 
this current gap in knowledge. 

 The study was a retrospective 
cohort analysis of multichannel 
electroencephalographic record-
ings of 20 infants, aged 0 to 3.9 
months old, who underwent sevo-
� urane anesthesia for elective sur-
gical procedures. The goals of the 
study were to identify changes in 
functional connectivity and net-
work properties in the infant brain 
during two time points: the main-
tenance phase (end-tidal sevo� u-
rane, 1.8 to 2.5%) and emergence 
(end-tidal sevo� urane, 0 to 0.3%). 
First, the investigators used a 
measure of functional connectiv-
ity,  i.e. , the statistical covariation 
of activities across di� erent brain 
regions. Their electroencephalo-
graphic analysis was limited to the 
slow-wave or   δ   bandwidth (1 to 
4 Hz) and analyzed in two ways: 
(1) directly from the electroen-

cephalographic electrode/recording location (sensor) and 
(2) a mathematical transformation of the electroencepha-
lographic data that estimates the neural origin of the signal 
in the brain (source). Both analyses yielded similar results. 
During the maintenance phase, functional connectivity was 
found to be decreased across several locations, including the 
frontal – parietal region. The breakdown of frontal – parietal 
connectivity has been postulated to be a neural correlate of 
unconsciousness and mechanism of disrupted long-range 
information transfer in adults,  3   although this connectivity 
pattern is dynamic during anesthesia.  4 , 5   The authors inter-
preted the � nding of functional cortical disconnection as a 
potential mechanism for the loss of consciousness in infants. 
Additionally, Pappas  et al.   2   used network science methods to 
explore how infant brain network architecture (in this case, 
modularity, or the degree to which functional networks 
are characterized by individual modules or an integrated 

    Image: J. P. Rathmell . 

This editorial accompanies the article on p. 1239.
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  “ [The] emerging network-level 
picture of general anesthesia in 
infants is remarkably consis-
tent with that of adults …  ”  
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whole) and whole-brain dynamic patterns (complexity) 
changed during these two periods in the   δ   frequency band. 
They found that brain networks were more fragmented 
and less complex during general anesthesia, supporting the 
hypothesis of impaired integration and a constrained rep-
ertoire of states. 

 These � ndings are striking because this emerging 
network-level picture of general anesthesia in infants is 
remarkably consistent with that of adults, despite substantial 
di� erences in the properties of the electroencephalogram. 
Collectively, the past studies of anesthetized adults and these 
new data in anesthetized infants suggest the remarkable 
possibility that there might be a common network-level 
mechanism and marker of anesthetic-induced unconscious-
ness that is age-invariant. This heralds the possibility of a 
monitor that, in contrast to current commercial options, is 
e� ective even in the very young. The � nding that networks 
appear to be less integrated during general anesthesia is also 
consistent with leading theories of consciousness.  6   

 In adults, hypercoherent frontal    α    oscillations,  7   break-
down in functional brain connectivity,  8   reduced complex-
ity in brain oscillatory patterns, and changes in network 
properties  8   have all been consistently identi� ed. In infants 
undergoing general anesthesia, there is a lack of clear elec-
troencephalographic markers of unconsciousness, and the 
relevance of adult connectivity and network-based mark-
ers has been previously unexplored. To highlight the di� er-
ences between infants and adults,  � gure    1   shows example 
spectrograms ( i.e.,  plots of electroencephalogram frequency 
by time, with color indicating power) and coherograms 
( i.e.,  plots of synchrony between two signals at the same 
frequency, with color indicating strength) during the main-
tenance phase of sevo� urane anesthesia. Note, for example, 
the lack of coherent frontal    α    oscillations in the infant,  9 , 10   
which can be clearly identi� ed in adults during anesthe-
sia. Additionally, in � gure 2A presented in the article by 
Pappas  et al. ,  2   notice the striking similarity between main-
tenance and emergence from general anesthesia in infants. 
It is remarkable that, despite these di� erences in infants and 

 Fig. 1.      Electroencephalographic and network property differences between infants and adults. Spectrograms ( A ) and coherograms ( B ) of 
infants (less than 1 yr old) and adults (21 to 28 yr old) during the maintenance phase of general anesthesia with sevofl urane (reproduced from 
the work of Akeju  et al .,  9   with permission from Elsevier).    
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adults, common patterns emerge when examining the net-
work level.  

 Although these results are exciting, the study was rela-
tively small, with the possibility of anesthetic and surgical 
stimulus heterogeneity. Additionally, although slow waves 
are the most prominent brain oscillation during this devel-
opmental period, additional frequency bands should be 
characterized in the future, as should di� erent recording 
time points (such as baseline measurements) and di� erent 
ages or stages of development. Finally, the possibility of 
dynamic transitions in these connectivity patterns, as has 
been shown in adults,  4 , 5   should be explored. 

 In conclusion, the study by Pappas  et al.   2   shows us that 
general anesthetics alter functional brain networks in infants 
in a way that is similar to adults. This establishes an important 
foundation for future work that can systematically identify 
age-invariant markers of anesthetic-induced consciousness.    
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  “ [A]lthough clinical intuition 
and a fairly robust literature 
suggest that nerve blockade is 
associated with improvements 
in short-term outcomes … the 
current state of nerve blockade 
has little impact on longer-
term outcomes. ”  

  Image: J. P. Rathmell.  
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 Regional Anesthesia    
 A Silver Bullet, Red Herring, or Neither?      
    Eric C.     Sun    ,   M.D., Ph.D.    ,       Stavros G.     Memtsoudis    ,   M.D., Ph.D., M.B.A.    ,       Edward R.     Mariano    ,   M.D., M.A.S  .                          

 Today, clinicians in the peri-
operative realm are faced 

with increasing pressure from pay-
ers and policymakers to improve 
longer-term postoperative out-
comes such as resource utilization 
( i.e. , reduced readmission rates) and 
persistent opioid use after surgery. 
Many anesthesiologists believe that 
nerve blockade can play an impor-
tant role in achieving these aims. 
This belief is fairly intuitive; a large 
body of literature has established 
that regional anesthesia is associ-
ated with increased mobility and 
decreased risk for many short-
term complications.  1   Moreover, 
the evidence strongly suggests that 
regional anesthesia is associated 
with improved pain control, which 
provides a basis for the assump-
tion that it could reduce the risk of 
persistent postoperative opioid use. 
However, although widespread, is 
this belief actually true? In this issue 
of  Anesthesiology , Hamilton  et 
al .  2   address this issue by comparing 
longer-term outcomes ( i.e. , read-
mission rates and costs within 7 days of surgery as a primary 
outcome and within 30 days as a secondary outcome) among 
ambulatory shoulder surgery patients who received periph-
eral nerve blockade to those who did not. Overall, these 
researchers found that nerve blockade was not associated with 
any di� erence in a composite outcome measure, although 
it was associated with a small increase in costs (which may 
largely re� ect the costs of the block itself), and — in a second-
ary analysis — a modestly reduced readmission rate. 

 The study has many strengths, such as the large size 
(59,644 patients from 118 hospitals), and careful statistical 
approach that adjusted for many possible confounders. As 
with any observational study, there is the concern of selection 

and indication bias because patients 
who received blocks and the anes-
thesiologists who performed them 
may be di� erent from those who 
did not. Irrespectively, it is worth 
noting that patients who received a 
block had generally similar charac-
teristics compared with those who 
did not, although important patient 
and practitioner-related covariates 
may not have been available. 

 Although this study was limited 
to ambulatory shoulder surgery, 
other studies have found no associ-
ation between nerve blockade and 
longer-term outcomes in a vari-
ety of settings.  3 – 5   Thus, we are left 
with a dilemma: although clinical 
intuition and a fairly robust litera-
ture suggest that nerve blockade is 
associated with improvements in 
short-term outcomes, ultimately, 
the � ndings of this study — in line 
with others — suggest that the cur-
rent state of nerve blockade has 
little impact on longer-term out-
comes. This dilemma raises two 
important questions. First, given 

the lack of evidence that it impacts longer-term outcomes, 
should nerve blockade be abandoned in routine practice? 
Our opinion is that it should not: Anesthesiologists should 
still advance the science and clinical practice of regional 
anesthesia based on the well-demonstrated short-term ben-
e� ts of nerve blocks, while realizing that the literature to 
date is at best equivocal in suggesting a longer-term bene� t. 

 The second question is why is there a discrepancy between 
studies examining short-term outcomes, which have generally 
found better outcomes with nerve blockade, and studies that 
have examined longer-term outcomes, which generally have 
not? An easy answer is that this simply re� ects the reality of the 
situation, but there are several other possibilities with important 
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implications for research and clinical practice. The � rst possibility 
concerns variations in clinical practice. In this study, single-injec-
tion and continuous catheter approaches were grouped together 
as nerve blockade. Moreover, neither this study nor any other 
studies to date have considered factors such as dosing and length 
of infusion (in the case of continuous catheters). Intuitively, it 
may very well be the case that, for nerve blockade techniques 
to demonstrate longer-term bene� ts, the block must last for a 
longer time ( i.e. , continuous infusion for several days). However, 
as demonstrated by this study and others,  6   continuous catheters 
represent a small fraction of the nerve blocks that are placed in 
clinical practice. A second factor is the possibility of e� ect dilu-
tion. Half of the patients in the study by Hamilton  et al .  2   received 
a block. If we assume that the block would only be bene� cial in 
a minority of these patients ( i.e. , those with severe comorbidi-
ties), the bene� ts of the block for this subpopulation would be 
diluted or averaged out by the majority of patients for whom 
the block had little bene� t. A � nal factor is the simple fact that 
long-term outcomes, particularly opioid use, represent the sum 
of a patient ’ s long-term interactions with the healthcare system 
( i.e. , the patient ’ s surgeon and primary care physician). In this 
context, it may make sense that a nerve block, as one of many 
other perioperative interventions, would, at least by itself, have 
limited e� ect on longer-term outcomes. 

 In light of these factors, perhaps one key takeaway from 
this study is that anesthesiologists should focus on the use 
of continuous nerve catheters and/or other modalities that 
extend analgesia to match the trajectory of pain resolution. 
Moreover, this study suggests that further research should 
focus on identifying who is likely to bene� t from a block, 
and that in clinical practice, anesthesiologists should expend 
e� orts on making sure that blocks are o� ered — and made 
available — to the right patients ( i.e. , those who will bene-
� t most). Finally, because long-term outcomes are deter-
mined in large part by the patient ’ s longer-term interaction 
with the healthcare system, anesthesiologists — as part of our 
desire to be holistic perioperative physicians — may need to 
consider how we can impact these interactions ( i.e. , through 
healthcare system changes) to improve these outcomes. 

 Ultimately, given its bene� ts in the short term, nerve block-
ade should continue to be an important part of anesthesiol-
ogy practice and considered as a � rst-line approach for many 
patients. However, at least for now, anesthesiologists should 
recognize that the evidence for longer-term bene� t is mixed 
at best. Going forward, research and clinical practice should 
be aimed at identifying and addressing factors that may limit 
the ability of nerve blockade to improve long-term outcomes.    
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 Aiming to Refi ne the Interscalene Block    
 Another Bullseye or Missing the Mark?      
   Nabil               M.     Elkassabany   ,   M.D., M.S.C.E.    ,       Edward R.     Mariano    ,   M.D., M.A.S.                        

 In this issue of  Anesthesiology , 
Kang  et al .  1   present the results 

of a randomized clinical trial in 
arthroscopic shoulder surgery 
patients which compares inter-
scalene brachial plexus block with 
a more selective superior trunk 
block. The authors conclude that 
a superior trunk block results in 
noninferior analgesia and a lower 
risk of hemidiaphragmatic paresis 
(76%) when compared with inter-
scalene block (98%). According 
to the authors, the superior trunk 
block represents  “ a re� nement 
of the conventional interscalene 
block technique. ”   1   This begs the 
question: Why does the intersca-
lene block need to be re� ned? 

 One way to address this question 
is to use a quality improvement model.  2   One such model 
asks: (1) What are we trying to accomplish?; (2) How will 
we know that a change is an improvement?; and (3) What 
change can we make that will result in an improvement? 
Underlying all improvement models is general acceptance 
of the following concept: all improvement requires change, 
but not all change represents improvement.  2   

 First, we will determine what the authors are try-
ing to accomplish. The primary concern raised by Kang 
 et al . with regard to the interscalene block is the risk of 
ipsilateral phrenic nerve block and subsequent temporary 
hemidiaphragmatic paresis. This has been a well-known 
side e� ect of interscalene block,  3   and numerous alternative 
interventions have been proposed to avoid phrenic nerve 
block ( table    1  ).  4   Although e� ects on pulmonary function 
associated with hemidiaphragmatic paresis have been mea-
sured and reported by the authors of the current study and 
others,  4 , 5   these measurements are typically limited to the 
immediate periprocedural episode, and data on downstream 
clinical and healthcare utilization outcomes ( e.g. , unplanned 
admissions, emergency department visits) speci� cally 

attributable to side e� ects of 
regional anesthesia are lacking. In 
a national database study including 
more than 15,000 patients who 
underwent arthroscopic shoulder 
surgery, the overall readmission 
rate was approximately 1%, and 
the primary associated risks were 
surgical factors and patient comor-
bidities.  6   A larger study using a 
New York state database reported 
the rate of emergency department 
visits after arthroscopic shoulder 
surgery to be less than 2%, with 
pain being the most common rea-
son, and use of regional anesthe-
sia was associated with lower odds 
of requiring postoperative acute 
care.  7   In a Veterans A� airs cohort 
study of ambulatory peripheral 

nerve block catheter patients, 6 of 185 patients (3%) who 
received an interscalene perineural catheter reported any 
subjective respiratory symptoms; 4 sought medical care, 
and all 6 resolved with discontinuing the local anesthetic 
infusion.  8   In the study by Kang  et al. , one patient in each 
group  “ developed symptomatic dyspnea without desatura-
tion ”  and required no interventions.  1   Given these statistics, 
the risk of temporary asymptomatic hemidiaphragmatic 
paresis does not appear to be the highest priority problem 
worth solving in the general population of shoulder surgery 
patients, although we acknowledge that this side e� ect may 
be an important consideration for patients with severe pul-
monary disease.  

 Next, we will assess whether or not the change is an 
improvement. The rates of complete hemidiaphragmatic 
paresis reported by Kang  et al .  1   clearly favor superior trunk 
block over interscalene block (5%  vs.  72%, respectively), but 
the di� erence in rates of any hemidiaphragmatic paresis 
is less dramatic (76%  vs.  98%).  1   The primary outcome of 
24-hour pain score at rest was noninferior between groups. 
All arthroscopic shoulder surgery patients in this study were 

  Image: J. P. Rathmell .   
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admitted for 3 days after surgery, although they would have 
been discharged the same day from nearly all facilities in the 
United States. The multimodal analgesic regimen consisted 
of scheduled oral acetaminophen, celecoxib, and opioids as 
well as an IV fentanyl patient-controlled analgesia and as-
needed IV boluses of morphine.  1   Not surprisingly, the pain 
scores in both groups were low and did not di� er. What 
was surprising to us was the average opioid consumption 
in both groups: 61 IV morphine milligram equivalents for 
interscalene and 58 IV morphine milligram equivalent for 
superior trunk block (which convert to 183 and 176 oral 
morphine milligram equivalent for interscalene block and 
superior trunk block, respectively)!  1   With these doses of 
opioids and in the context of other analgesic modalities, we 
would � nd it di�  cult to hypothesize a di� erence between 
any two regional analgesic interventions for any surgical 
indication. Based on the outcomes of hemidiaphragmatic 
paresis and analgesia in 24   h, we cannot de� nitively con-
clude that superior trunk block represents a clinically rel-
evant improvement over interscalene block. 

 Finally, we will explore what kind of change will result 
in real improvement. When evaluating new techniques, it 
may be useful to apply pragmatic criteria.  9   We can rate both 
blocks on the following categories: improving access to 
regional analgesia for surgery patients, enhancing e�  ciency, 
decreasing disparities, and improving outcomes.  9   Because 
outcomes have been addressed previously, we can focus on 
access, e�  ciency, and disparities. All blocks for the study 
were performed by a single expert regional anesthesiologist; 
all 40 interscalene block participants received their assigned 
block, but 2 of the 40 participants assigned to superior trunk 
block could not receive their assigned procedure.  1   In one 
participant, the transverse cervical artery prevented access to 
the superior trunk; in the other, the branching point of the 
suprascapular nerve could not be identi� ed.  1   Both of these 
patients received an interscalene block for their surgeries 
instead. Careful identi� cation of these detailed anatomic 
� ndings during superior trunk block will require expert-
level ultrasound skills, and perhaps more scanning time. This 
level of expertise may not be available at the average hos-
pital or surgery center. Therefore, we can safely conclude 
that superior trunk block may not improve access (experts 
already doing interscalene block may change to superior 
trunk block), may decrease e�  ciency (more scanning time), 

and may increase disparities (only centers with advanced 
sonographic expertise may be able to perform superior 
trunk block). 

 If changing from interscalene to superior trunk block 
does not represent meaningful improvement, where else 
can we improve the clinical practice of regional analgesia 
for shoulder surgery? Although the development of new 
advanced techniques in regional anesthesia and analgesia 
is exciting for experts in the subspecialty, many patients 
everyday are not receiving any regional anesthesia.  10   Using 
a nationwide anesthesia database with more than three mil-
lion outpatient surgical cases that would have been ame-
nable to regional analgesia, Gabriel and Ilfeld  10   found that 
only 3% of those cases received a block. Looking speci� -
cally at arthroscopic shoulder surgery cases, regional analge-
sia was used in only 41% of them.  10   Increasing patient access 
to regional anesthesia may represent the most meaningful 
improvement. A starting point for improvement is establish-
ing a core set of regional anesthesia procedures that every new 
board-certi� ed anesthesiologist can perform competently 
and safely for eligible surgical patients. Fellowship-trained 
regional anesthesiologists and acute pain medicine specialists 
will serve as the experts in the clinical setting and advocates 
for system-wide improvements in perioperative pain man-
agement, but we will need graduating residents in anesthesi-
ology comfortable with basic regional anesthesia techniques 
for common surgeries like shoulder arthroscopy to be the 
frontline agents of change and increase patient access.    
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 Table 1.      Alternative Regional Analgesic Techniques to Standard Interscalene Brachial Plexus Block that May Decrease the Incidence of 
Hemidiaphragmatic Paresis  

  Interscalene block  “ light ”      •  Interscalene block but with lower doses of local anesthetic   
 Interscalene block catheter   •  Continuous interscalene block using lower rates of infusion 
 Superior trunk block   •  Block distal to interscalene location but before branching of suprascapular nerve 
 Supraclavicular block   •  Distal brachial plexus block approximately at the level of divisions  

 •  Can perform superior trunk block at this level although suprascapular nerve may be spared 
 Distal peripheral nerve block(s)   •  Isolated suprascapular nerve block

 •  Combined suprascapular and axillary nerve blocks (also known as  “ shoulder block ” ) 
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 ABSTRACT 
 In late 1846, following his successful public demonstrations of surgical 
anesthesia, Boston dentist William T. G. Morton selected  Letheon  as the 
commercial name for the ether-based  “ preparation ”  he had used to produce 
insensibility to pain. We have not identifi ed a fi rst-hand account of the coinage 
of  Letheon . Although the name ultimately derives from the Greek  L   ē   th   ē    , the 
adjective  Lethean , much in use in the mid-19th century, may have infl uenced 
Morton and those he called on to assist in fi nding a commercial name. By one 
unverifi ed account, the name  Letheon  might have been coined independently 
by both Augustus Addison Gould, M.D., and Henry Jacob Bigelow, M.D.  

 (ANESTHESIOLOGY  2019 ;  131 : 1210 – 22 ) 

 Etymology of  Letheon     
 Nineteenth-century Linguistic 
Effervescence      
    Rajesh P.     Haridas    ,   M.B.Ch.B., F.A.N.Z.C.A.    ,   
    Michael     Gionfriddo    ,   B.A.    ,       George S.     Bause    ,   M.D., M.P.H.      

 ANESTHESIOLOGY  2019 ;  131 : 1210 – 22  

 Speed on the ship! But let her bear 
 No merchandise of sin, 
 No groaning cargo of despair 
 Her roomy hold within; 
 No Lethean drug for Eastern lands, 
 Nor poison-draught for ours; 
 But honest fruits of toiling hands 
 And Nature ’ s sun and showers. 

  —  “ The Ship-Builders ”  (1846), by John Greenleaf 
Whittier (1807–1892).      

 Seeking to commercialize the discovery of etherization 
in 1846, Boston dentist William T. G. Morton (1819 –

 1868;  � g.    1)    1   applied for a patent and then selected the 
trade name  Letheon  for his narcotic preparation.  Letheon  
was essentially sulfuric (diethyl) ether, with a fragrance 
and a coloring agent. Almost from the outset, questions 
arose about the validity of Morton ’ s patent and whether 
he should pro� t from it.  

 Historians have focused a good deal on Morton ’ s char-
acter, his patent, and his disputes with dentists and physi-
cians. Relatively little has been written about the coinage 
of the word  Letheon  itself, probably because its easy der-
ivation from the Greek  l  ē  th  ē    (forgetfulness, oblivion) has 
long been assumed. But who actually coined the name, 
when, and under what circumstances? What lay behind 
this particular linguistic tease? In fact, the mid-19th cen-
tury was alive with language study, wordplay, neologisms, 
and inquiries into the origins of language itself. When 
Morton sought to advertise his discovery to a surprised 
and curious public, he welcomed the help of physicians 
who were trained in the classical canon. They presented 
Morton with a signature term designed to turn heads 
and arrest attention. We o� er here an examination of the 

etymology of  Letheon  in light of 19th-century notions of 
verbal play and linguistic inquiries. 

  Boston, Massachusetts: October 1846 
 On October 16, 1846, Morton administered his then-
undisclosed anesthetic preparation to a surgical patient at 
the Massachusetts General Hospital, Boston, Massachusetts. 
The hospital ’ s senior visiting surgeon, John Collins Warren, 
M.D. (1778 – 1856; Hersey Professor of Anatomy and 
Surgery, Harvard Medical School, Boston, Massachusetts), 
operated on a congenital vascular malformation in the 
neck of his patient, Edward Gilbert Abbott.  2   According 
to Henry Jacob Bigelow, M.D. (1818 – 1890), a recently 
appointed surgeon at the hospital, the patient  “ muttered, as 
in a semi-conscious state, ”  afterward stating that  “ the pain 
was considerable, though mitigated … as though the skin 
had been scratched with a hoe. ”   3   The etherization for this 
relatively minor operation was nevertheless considered a 
partial success. This was the � rst public demonstration of 
surgical etherization. 

 Although some observers of Morton ’ s historic demon-
stration had detected the smell of sulfuric ether, they were 
not certain that it was the active ingredient in Morton ’ s 
preparation. Most would have known, of course, that ether 
was a widely used chemical solvent. Bigelow reported he 
himself   “ undertook a number of experiments, with the 
view of ascertaining the nature of this new agent, ”  going 
on to say the  “ � rst experiment was with sulphuric ether, 
the odor of which was readily recognized in the preparation 
employed by Dr. Morton. ”   3   We should note, though, that 
Bigelow ’ s article on etherization was published in mid-No-
vember when the surgeons at the Massachusetts General 
Hospital were aware of the identity of Morton ’ s preparation. 

 On October 27, just eleven days after Morton ’ s demon-
stration, a joint patent application was signed by Morton and 
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Charles T. Jackson, M.D. (1805 – 1880; Boston physician, chem-
ist, and geologist). Immediately thereafter, Jackson assigned his 
� nancial rights in the patent to Morton. Although Jackson was 
no longer working as a physician (he had ceased practicing 
medicine a decade earlier), he continued to instruct medical 
students. As a member of the Massachusetts Medical Society, 
Jackson was not permitted to deal in secret remedies or pro� t 
from medical inventions. The initial agreement was for Morton 
to pay Jackson  $ 500 for assistance and advice rendered.  4    

  Boston, Massachusetts: November 1846 
 Contrary to claims in some historical accounts, Morton did 
not attempt to disguise the preparation he used on October 
16, 1846, by calling it  Letheon . The word  Letheon  does not 
appear in United States Patent No. 4848 ( “ Improvement 
in Surgical Operations ” ), which was granted to Jackson 
and Morton on November 12, 1846. This suggests that the 

name was adopted after the patent application had been 
signed on October 27, 1846. 

 Morton ’ s patent lawyer, Robert H. Eddy (1812 – 1887), 
received o�  cial notice of the granting of the patent on 
Saturday, November 14, 1846.  4   The next day, Eddy attended 
a meeting at the Tremont Street home of Augustus Addison 
Gould, M.D. (1805 – 1866; Boston physician, entomologist, 
and conchologist). Also present were Bigelow, Morton, 
and Jackson.  4   Bigelow ’ s manuscript,  “ Insensibility During 
Surgical Operations Produced by Inhalation, ”  which he 
intended to place in  The Boston Medical and Surgical Journal , 
received the approval of both Morton and Jackson; the man-
uscript would be published three days later.  3   As in the patent 
application, the name  Letheon  does not appear in Bigelow ’ s 
article. Eddy commented that Bigelow, even at this late date, 
did make some changes  “ particularly at the latter part of 
the article ”   4  ; presumably, he could have included the name 
 Letheon  at that point had the name been decided. In fact, 
Bigelow skirts mentioning any particular name, saying only 
that the  “ application of the process to the performance of 
surgical operations, is, it will be conceded, new ”  before 
entering into a defense of patent rights and  “ the actual posi-
tion of this invention as regards the public. ”   3   Speaking to 
the testy relationship between Morton and Jackson, Eddy 
reported departing with Jackson, leaving Gould, Morton, 
and Bigelow behind. Though there is nothing to indicate 
that they discussed a name for Morton ’ s new preparation, 
the possibility exists that Morton, Bigelow, or Gould might 
have broached the subject after Eddy and Jackson departed. 

 Soon thereafter, hoping to advertise the success of his 
endeavors, Morton enlisted the help of physician friends to 
come up with a commercial name for his preparation. He 
approached Bigelow and Gould, and probably consulted 
Oliver Wendell Holmes, M.D. (1809 – 1894), a Boston phy-
sician, poet, and author. In their published accounts of 
Morton ’ s activities, neither Edward Warren ( Some Account of 
the Letheon , 1847) nor Nathan P. Rice, M.D. ( Trials of a Public 
Benefactor , 1859) recorded the date on which Morton selected 
the name  Letheon . The two accounts di� er in some particulars 
and neither hints at the full list of names that might have been 
proposed for Morton ’ s new preparation. Later reminiscences 
penned by Gould ’ s daughter  5   and Morton ’ s wife  6   do little to 
illuminate the matter. Regardless, though, of who might have 
proposed or advanced one name or another, all were will-
ing to participate in what would essentially be a commercial 
venture, even if no one other than Morton might actually 
pro� t from it. Further, all would have known by then that the 
prime constituent of Morton ’ s preparation was sulfuric ether. 

 By the month ’ s end, readers of  The Boston Medical and 
Surgical Journal  would see a short notice posted by Morton 
advising that  “ a name for this new operation ”  ( i.e. , the 
administration of his  “ compound ”  to produce insensibility 
to pain) would shortly be forthcoming. Moreover, Morton 
would enter a short-lived partnership with the esteemed 
Boston physician and dentist Nathan C. Keep, M.D., D.D.S. 

 Fig. 1.      William T. G. Morton, M.D. (1819 – 1868). An engraved 
portrait published in 1847 in the fi rst edition of Edward Warren’s 
pamphlet  Some Account of the Letheon; Or, Who was the 
Discoverer? 1   Image reproduced with the permission of Yale 
University, Harvey Cushing/John Hay Whitney Medical Library, 
New Haven, Connecticut.            
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(1800 – 1875). Both Morton ’ s notice and his alliance with 
Keep bear on our present inquiries.  

  The Origin of the Name  Letheon  
 It is by now a critical commonplace to note that the name 
 Letheon  derives from the Greek word     Λ      ή      θ      η    , transliterated as 
 L   ē   th   ē     (pronounced  LEE-thee ) or simply  Lethe , the name in 
Greek mythology of both the river of forgetfulness ( � g.   2)   and 
the goddess of forgetfulness. Such a notion su�  ces well enough. 
But while  L   ē   th   ē     was undoubtedly the foundational root of 
 Letheon , other factors might have informed the 19th-century 
coinage, chief among them the common adjective  Lethean  
(inducing forgetfulness and oblivion), a word that enjoyed 
great currency at the time but is largely forgotten today.   

  Lethe: The River, a Goddess, and a Butterfl y 
  Lethe  is de� ned by Liddell and Scott (1889, p. 889) as  “  a for-
getting, forgetfulness  ”  and, in the post-Homeric period,  “  a place 
of oblivion  in the lower world. ”  A Greek fragment sometimes 
attributed to Simonides of Cos (ca. 556 – 467 B.C.E.) refers 
to  “ the house of Lethe ”  ( www.attalus.org/poetry/simon-
ides.html ) near the Acheron, the underworld River of Pain 
or Woe. The concluding section of Plato ’ s  Republic  (ca. 400 
B.C.E.), sometimes referred to as the Myth of Er (Book 10, 
parts 614a – 621d), identi� es Lethe as the plain of forget-
fulness through which � owed the river of Lethe or  Ameles 
potamos , the river of  “ unmindfulness ”  (forgetfulness). The 
well-sourced online  “ Theoi Project ”  ( www.theoi.com ) notes 
that  “ LETHE was the underworld river of oblivion and its 
goddess. The shades of the dead drank of its waters to forget 
their mortal lives … . The river-goddess Lethe was sometimes 
identi� ed with the daimona [or  ‘ spirit ’ ] Lethe, forgetfulness 
personi� ed. ”  Louise H. Pratt, Professor of Classics at Emory 
University, usefully extends the discussion, observing how, 
besides amnesia, Lethe can be associated more broadly with 
 “ an absence of awareness. ”   7   But keeping within the group-
ings of Greek gods and goddesses, Lethe (a child of Eris, or 
Strife) came to be associated with the minor Olympian god 
Nyx (Night), the latter ’ s consort Erebus (Darkness), and their 
children Hypnos (Sleep) and Thanatos (Death). In a well-
known engraving for Homer ’ s  Iliad  prepared by Tommaso 
Piroli (ca. 1752 – 1824) after the design by British sculptor and 
illustrator John Flaxman (1755 – 1826), Hypnos and Thanatos 
convey the body of the slain Sarpedon, son of Zeus and dis-
tinguished protector of Troy, to his homeland of Lycia ( � g.   3)  .  

 The works of Greek and Roman writers, with which 
19th-century literati like Drs. Gould, Bigelow, and Holmes 
would have been more than familiar, refer more to the 
river Lethe than to the goddess. The Roman poet Ovid (43 
B.C.E. to 17/18 C.E.), for instance, � nds the river � owing 
through the cave of Hypnos, god of sleep:  “ There silence 
dwells: only the lazy stream / Of Lethe …  / O ’ er pebbly 
shallows trickling lulls to sleep. ”  ( Metamorphoses , Bk. XI, lines 
604 – 606, trans. Melville, 1986). The reference is echoed by 

Geo� rey Chaucer (ca. 1343 – 1400), who, in his poem,  “ The 
House of Fame ”  ( “ Hous of Fame ” , ca. 1379), invokes  “ the 
god of slepe anoon, / That dwelleth in a cave of stoon / 
Upon a streem that comth fro Lete, / That is a � ood of helle 
unswete; ”  (Bk.1, lines 69 – 72, ed. Walter W. Skeat, 1899). 

 The reading public would more likely have encoun-
tered allusions to Lethe in everything from Shakespearean 
plays to homespun stories and poems. William Shakespeare 
(1564 – 1616) used the word at least half a dozen times, 
playing on its meaning to gain a richly lyrical quality as he 
moves from mention of  “ a Lethe ’ d dullness ”  ( Anthony and 
Cleopatra  2.1.27) to  “ the Lethe of thy angry soul ”  in which 
to drown one ’ s sad remembrance ( Richard III  4.4.252) to 
 “ duller shouldst thou be than the fat weed / That roots itself 
in ease on Lethe wharf  ”  ( Hamlet  1.5.32 – 33). The celebrated 
Washington Irving (1783 – 1859), in  Abbotsford and Newstead 
Abbey  (1835), includes a character who implores,  “ Away! 
away! my early dream / Remembrance never must awake: / 
Oh! where is Lethe ’ s fabled stream? ”  Nathaniel Hawthorne 
(1804 – 1864), in his tale,  “ A Select Party, ”  from the popular 
 Mosses from an Old Manse  (1846), describes how, at the behest 

 Fig. 2.      Dante submerged in the River Lethe by Matilda. 
Illustration by Gustave Dor é  (1832 – 1883) for Dante ’ s  The Divine 
Comedy :  Purgatory , Canto XXXI. From:  Purgatory and Paradise . 
Translated by Henry Francis Cary. Edited by Henry C. Walsh. 
Philadelphia: Henry Altemus, [no publication or copyright date; 
ca. 1889], opp. p. 148.  Image source Internet Archive. Book 
source University of Illinois at Urbana-Champaign, Illinois.    
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of a congenial host,  “ the love-lorn, the care-worn, and the 
sorrow-stricken, were supplied with brimming goblets of 
Lethe. ”  The narrator of a poem by Edgar Allan Poe (1809 –
 1849) sketches a typically dark landscape while standing 
 “ beneath the mystic moon ” :  “ Looking like Lethe, see! the 
lake / A conscious slumber seems to take, / And would not, 
for the world, awake. / All Beauty sleeps! ”  ( “ The Sleeper, ”  
1845 version). Not all references were as innocent. A bit of 
dully feather-brained erotica, the comic novel entitled  A 
Voyage to Lethe  (1741), authored by the redoubtable  “ Capt. 
Samuel Cock, sometime commander of the good ship the 
Charming Sally, ”  and published in London by  “ J. Conybeare 
in Smock-Ally near Petticoat Lane in Spittle� elds, ”  appro-
priated the word as a simple place name, its meaning implied 
but unimportant, just one stop on a tour of sexual shenani-
gans disguised as all-but-impenetrable metaphors. 

 Nathan P. Rice, M.D., Morton ’ s authorized biographer, 
had written in  Trials of a Public Benefactor  that the provenance 
of the word  Letheon  was the Greek  L  ē  th  ē   .  8    “ The term, ”  Rice 
noted,  “ was derived from the name of the river Lethe, said 
in mythology to be one of the rivers in the infernal regions, ”  
going on to note the association of the waters of the river 
with forgetfulness and oblivion.  8   Perhaps Rice was relying 
on received wisdom or perhaps he simply assumed the der-
ivation based on his own familiarity with mythologic asso-
ciations. Such associations, however, did not stop with the 
forgetfulness and benign oblivion of anesthesia. 

 The coinage could not play on the Greek  L  ē  th  ē    without 
at least a sidelong glance at its Latin cognate  l  ē  tum , mean-
ing  “ death ”  (which more directly gives us our word  lethal ). 
But it did so in a way that emphasized a more benign state, 
not Chaucer ’ s  “ helle unswete, ”  but Shakespeare ’ s  “ Lethe ’ d 
dullness ”  stirred up from Hawthorne ’ s  “ brimming goblets. ”  
A near-cadaveric repose, properly managed and contrary 
to anyone ’ s experience to date, was now a consummation 
devoutly to be wished. In his  “ Ode on Melancholy ”  (1819, 
published 1820), the English poet John Keats (1795 – 1821) 
had warned o�  readers with the striking  “ No, no, go not 
to Lethe, neither twist / Wolf  ’ s-bane, tight-rooted, for its 
poisonous wine, ”  proceeding to a litany of images equally 
associated with death (toxic nightshade and yew-berries, 
the beetle, and the owl):  “ Nor let the beetle, ”  he wrote,  “ nor 
the death-moth be / Your mournful Psyche … / For shade 
to shade will come too drowsily, / And drown the wakeful 
anguish of the soul. ”  He argues here against the melancholy 
a� orded by contemplation of a too-easy death, and he does 
so in terms that Gould, Holmes, and Bigelow, for instance, 
might readily have embraced. With  Letheon , we proceed 
across or  on  Lethe ( “ Lethe ”   +   “ on ” ), appearing insensate, 
dead, but tricking perception by overturning it. Proceed, 
they might have been thinking, across Lethe as you would 
on the wings of the  “ death-moth ”  ( i.e. , become the soul 
taking leave of the body), but consider how, through the 
careful ministrations of the dentist or surgeon, the soul will 

 Fig. 3.      Sleep [Hypnos] and Death [Thanatos] conveying the body of Sarpedon to Lycia. Engraved by Tommaso Piroli (ca. 1752–1824) from a 
drawing by John Flaxman (1755 – 1826) for Homer ’ s  Iliad . From: Church AJ.  Stories from Homer . London: Seeley, Jackson and Halliday, 1878, 
opp. p. 116. Image source Hathi Trust. Book source University of California Libraries. Digitized by Internet Archive.    
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return unchanged to the body and a deep sleep of forget-
fulness need no longer be thought the sleep of oblivion 
(death). 

 Still other things may yet have been at play. Augustus 
Gould, one of Morton ’ s intimates, had been a zoology 
instructor at Harvard before focusing on entomology and 
then conchology. Using his knowledge of Latin and Greek, 
Gould either coined or sought consensus on generic and 
speci� c names for novel or redundantly referenced species 
by the hundreds. Familiar with the seminal work of the 
entomologists Jacob H ü bner (1761 – 1826) of Germany and 
Johan(n) Christian Fabricius (1745 – 1808) of Denmark, he 
would have been acquainted with the shade-seeking Lethe 
genus of butter� y, several species of which are now con-
sidered native to New England. By a short imaginative 
leap, Gould, the etymologist – entomologist, might easily 
have reimagined shade-seeking butter� ies as shade-seek-
ing souls — men and women, that is, troubled by disease 
or injury and nervously contemplating surgery, now at last 
without an expectation of pain unto death but rather the 
restful dark shade of amnesia o� ered by the new compound 
with the winking name of  Letheon . 

 Gould in particular might have touched Keats ’  rather 
startling imagery with a scientist ’ s hand, alighting on the 
mention of the  “ death-moth ”  and letting his fancy roam. 
(Fabricius noted, in 1798, the genus  Acherontia lachesis , the 
death ’ s-head hawk-moth, of which Keats might or mightn ’ t 
have been aware; tellingly,  A. lachesis  takes its name in part 
from Acheron, the underworld River of Pain or Woe noted 
above.) And any learned punster might have done him 
one better, recognizing that the Greek  L  ē  th  ē    � nds a Latin 
equivalent not only in  l  ē  tum  but also in  mors, -tis  (which 
yields, for instance, the English  “ mortal ”  and  “ mortician ” ). 
A poetic jocularity attends the recognition that were the 
Latin root substituted for the Greek,  Letheon  ( L  ē  th  ē     +  the 
common su�  x  -on ) becomes  “ Morton ”  ( mort-   +   -on ). Or 
perhaps the play worked in reverse, the surname of the 
eager young dentist suggesting, along classical lines almost 
too faint to trace, the product name with which to promote 
the new anodyne gas. As we discuss below ( “ The Coinage: 
 Lethe ,  Lethean ,  Letheon  ” ), the Latin phrase  lucus a non lucendo  
(meaning,  via  an imaginative and twisting translation, an 
 “ illogic explanation ”  or  “ absurd derivation ” ) was well 
enough known to the polyglot Holmes in particular to have 
bounded into view for just enough time to leave its mark.  

   Lethean  in the Lexicon 
 Morton, whose educational pedigree was not nearly as dis-
tinguished as that of the physicians with whom he associ-
ated, was probably unfamiliar with etymologic niceties, and 
none but specialists like Gould would have known of the 
butter� y genus Lethe. But all would have recognized the 
importance of presenting not only a new product but also 
a name with commercial appeal. If the  “ Lethe ”  of the poets 
carried unwanted hints of mortal demise, the adjective 

 Lethean  — fortuitously already alive and abroad — stopped 
just short of an underworld passage harboring rank oblivion. 
De� nitions of  Lethean  initially drew from both the Greek 
 L  ē  th  ē    and its Latin cognate  l  ē  tum  (death). The Anglicized 
 Lethean  (generally capitalized) likely entered the English 
vernacular at some point in the 16th or early 17th century. 

 The earliest dictionaries were little more than bilingual 
compilations of words with simple de� nitions.  Medulla 
Grammatice [Marrow (Core) of Grammar]     (Pepys Library MS 
2002, ca. 1480), carries not only the entry  Lethe , with a sim-
ple comment ( “ grece an[gli]ce forgettyng[e] ” ) that trans-
lates as  “ Greek; in English, forgetting ” , but also the Latin 
 Letu[m]  listed with no more than an analogous word  “  mors  ” . 
Similarly,  Ortus Vocabulorum [A Garden of Words] , a Latin-
English dictionary � rst printed in 1500, includes both  Lethe  
( “ grece. angl  ′  . forgetynge ” ) and  Letum  (with a notation 
roughly translating as  “ equivalent to  mors  which in English 
means  ‘ deth ’ . ” ). John Withals (d. ca. 1556) produced, in 
1553,  A shorte Dictionarie for yonge begynners , which became 
a standard instructional work. His note for  Lethargus  trans-
lates as  “ forgetfulness, a disease that compels one to sleep ” ; 
our modern word  lethargy  carries the medical connotation 
even now. 

 In 1604, Robert Cawdrey (ca.1538 to ca.1604) assem-
bled the � rst monolingual English dictionary,  A Table 
Alphabeticall , providing de� nitions for  lethall  ( “ mortall, 
deadly ” ) and  lethargie  ( “ a drowsie and forgetfull disease ” ) 
but no related words. A few years later, Randle Cotgrave 
(ca. 1569 – 1634?), in his  Dictionarie of the French and English 
Tongues  (1611), noted the French forms  lethean  (masc.) and 
 letheanne  (fem.), most likely imported from the French  Les 
 É pith è tes [Special Words]  (1571) compiled by Maurice de La 
Porte (1531 – 1571). Cotgrave ’ s de� nition of  Lethean , the 
earliest we have found in an English dictionary, was  “ dead-
lie, mortall, pestilent, death-in� icting ” ; his listing included 
 Lethe  ( “ death; mortalitie; obliuion ” ), and the allied words 
 lethal  ( “ deadlie, mortall; pestiferous ” ),  lethargie  ( “ a drowsie, 
and forgetfull sicknesse ” ), and  lethargique  ( “ sicke of a 
Lethargie, or of the drowsie ill ” ). 

 Thomas Blount (1618 – 1679), in  Glossographia  (1656), 
o� ered  “ forgetful ”  as his � rst de� nition of  Lethean  (from 
the Latin  letheus ), and secondarily  “ deadly, mortal, pestif-
erous ”  (from the Latin  L æ theus ).  Lethe  was  “ a feigned [ i.e ., 
imaginary, � ctional] River of Hell, the water whereof 
being drunk, causeth forgetfulness of all that is past; Hence 
it is used for Oblivion or forgetfulness. ”  Drawing heavily 
from Blount, Edward Phillips (1630 to ca.1696), in  The 
New World of English Words: Or, a General Dictionary  (1658), 
de� ned  Lethean  only as  “ forgetful, ”  with a note on its der-
ivation  “ from  Lethe  a River of Hell, which the Poets feign 
[ i.e ., imagine] to be of that nature that the water of it being 
drunk, causeth oblivion or forgetfulnesse. ”  A 1706 revision 
of Phillips ’  dictionary by John Kersey the younger (b. ca. 
1660  –  d. in or after 1721), entitled  The New World of Words: 
Or, Universal English Dictionary,  omitted the word  Lethean . 
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By the mid-18th century, Samuel Johnson (1709 – 1784) 
would include  lethargick  ( “ sleepy ” ),  lethargickness  ( “ sleepi-
ness; drowsiness ” ),  lethargy  ( “ a morbid drowsiness ” ),  lethar-
gied  ( “ laid asleep; entranced ” ), and  lethe  ( “ oblivion; a draught 
of oblivion ” ), but not  Lethean  in his monumental  Dictionary 
of the English Language  (two vols., 1755). Elsewhere in the 
dictionary, Johnson quoted sources using the word  Lethean , 
among them John Dryden ’ s translation, published in 1697, 
of Virgil ’ s  Aeneid  ( “ Whole Droves of Minds are, by the driv-
ing God, / Compell ’ d to drink the deep  Leth æ an  Flood ” ; 
vi, 1016 – 17), and Richard Crashaw ’ s  “ Sospetto d ’ Herode ”  
(published in  Steps to the Temple , 1646), a translation of the 
� rst book of a sacred poem by Giovan Battista Marino, with 
the lines,  “ the Night ’ s companion … kindly cheating them / 
Of all their cares … / Sealing all brests in a  Leth æ an  band ”  
(verse 49). 

 Johnson had overlooked  Lethean  but he could assume 
educated readers would be aware of its meaning. The 
1828 revision by Walker and Jameson, a more streamlined 
one-volume text more handily used by students and oth-
ers, expanded its list of de� nitions to include both  Lethean  
( “ oblivious; causing oblivion ” ) and  lethiferous  ( “ deadly; bring-
ing death ” ). In his encyclopedic 1828  American Dictionary 
of the English Language , Noah Webster (1758 – 1843), citing 
Greek and Latin roots, included  Lethean  ( “ inducing forget-
fulness or oblivion ” ) as well as  lethal  ( “ deadly; mortal; fatal ” ) 
and  lethiferous  ( “ deadly; mortal; bringing death or destruc-
tion ” ); Joseph E. Worcester (1784 – 1865) followed suit in 
compiling  A Universal and Critical Dictionary of the English 
Language  (1846).  

   Lethean  in the Language of Everyday Life 
 The word  Lethean  (an adjectival form of  Lethe ) entered the 
language in the 16th century or early 17th century (prob-
ably  via  the French  lethean, -anne ) as Middle English and 
Middle French forms were expanded and simpli� ed. By the 
19th century, readers would have encountered it as part of 
the language of everyday life. 

 As its earliest example, the  Oxford English Dictionary  
(  1879 – 1928) cited James Howell (ca.1594 – 1666), who in 
his oft-reprinted  Familiar Letters  (1647) writes,  “ I did not 
think  Su� olk  Waters had such a  Lethean  Quality in them as 
to cause such an  Amnestia  in him of his Friends here upon 
the  Thames  ”  ( The Familiar Letters of James Howell , 1890 
reprint, pp. 520 – 521). An even earlier source is  “ Holy 
Sonnet IX ”  (ca. 1610, � rst published in 1633 as  “ Holy 
Sonnet V ” ) by John Donne (1572 – 1631), which implores 
God to make of the poet ’ s tears  “ a heavenly Lethean 
� ood ”  in which to drown his  “ sinnes blacke memorie. ”  
John Milton (1608 – 1674), in  Paradise Lost  (1667), speaks 
of how the damned  “ ferry over this  Lethean  Sound ”  in 
their progress through the underworld (Bk. 2, line 604). 

 In citing John Dryden (1631 – 1700) and the 1697 
publication of his translation of Virgil ’ s  Georgics  ( “ Nine 
Mornings thence,  Lethean  Poppy bring, ”  iv. 787) along with 

a few more recent examples, the  Oxford English Dictionary  
barely hints at how much the word � ourished as a favor-
ite with 19th-century writers of all stripes. An unattributed 
poem in London ’ s  The Sporting Magazine  (January 1800, Vol. 
15, p. 216), speaks ominously of  “ names ignoble, born to be 
forgot, ”  who  “ Drop one by one, from Frame ’ s neglecting 
hand; / Lethean gulphs receive them as they fall, / And dark 
oblivion soon absorbs them all. ”  An anonymous re� ection 
entitled  “ The Meditation of an Interesting Moment ”  in  The 
Evangelical Magazine  (London, 1806; Vol. 14, p. 27) provides 
this awful thought:  “ In Hell they feel again stings which 
they thought blunted, and are haunted with recollections 
for which they hoped to have found Lethean draughts. ”  In 
his lyric  “ Song, ”  John Keats (1795 – 1821) remarks  “ night ’ s 
sleepy eye ”  that  “ Closes up, and forgets all its Lethean care ”  
(1818, published 1848), while Percy Bysshe Shelley (1792 –
 1822), in the Gothic novel  Zastrozzi  (1810), writes,  “ A 
Lethean torpor crept upon his senses … a total forgetfulness 
of every former event of his life swam in his dizzy brain. ”  

 As in England, so in America: John Greenleaf Whittier 
(1807 – 1892), one of America ’ s popular  “ Fireside Poets, ”  
published his widely disseminated anti-slavery poem, 
 “ The Ship-Builders, ”  in 1846. Reprinted often, Whittier ’ s 
poem would have been circulating at the time of Morton ’ s 
demonstration and the events occurring soon thereafter. 
 “ Speed on the ship! ”  it commands,  “ But let her bear / 
No merchandise of sin, / No groaning cargo of despair / 
Her roomy hold within; / No Lethean drug for Eastern 
lands, / Nor poison-draught for ours; / But honest 
fruits of toiling hands / And Nature ’ s sun and showers. ”  
Edgar Allan Poe (1809–1849), in his poem  “ Ulalume ”  
(1847), invoked the  “ Lethean peace of the skies, ”  and 
Henry David Thoreau (1817 – 1862), in a lecture enti-
tled  “ Walking ”  (� rst delivered in 1851; published post-
humously in  The Atlantic Monthly  in 1862) noted,  “ The 
Atlantic is a Lethean stream, in our passage over which 
we have had an opportunity to forget the Old World and 
its institutions. ”  Herman Melville (1819 – 1891) followed 
with  “ Into that Lethean canal … fell many a poor soul that 
night; fell, forever forgotten ”  ( Israel Potter , 1855; serialized 
in  Putnam ’ s Monthly , 1854 – 1855). The adjective ’ s place 
in the parlance of the day is re� ected in its appearance 
in popular magazines such as  Putnam ’ s Monthly, Godey ’ s 
Lady ’ s Book,  and  The Knickerbocker ;  Or New-York Monthly 
Magazine . The latter had published, for example, the 
minor but much admired American novelist F.W. Shelton 
(1814 – 1881), whose early story,  “ The Death Bed, ”  made 
full use of a classical allusion for a popular audience, draw-
ing on Shelley ’ s  Zastrozzi  to boot. The narrator notes that 
for those blessed with Virgil ’ s  dulcis vita  ( “ the sweet life ” ), 
existence was not  “ a vulgar sensuality, a Lethean torpor ”  
(February 1844, Vol. 23, p. 129). 

 In another sense entirely,  “ Lethean torpor ”  was exactly 
what Morton wished to induce in dental and surgical 
patients, a fact probably not lost on shrewd readers such 
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as Gould and Bigelow, who might have given voice to 
the thought; and all the better if the e� ect — this  “ Lethean 
torpor ”  —was  achieved by the application of something 
strangely familiar. Though the poet Whittier ’ s  “ Lethean 
drug ”  probably referred to opium, his phrase, much in the 
air in 1846, might easily be appropriated and extended.  

  The Coinage:  Lethe ,  Lethean ,  Letheon  
 Gould, Holmes, and Bigelow, all educated at Harvard, were 
extremely well-versed in Greek and Latin and likely con-
versant with French and German; they seem gladly to have 
participated in the search for a new word to name Morton ’ s 
 “ preparation. ”  Indeed, they were the bene� ciaries not only 
of a rich classical education but also the spirit of an age 
in which wordplay and language studies were very much 
in vogue.  “ But while schoolrooms taught parsing, they also 
sparked nationwide punning, ”  writes the noted literary 
scholar Michael West of the University of Pittsburgh. He 
explores our forbears ’   “ curiosity about foreign languages 
and the ancient, hidden meaning of words ”  and goes on 
to describe at length the  “ linguistic e� ervescence ”  of mid-
19th-century America, a time when both scholarly and 
popular enthusiasms  “ focused attention on the origins 
of words. ”   9   The title page of Webster ’ s immense  American 
Dictionary  (1828) notes that the work was intended to 
include  “ The Origin, A�  nities and Primary Signi� cation 
of English Words, as Far as They Have Been Ascertained …
 [as well as] Accurate and Discriminating De� nitions … to 
Which are Pre� xed, an Introductory Dissertation on the 
Origin, History and Connection of the Languages of 
Western Asia and of Europe. ”  The dictionary re� ected 
expansive lexicographical exploration as well as ordinary 
readers ’  wide-ranging enthusiasms. It is hardly a surprise, 
then, to learn that a small band of accomplished physicians 
leapt at the opportunity to suggest original, even fanciful 
names for a novel  “ preparation ”  or  “ nostrum, ”  that someone 
like Gould might have been attempting a play on some-
thing as unusual as a shade-seeking butter� y, or that they 
would have favored a name so similar to a word already in 
circulation, one that might have played well in the popu-
lar imagination.  “ Lethean torpor, ”  by verbal sleight of hand, 
becomes  “ Letheon torpor, ”  a physiologic imperative if sur-
gery and dentistry were to involve anesthetic insensibility. 

 For his part, Oliver Wendell Holmes went to some pains 
to come up with a name, though it was for the change 
e� ected in those to whom Morton ’ s new compound was 
administered. On November 21, 1846, he wrote what 
appears a rather straightforward letter to Morton, argu-
ing that the  “ state ”  be called  an æ sthesia :  “ This signi� es, ”  he 
said,  “ insensibility — more particularly (as used by Linn æ us 
and Cullen) to objects of touch. (See Good — Nosology, 
p. 259.). ”   8 , 10 – 13   He went on to elaborate,  “ Thus we might 
say the state of An æ sthesia, or the an æ sthetic state, ”  before 
advising Morton that  “ it might be allowable to say an æ s-
thetic agent, but this admits of question. ”  And Holmes 

didn ’ t stop there.  “ The words, ”  he says,  “ anti-neuric, aneuric, 
neuro-leptic, neuro-lepsia, neuro-stasis,  etc ., seem too ana-
tomical; whereas the change is a physiological one. I throw 
them out for consideration. ”  Morton, he must have known, 
was likely not to parse the language so � nely, and Holmes, 
for all his sobriety of address, might have been having a bit 
of fun: anyone checking John Mason Good ’ s  A Physiologic 
System of Nosology  (1823) would have been greeted by more 
than 500 pages of taxonomic complexity with language 
notations not only in English and Latin, but also in Greek, 
German, French, and Arabic.  14   

 Just four months earlier, on July 22, 1846, the poet and 
wit John Godfrey Saxe (1816 – 1887) had recited a comic 
satirical poem to the Associated Alumni of Middlebury 
College. He called the poem  “ Progress ”  and dedicated it 
to none other than his friend Oliver Wendell Holmes for 
his  “ � ne Poetical Genius ”  and  “ His Unequalled Power of 
Playful Satire ”  — traits perhaps in evidence in Holmes ’  let-
ter to Morton. On October 16, 1846, the day of Morton ’ s 
historic demonstration of etherization, one short stanza of 
Saxe ’ s long poem appeared by chance in the  Boston Post  
under the title,  “ Ingenious Recipe for making a Science. ”  
Little could Holmes have known that he ’ d feel the urge, a 
month hence, to help  “ make ”  (or, more precisely,  “ name ” ) 
a science, but that in part is what his letter purported to 
do. The recipe, joked Saxe, involved combining  “ three stale 
 ‘ truths; ’  a dozen  ‘ facts, ’  assumed; / Two known  ‘ e� ects, ’  
and � fty more, presumed; /  ‘ A�  nities ’  a score, to sense 
unknown, / And, just as  ‘  lucus,  [a]  non lucendo  ’  shown, / 
Add but a name of pompous Anglo-Greek, / And only not 
impossible to speak, / The work is done; a  ‘ science ’  stands 
confest, / And countless welcomes greet the queenly guest. ”  
No stale truths here, but  “ e� ects, ”  those demonstrated as 
well as those presumed? Yes, indeed: Morton ’ s compound 
surely produced e� ects in need of explanation, in need even 
of a name. 

 As announced by Morton, the word  Letheon  (initially 
printed as  “ Leth  ē  on ”  or  “ Leth é on ” ), the subject today of 
much speculation, would at the time have been a revela-
tion — a novelty word perhaps, but also a tribute to imagi-
native reach. Johnson ’ s  Dictionary  (rev. 1828),  Webster ’ s  (1828, 
rev. 1848), and Worcester ’ s  Dictionary  (1846) all include 
 Lethean  with the stress on the second syllable ( “ Leth  ē   ́ an ” ); 
in the latter issues of Warren ’ s  Some Account , Morton ’ s new 
compound is variously printed with the lengthened or 
accented second  “ e ”  ( “ Leth  ē  on ”  and  “ Leth é on ” ). This per-
haps signaled an intended similarity in pronunciation. 

 We do not know whether the name came easily to Gould 
or to Bigelow and, given Holmes ’  rather extravagant exer-
cise in naming, we might suppose some head-scratching 
before  Letheon  presented itself ready-made. We have noted 
that the suggestive verbal similarity to the adjective  Lethean  
had a part to play, and that Gould might have gone so far as 
to consider the shade-seeking Lethe genus of butter� y as a 
corroborative source. Could other factors have been at play? 
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The mythologic River Lethe commands a � rst look always, 
but given the 19 th -century educational emphasis on classical 
forms generally, at least two more possibilities — one from 
the Latin, another from the Greek — are worth reviewing.  

  Was  Letheon  Coined Before 1846? 
 In  The Origins of Anesthesia  (1983), the surgeon and medical 
historian Sherwin B. Nuland, M.D. (1930 – 2014), implic-
itly discarded the Greek root (the river Lethe,  via   l  ē  th  ē   , 
 “ oblivion, forgetfulness ” ) suggested by Nathan P. Rice and 
adopted a more direct Latin line of descent:  “ The writers of 
antiquity, ”  he wrote,  “ commonly referred to poppy-induced 
sleep with a term used by Virgil:  Letheon . ”   15   He repeated the 
claim in  Doctors: The Biography of Medicine  (1988), colorfully 
describing how, two weeks after the � rst pain-free ampu-
tation at the Massachusetts General Hospital (the ether-
ization event of November 7, 1846), Morton  “ met with 
two representatives of the hospital, Henry Jacob Bigelow 
and Oliver Wendell Holmes, and gave the name Letheon 
to sulfuric ether … . The term was borrowed, at the sug-
gestion of Holmes, from the writings of Virgil, who had, as 
noted earlier, applied it to the restful sleep induced by the 
tears of the poppy plant. ”   16   There is, however, no evidence 
at all that Holmes ever propounded a Virgilian source or 
that such a meeting ever took place. The distinguished anes-
thesiologist Norman Bergman, M.D. (1926 – 1999), in  The 
Genesis of Surgical Anesthesia  (1998), also attributed the word 
 Letheon  to Virgil.  “ The deep sleep, ”  he wrote,  “ associated 
with opium came to be described by many writers using 
Virgil ’ s word  ‘ letheon ’ ; a word which was to assume great 
signi� cance in more modern times. ”   17   Bergman, though, 
cited a 1946 article by G. K. Tallmadge, where we � nd this: 
 “ Poppy was known to produce sleep, to relieve cough, to 
stop the bowels, and to alleviate pain, and on the last score 
it was employed medically in very many diseases. The sleep 
it caused was described by most writers in Virgil ’ s word, 
Lethean. ”   18   

  Letheon  or  Lethean ? Virgil (70 B.C.E.–19 B.C.E.), of 
course, wrote in Latin, the  Eclogues ,  Georgics , and the  Aeneid  
comprising his major works. In six instances, four in the 
 Aeneid  and two in the  Georgics , he employs forms of the 
adjective  lethaeus , which translates as  lethean  ( “ causing for-
getfulness, of Lethe, of the Underworld ” ). No in� ected 
Latin form of  lethaeus  reads as  letheon  (in the neuter sin-
gular nominative case, the word is spelled  “ lethaeum, ”  as 
it is in the accusative and vocative cases). In the  Georgics , 
for example, Bk. 1, line 78 reads in part  “lethaeo  perfusa 
papavera somno, ”  which translates as  “ poppies drenched 
in Lethean sleep. ”  Ovid (43 B.C.E. to 17/8 C.E.), in his 
 Metamorphoses  (ca. 8 C.E.), used the word in a similar fash-
ion: the phrase  “ Lethaei gramine succi ”  (Bk. VII, line 152) 
translates roughly as  “ using an herb of lethean juice. ”  Such 
examples are plentiful.  Letheon , in fact, is not a Latin form, 

nor can we locate any translator who used it to construe 
anything in Virgil or other writers of the time. 

 Bergman, consulting Tallmadge, possibly looked past 
the word  Lethean , relying on the mind ’ s eye to supply 
 Letheon  where it did not exist.  Lethean  was as unusual to late 
20th-century scholars as it continues to be today. Nuland, 
tumbling into and out of an apocryphal story about the 
naming experience generally, has more to answer for. Both, 
though, point us to more expansive terrain, that of the 
classical canon generally and works more familiar to our 
learned 19th-century counterparts than to most of us today. 

 By 1846, when Gould, Bigelow, and Holmes joined with 
Morton in a rather hurried attempt to name his compound, 
the word  Letheon  had in fact been neatly (if rather quietly) 
embedded in the French language if not the English for well 
over a century ( � g.   4)  . Might Gould have heard or read of a 
mountain or perhaps a high hill named Letheon, to which 
at least three 18th-century French geographers, drawing on 
the work of master cartographer Abraham Ortelius (1527 –
 1598), had directed their readers? And what possible sig-
ni� cance might that outcropping have had as Gould gave 
some thought to names for Morton ’ s  “ preparation ” ? This 
Italian mountain, located in the Campania region of Italy, is 
not found on any map we have been able to locate, though 
Ortelius gave his readers to think such a place might indeed 
have existed, at least according to Lycophron ( � g.   5)  . And 
who, we ask, was Lycophron?   

 Gould would likely have had an answer. Attributed to 
the Hellenistic scholar Lycophron of Chalcides (ca. 320 
B.C.E. to ca. 280 B.C.E.) are the obscurely riddling 1,474 
lines of iambic trimeter comprising  Alexandra , a poem 
that had vexed undergraduate readers of Greek for centu-
ries. We can surmise that it was familiar to Gould and his 
young Harvard contemporaries, who, making their way 
through the classical canon, might have come across the 
unusual place-name Lethai   ō   n (a novel lengthened form of 
 L   ē   th   ē     existing nowhere else). Noted by 12th-century com-
mentators ( � g.    6)  , and translated into English by the early 
19th century as  Leth æ on , the word identi� ed a spot passed 
by the wandering Odysseus:  “ Thence from Leth æ on ’ s hills 
I mark him fare ”  (Viscount Royston,  Cassandra , 1806, p. 
52, line 819). This Leth æ on, located near what we know 
today as Lake Avernus, close to the ancient Greek colony at 
Cumae, and a cave considered by Virgil as the entrance to 
the Underworld, shared in a mythology of earthly existence, 
of the passage between this world and the next. Implicit par-
allels to the earlier Greek  Lethe  immediately come to mind, 
especially when  “ Leth æ on ’ s hills ”  are understood to repre-
sent a rare restful stop in a troubled landscape of  “ hoarse-re-
sounding Acherusian waves; / … by where Pros é rpine ’ s grove 
/ With gloomy foliage sheds infernal night; / By the red 
waves of � ery Phlegethon … / By black Avernus; by Cocytus ’  
wave, / Where sobs, and shrieks, and other voice than song 
/ Pierce the dull ear of Night …  ”  (Royston, 1806, lines 810 –
 822). What 19th-century armchair classicists, while helping 
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a young dentist name a new  “ preparation, ”  might have made 
of this is of course unknown but not, we posit, beyond all 
conjecture. (For more on this particular line of inquiry, see 
appendix,  “  Letheon , Lycophron, and the Classical Canon. ” )  

 Recalling the French tradition that � nds the word 
 Letheon  in 18th-century texts, we are perhaps not as sur-
prised as we otherwise might be at a bit of shipping news 
twelve years before Morton gave the name to his com-
pound. On August 1, 1834, the  Baltimore  [Maryland]  Patriot 
and Mercantile Advertiser  reported the French brig  Armede  
[ sic ] had cleared the port of Charleston, South Carolina 
on July 24, having debarked from Senegal, Africa, under 
Shipmaster or Captain Letheon. On August 7, the  New-York 
Spectator  announced that the same French brig  L ’ Armide , 
under Captain Letheon, out of Senegal, Africa, had cleared 
the port of Savannah, Georgia. Whoever he was — assum-
ing, that is, the newspapers are correct in their spelling — 
Captain Letheon is a mystery to us today.  

  Reported Dates of the Meeting to Select a Name 
 Although we now have more insight into the etymology of 
 Letheon , the date when Morton adopted the name remains 
elusive. Although dates ranging from November 2 to 
November 21 have been suggested by anesthesia historians, 

no de� nitive citations or original documentation were pro-
vided to substantiate the various claims. In fact, no date 
can be adduced with certainty from 19th-century sources. 
That no one — not Morton himself, not Gould, Bigelow, or 
Holmes — seems to have memorialized the date remains a 
quirk of history. At best, Holmes ’  November 21 letter sug-
gesting  “ an æ sthesia ”  as a name might � ag a period around 
which Morton solicited suggestions for a name.  

   Letheon : A Primer for the Present Day 
 The implication that the name  Letheon  was coined some-
time in October 1846 is of course incorrect. Again, the 
name  Letheon  was not used by Morton on October 16, 
1846, and the name did not appear in the Jackson-Morton 
patent application on October 27, 1846. 

 A surprisingly large number of anesthesiologists, histori-
ans, and authors have been notably slipshod in referring to 
 Letheon  in various essays and reviews, as the following three 
examples will illustrate. 

 F. D. Moore, M.D., reviewing the story of J. C. Warren ’ s  “ act 
of conscience ”  in allowing Morton into the operating theater 
on November 7, 1846, for a  “ capital ”  operation, proceeds care-
fully enough in telling the story but then muddies the waters: 
 “ We realize now that there were two adverse factors at work, 
two severe problems for Warren to face, over the use of this 
 ‘ preparation, ’  this  ‘ invention, ’  this  ‘ Letheon ’  of Morton ’ s on the 
morning of Friday, Oct. 16, 1846. ”   19   This  Letheon  of Morton ’ s 
would not be known by that name for well over a month after 
the October 16 demonstration of surgical etherization. 

 James Tayloe Gwathmey, M.D., in his textbook  Anesthesia , 
noted,  “ On October 27, 1846, Morton and Jackson sought 
to patent their anesthetic under the name of  ‘ Letheon. ’  
From its odor it was soon recognized as  ‘ sulphuric ether. ’  ”   20   

 The journal  Anesthesiology , announcing in 2017 
its � rst annual  “ Letheon ”  poetry prize, has this:  “ in 1846 
William Morton shiftily attempted to patent the anes-
thetic as  ‘ letheon, ’  channeling the mystique of classical 
mythology. ”   21   

 In a sense, these and others can be forgiven the lapses. 
The chronology was confused from the outset by careless 
editors and physician-writers. Very early on,  The Boston 
Medical and Surgical Journal  (January 20, 1847) published 
anonymous correspondence under the banner:  “ The Patent 
 ‘ Letheon. ’  ”   22   Three months later, in an article titled,  “ The 
Patent Letheon — Jackson and Morton ’ s Speci� cation, ”  an 
anonymous correspondent identi� ed only as  “ S ”  wrote,  “ It 
has been repeatedly said that Dr. Jackson is not concerned 
in the Patent for the Letheon, ”  before going on to rehearse 
Jackson ’ s share in the signal discovery.  23   

 The phrase,  “ The patent for the Letheon, ”  which con-
fuses discussion to this day, has an obvious appeal to writers 
old and new. Though a convenient shorthand reference, it 
does, however, promulgate an historical error. No great harm 
is done in simplifying what was, at the time, a swirl of both 
public and private activity. Still, we do well to remember 

 

Fig. 4.      The name  Letheon  in an 18th-century French dictio-
nary. Translated into English as:  “ Letheon, a high mountain 
in Italy, according to Lycophron. Ortelius believes it was in 
Campania. ”  From: Antoine-Augustin Bruzen la Martini è re ’ s  Le 
Grand Dictionnaire G é ographique et Critique. Tome Cinqui é me. 
Premiere Partie. K. L. , 1735, p. 169. Image source gallica.bnf.fr 
/ Bibliothèque Nationale De France (National Library of France), 
Paris, France.    
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that things do slot into place on a timeline that we ought to 
correct with each new bit of information we � nd.  

  Conclusion 
 Buoyed by the success of his public demonstration of 
ether anesthesia on October 16, 1846, at the Massachusetts 
General Hospital, William T. G. Morton undertook to pro-
tect his as yet undisclosed  “ preparation. ”  On October 27, 
1846, he joined with Dr. Charles T. Jackson in seeking an 
American patent. In November, or early December, 1846, 
Morton enlisted the help of some of Boston ’ s leading physi-
cians regarding a commercial name for his  “ preparation. ”  He 
settled on the neologism  Letheon  (as suggested by Augustus 
Addison Gould, M.D., and Henry Jacob Bigelow, M.D.). 

 The provenance of the name is conjectural. We have not 
identi� ed a � rst-hand account of the coinage of  Letheon . 
The primary participants did not leave letters, diaries, or 
daybooks in which they o� ered a rationale for the name 
nor did they reveal any information in their publications 

on etherization or in the various a�  davits published in 
Morton ’ s  Statements  volume. Though the word  Letheon  
undoubtedly has roots in the Greek  L  ē  th  ē    (forgetfulness, 
oblivion), it may also have stemmed from the common 
adjective  Lethean  (causing oblivion or forgetfulness), much 
in use by 19th-century writers. Possibly, too, an element of 
wordplay common to the era informed the coinage. 
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 Appendix:       Letheon  , Lycophron, and the Classical 
Canon  
 Augustus A. Gould, Henry J. Bigelow, and Oliver Wendell 
Holmes were all pro� cient in Latin and Greek, quizzed 
since their school days in the classical canon. Perhaps the 
branding of ether as  Letheon  owed something to such train-
ing beyond the simple note that  L  ē  th  ē    might be adduced 
as  Letheon  ’ s root. We have already remarked on the mis-
guided notion that  Letheon  derives from Virgil ’ s  lethaeus  
( “ causing forgetfulness ” ); one overlooked source for  Letheon  
is the Greek    Λ    η    θ    α    ι    ὼ    ν    ( Lethai  ō  n  or  Leth æ on ), a neolo-
gism found in the poem  Alexandra , attributed to the 3rd-
century-B.C.E. poet and grammarian Lycophron of 
Chalcides. 

 Among the most gifted American students to do post-
graduate work at the University of G ö ttingen in central 
Germany was Harvard ’ s Edward Everett (1794–1865). After 
earning his A.B.,  summa cum laude , in 1811 and his A.M. in 
Divinity Studies in 1814, he took a doctorate at G ö ttingen, 
the � rst American to do so, in 1817. Installed at Harvard in 
1815 as the inaugural Eliot Professor of Greek Literature, 
he had traveled to G ö ttingen for two years ’  tutoring under 
the guidance of the distinguished classicist G. Ludolf Dissen 
(1784 – 1837)  1  ; Everett toured Europe for two additional 
years, returning to his post at Harvard in 1819. Dissen 
screened preceptees like Everett with the same intentionally 
obscure 1,474 lines of lyric Greek poetry with which the 
poet John Milton had tested himself:  Alexandra , attributed 
to Lycophron.  2   

 A daughter of Troy ’ s King Priam, Cassandra (or 
 “ Alexandra ” ) was blessed by Apollo with the gift of proph-
ecy but was cursed, after rebu�  ng him, with universal dis-
belief of her predictions. She even foresaw that Ajax the 
Lesser would rape her after dragging her from the temple 
of the goddess Athena when the Greeks sacked Troy. When 
Ajax avoided punishment for his crime, an enraged Athena 
condemned the Grecian � eet, even the ships commanded 
by Odysseus, to destruction or a trying voyage home. On 
reaching Mycenae with Cassandra now his concubine, the 
Greeks ’  commander-in-chief, Agamemnon, and the hapless 

Cassandra were murdered by his wife, Clytemnestra, or 
Aegisthus, her lover. 

 Riddled with obscurities, Lycophron ’ s  Alexandra , a 
prophetic pronouncement on various fates of Greek and 
Trojan warriors, is di�  cult to follow even in English.  “ The 
rivers and lakes of the underworld, ”  notes Oxford classicist 
Simon Hornblower,  “ conventionally located in Campania, 
are the subject of some powerfully evocative lines, ”  among 
them:  “ He leaves the high hill of Lethaion, / and lake 
Aornos encircled by a noose, / and the river of Kokytos 
violently roaring in darkness, / tributary of black Styx …  ”  
(lines 703 – 706).  3   The subject of these lines is Odysseus. 
But where exactly are we, and what of this  “ high hill of 
Lethaion, ”  an apparent verbal cousin to a Greek place (a 
plain, a house, a river) of oblivion? 

 The Greek text of  Alexandra  contained the hitherto 
unknown word    Λ    η    θ    α    ι    ῶ    ν    ο    ς    ( Lethai  ō  nos ), the genitive 
(or possessive) case of    Λ    η    θ    α    ι    ὼ    ν    ( Lethai  ō  n  or  Leth æ on ), a 
lengthened form of  L  ē  th  ē    not found elsewhere in the Greek 
canon. In an 1811 edition of a standard commentary — that 
of the Byzantine poet and grammarian Joannes Tzetzes (ca. 
1110–1180) and his brother Isaac (d. 1138) — we (as did our 
19th-century counterparts) � nd the word  Lethai  ō  nos  (mean-
ing  “ of Lethai  ō  n ” ;  i.e ., the genitive singular of the proper 
noun) set o�  by a bracket with the foundational  Lethai  ō  n  ref-
erenced alongside, the latter identi� ed as  “ a high path or way 
in Italy ”  ( � g.   6) .  4     Hornblower explains,  “ Lyk[ophron] wished 
to mention as many of the rivers of the Underworld as pos-
sible, but Lethe, River of Forgetfulness, was post-Homeric (it 
featured most famously in the Myth of Er, Pl[ato].  Rep[ublic] , 
621a); so the name, or an enlarged adaptation of it to suit a 
mountain, could be introduced into the Campanian narra-
tive only by a bold � ctional creation. ”   5     Lycophron, in e� ect, 
imagined the word  Lethai  ō  n  as the name of a mountain in the 
Campania region of Italy when he set his story there. 

 Back now to American students of G ö ttingen ’ s Professor 
Dissen. Puzzlement, we might imagine, ruled whenever the 
 Alexandra  came out. But they had the Tzetzes' commentary 
for grammatical, geographical, and even thematic help, and it 
su�  ced to a point. They might have been helped as well by 
a translation by Philip Yorke, Viscount Royston (1784 – 1808), 
an 1803 graduate of St. John ’ s College, Cambridge. Prepared 
while he was an undergraduate, privately printed in 1806 by 
the Cambridge University Press, and published posthumously 
in 1816, Viscount Royston ’ s rendering reads in part:  “ Thence 
from Leth æ on ’ s hills I mark him [ i.e ., Odysseus] fare / By black 
Avernus; by Cocytus ’  wave, ”  and so on. Royston, following 
Tzetzes, identi� es  “ Leth æ on ”  simply as  “ a mountain of Italy, ”  
but tellingly notes of  “ Avernus or Aornos ”  that it is  “ a lake 
near the Lucrine, and surrounded with woods, according to 
Virgil … . ”  (Here Royston notes Virgil ’ s  Aeneid , Bk. 3, line 442).  6   
In John Dryden ’ s expansive rendering of Virgil ’ s epic poem, 
the speaker warns the Trojan hero Aeneas,  “ Arriv ’ d at Cum æ , 
when you view the � ood / Of black Avernus, and the sound-
ing wood, / The mad prophetic Sibyl you shall � nd, / Dark in 

                  

    1  Varg PA: Edward Everett: The Intellectual in the Turmoil of Politics. Selinsgrove, PA, 
Susquehanna University Press, 1992, pp. 21 – 2  

    2  Hale JK: Milton ’ s Languages: The Impact of Multilingualism on Style. Cambridge, UK, 
Cambridge University Press, 1997, pp. 75 – 6  

    3  Hornblower S: Lykophron ’ s Alexandra, Rome, and the Hellenistic World. Oxford, Oxford 
University Press, 2018, p. 110 and p. 110, n.15  

    4  Tzetzes I, Tzetzes J: Isaakiou Kai I  ō  annou Tou Tzetzou Scholia Eis Lykophrona, 
Volumina Tria [Commentary on Lykophron. In Three Volumes]. Christ[ian] Gottfried 
M ü ller, ed. Lipsiae, F.C.G. Vogelii, 1811, p. 748  

    5  Hornblower S: Lykophron: Alexandra. Greek Text, Translation, Commentary, and 
Introduction. Oxford, Oxford University Press, 2015, p. 290  

    6  Yorke P (Viscount Royston): Cassandra, Translated from the Original Greek of 
Lycophron, and Illustrated with Notes. The Classical Journal (London) 1816; 14:16 – 7  
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a cave, and on a rock reclin ’ d ”  ( Aen . Bk. 3, trans. Dryden, Vol. 
13, The Harvard Classics, 1909, p. 145). The reference is to the 
Cumaean Sibyl, guide to the Underworld, to whom Aeneas 
applies for assistance in � nding the spirit of his dead father. To 
descend is easy, she tells him,  “ The gates of hell are open night 
and day; / Smooth the descent, and easy is the way: / But to 
return, and view the cheerful skies, / In this the task and mighty 
labor lies ”  ( Aen . Bk. 6, trans. Dryden, 1909, p. 216). 

 The  Lethai  ō  n  of the Tzetzes ’  commentary made its way 
into at least three 18th-century French geographies, all of 
which simpli� ed the Latin spelling  Leth æ on  to  Letheon . 7–9  
The earliest — Antoine-Augustin Bruzen la Martini è re ’ s 
 Le Grand Dictionnaire G é ographique et Critique (1735)—
announces:   “ LETHEON, haute montagne d ’ Italie, selon 
Lycophron ”  ( i.e .,  “ Letheon, a high mountain in Italy, 
according to Lycophron ” ;  � g.   4) .  7     In fact, this might more 
properly have read,  “ Letheon, a high mountain in Italy, 
according to a commentary on Lycophron ’ s  Alexandra . ”  

 Bruzen la Martini è re continues,  “ Ortelius croit qu ’ elle 
 é toit dans la Campanie ”  or, � eshing it out a bit,  “ The 
Brabantian master cartographer and geographer Abraham 
Ortelius (1527 – 1598) believes this Letheon was in 
Campania. ”  In his  Thesaurus Geographicus  (1587), Ortelius 
speci� cally references the place-name  Letheon , identify-
ing it as  “   λ    η    θ    έ    ω    ν  , Italia mons excelsus, (in Campania ut 
puto) Lycophroni ”  or  “ Letheon, a high mountain in Italy 
(in Campania, or so I think), [according to] Lycophron ”  
( � g.    5) .  10   The substitution of the accented Greek letter 
epsilon (   έ   ) for the Greek diphthong  ai  perhaps provides 
a clue to the rendering in the  Thesaurus  and the simpli-
� ed spelling thereafter. Whatever the case, we need note 
only that Ortelius was likely reporting an historical myth; 

he probably knew of the Tzetzes ’  commentary ( “ Lethai  ō  n, 
a high path or way in Italy ” ), and possibly extrapolated 
from geographical insights gleaned from Virgil. And as 
for Bruzen la Martini è re, his de� nition of  Aornos  (Lake 
Avernus) relies in part on Virgil, who said the Greeks asso-
ciated the lake with a Cumaean cave that the Roman ’ s 
knew as the entrance to the Underworld ( Aen . Bk. 6, line 
239). Tellingly, a century hence, a British geography rely-
ing not on a poet of antiquity but on observed realities, 
the  Thesaurus Geographicus. A New Body of Geography: Or, a 
Compleat Description of the Earth … Collected with great Care 
from the most approv ’ d Geographers and Modern Travellers and 
Discoveries, by several Hands  (London: Printed for Abel Swall 
and Tim. Child, 1695) makes no mention of a mountain 
named Letheon in Italy. 

 We cannot know how much of this someone like 
Edward Everett would have been aware of. Of Lycophron ’ s 
 Alexandra  and Virgil ’ s  Aeneid ? Of course. Of a 12th-century 
commentary, reprinted in a German edition of 1811, that 
had introduced the word  Lethai  ō  n ? Yes, more than likely. 
Of a simpli� ed spelling in French? Possibly. And we can-
not know how much of this he imparted to his students, 
one of whom, Augustus Addison Gould, was a student 
during Everett ’ s � nal years at Harvard as Eliot Professor. We 
can only speculate whether, in 1846, Gould would have 
remembered Lycophron or Virgil in attempting a name for 
Morton ’ s  “ preparation. ”  But  L  ē  th  ē   , the name of a river and 
goddess, doubtless opened onto thoughts of the common 
adjective  Lethean  and possibly to  Leth æ on , the name of a 
mythical mountain, a simpli� ed spelling of which Morton 
would seize on as the commercial name with which to 
present his preparation to a waiting world. A single verbal 
thread here ties together the Greek notion of an afterlife as 
oblivion with the Roman idea of descent into and emer-
gence from a dark place of spirits. And we can only specu-
late whether, in thinking through the state of insensibility 
he sought to explain, Gould would have remembered his 
 Aeneid , as versi� ed by Dryden ( Aen . Bk. 6, trans. Dryden, 
1909, p. 216):  “ Smooth the descent … / But to return, and 
view the cheerful skies, / In this the task and mighty labor 
lies. ”  A few inhalations of the ethereal gas, and smooth the 
descent into insensibility, then the physician ’ s � ne labor to 
retrieve the insensible soul so that the cheerful skies should 
open and a conscious delight be restored.     

    7  Bruzen la Martinière [A-A]: Le Grand Dictionnaire Géographique et Critique. Tome 
Cinquiéme. Premiere Partie. K. L. [The Great Geographic and Critical Dictionary, Vol. 5, 
Part 1, K through L.] 1735, p. 169  

    8  Sabbathier [F]: Dictionnaire pour l’Intelligence des Auteurs Classiques, Grecs et 
Latins, Tant Sacrés que Profanes, Contenant la Géographie, l’Histoire, la Fable, et les 
Antiquités. Tome Vingt-Cinquieme. [A Dictionary of Things Relating to Greek and Latin 
Authors, both Sacred and Profane, Containing Geography, History, Folklore, and Fables. 
Volume 25.] Paris, Chez Delalain, 1778, p. 187  

    9  Mentelle [E]: Encyclopédie Méthodique. Géographie Ancienne. Tome Second. 
[Methodical Encyclopedia. Ancient Geography. Volume II.] Paris, Chez Panckoucke, 
1789, p. 270  

    10  Ortelius A. Thesaurus Geographicus. Antwerp, Christophori Plantini, 1587     

ALNV131N06_Text.indb   1222 31-Oct-19   8:28:11 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



PERIOPERATIVE MEDICINE

ANESTHESIOLOGY, V 131   •   NO 6 DECEMBER 2019 1223

 ABSTRACT 
  Background:     The population pharmacodynamics of propofol and sevofl u-
rane with or without opioids were compared using the endpoints no response 
to calling the person by name, tolerance to shake and shout, tolerance to 
tetanic stimulus, and two versions of a processed electroencephalographic 
measure, the Patient State Index (Patient State Index-1 and Patient State 
Index-2).  

  Methods:     This is a reanalysis of previously published data. Volunteers 
received four anesthesia sessions, each with different drug combinations of 
propofol or sevofl urane, with or without remifentanil. Nonlinear mixed effects 
modeling was used to study the relationship between drug concentrations, 
clinical endpoints, and Patient State Index-1 and Patient State Index-2.  

  Results:     The C 
50 

 values for no response to calling the person by name, 
tolerance to shake and shout, and tolerance to tetanic stimulation for propofol 
( µ g  ·  ml  − 1 ) and sevofl urane (vol %; relative standard error [%]) were 1.62 
(7.00)/0.64 (4.20), 1.85 (6.20)/0.90 (5.00), and 2.82 (15.5)/0.91 (10.0), 
respectively. The C 

50 
 values for Patient State Index-1 and Patient State Index-2 

were 1.63  µ g  ·  ml  − 1  (3.7) and 1.22   vol % (3.1) for propofol and sevofl urane. 
Only for sevofl urane was a signifi cant difference found in the pharmacody-
namic model for Patient State Index-2 compared with Patient State Index-1. 
The pharmacodynamic models for Patient State Index-1 and Patient State 
Index-2 as a predictor for no response to calling the person by name, tol-
erance to shake and shout, and tetanic stimulation were indistinguishable, 
with Patient State Index 

50 
 values for propofol and sevofl urane of 46.7 (5.1)/68 

(3.0), 41.5 (4.1)/59.2 (3.6), and 29.5 (12.9)/61.1 (8.1), respectively.  Post hoc 
C 

50 
 values for propofol and sevofl urane were perfectly correlated (correlation 

coeffi cient = 1) for no response to calling the person by name and tolerance 
to shake and shout.  Post hoc  C 

50 
 and Patient State Index 

50 
 values for propofol 

and sevofl urane for tolerance to tetanic stimulation were independent within 
an individual (correlation coeffi cient = 0).  

  Conclusions:     The pharmacodynamics of propofol and sevofl urane were 
described on both population and individual levels using a clinical score and 
the Patient State Index. Patient State Index-2 has an improved performance 
at higher sevofl urane concentrations, and the relationship to probability of 
responsiveness depends on the drug used but is unaffected for Patient State 
Index-1 and Patient State Index-2.   

 (ANESTHESIOLOGY  2019 ;  131 : 1223 – 38 )   

 Population 
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    Koen M. E. M.     Reyntjens    ,   M.D.    ,       Daan J.     Touw    ,   Ph.D.    ,   
    Hasan     Nalbat      ,   R.N.,       Froukje H.     Knotnerus    ,   R.N.,    
    Hugo E. M.     Vereecke    ,   M.D., Ph.D.    ,   
    Michel M. R. F.     Struys    ,   M.D., Ph.D.      

 ANESTHESIOLOGY  2019 ;  131 : 1223 – 38  

 It remains unclear how to quantitatively compare the 
pharmacodynamics of propofol and sevo� urane in the 

absence or presence of opioids in a patient during anesthe-
sia. Comparing the concentration – e� ect relationships for 
various speci� c hypnotic – opioid drug combinations might 
be interesting to clinicians when titrating combined hyp-
notics during anesthesia or when switching between drugs 
during a case.  1 , 2   

 Anesthesia can considered to be the combination of 
the hypnotic drug e� ect producing loss of consciousness 
and the analgesic drug e� ect (antinociception) inhibiting 

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Hypnotic drug effects can be assessed as the presence or absence 
of standard clinical endpoints, such as tolerance to calling the per-
son by name and tolerance to shake and shout  

•   Antinociceptive drug effects can be assessed as the presence or 
absence of tolerance to tetanic stimulus  

•   The Patient State Index is a processed, electroencephalographic-
derived index that is considered by some to be a drug-independent 
representation of the depth of sedation and anesthesia    

  What This Article Tells Us That Is New  

•   A four-period randomized sequence crossover study determined 
the concentration – effect relationships for both propofol and sevo-
flurane, both with and without remifentanil coadministration, with 
effects measured as tolerance to standard stimuli and by the 
Patient State Index  

•   The sevoflurane Patient State Index values associated with a 50% 
probability of tolerance to the standard stimuli were higher for than 
those for propofol  

•   Adding a 2   ng  ·  ml  − 1  predicted effect-site remifentanil  concentration 
increased all Patient State Index values  associated with a 50% prob-
ability of tolerance to the standard stimuli, but 4   ng  ·  ml  − 1  produced 
additional effects only during propofol administration     

 Copyright  ©  2019, the American Society of Anesthesiologists, Inc. All Rights Reserved.  Anesthesiology  2019 ;  131 : 1223 – 38     . DOI:   10.1097/ALN.0000000000002966   
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induced noxious stimuli (nociception).  1   Hypnotic drug 
e� ects can be measured using clinical endpoints such as 
no response to calling the person by name or tolerance 
to shake and shout, derived from the Modi� ed Observer ’ s 
Assessment of Alertness/Sedation Scale,  3 – 5   as seen in  table   1  . 
For the assessment of the balance between nociception 
and antinociception, one can use the relationship between 
movement in response to a tetanic stimulus and the com-
bined hypnotic – analgesic drug concentrations, expressed as 
tolerance to tetanic stimulus.  6 – 8    

 Anesthetic drug e� ects between and within individuals 
can also be quanti� ed using processed, electroencephalo-
graphic-derived indices.  9   The Patient State Index (Masimo, 
USA) is such an index and is calculated by a proprietary 
algorithm based on a combination of quantitative electro-
encephalographic parameters and recorded from a four-
channel frontal electroencephalographic monitor (SedLine; 
Masimo).  10 – 14   Patient State Index values range between 
100 (awake condition) and 0 (full suppression of electroen-
cephalography), with a recommended target range between 
25 and 50 for surgical anesthesia conditions. Patient State 
Index-1 has been clinically available for many years  10   and 
has been described in various studies.  10 – 15   Like most con-
ventional electroencephalographic-based depth of anesthe-
sia monitors, Patient State Index-1 su� ers from intermittent 
electromyographic noise that interferes with the electro-
encephalography, leading to the need to limit the electro-
encephalographic frequency band of interest during index 
calculations,  16 – 18   di�  culty in calculating an index value with 
low-power electroencephalography, and signi� cant index 
variability at baseline that limits the interpretation of the 
e� ects of low drug concentrations.  19 , 20   Recently, a new gen-
eration of the Patient State Index (Patient State Index-2) was 
introduced to deal with limitations of Patient State Index-1 
and characterize electroencephalographic behavior in many 
di� erent frequency bands. During online electroencepha-
lographic signal processing, raw electroencephalographic 
waves from the four frontal channels are captured indepen-
dently, and parallel signal processing engines are applied to 

compute an electroencephalographic-derived parameter 
including Patient State Index that is less in� uenced by elec-
tromyography. Additionally, adaptive signal processing with 
band-independent features empowers the algorithm during 
periods of low-power electroencephalography.  21   

 The aim of this four-period randomized sequence 
crossover study was to describe the concentration – e� ect 
relationship of four di� erent anesthetic regimens, being 
propofol and sevo� urane with and without remifentanil 
coadministration, as measured by no response to calling the 
person by name, tolerance to shake and shout, and toler-
ance to tetanic stimulation and by two di� erent versions 
of the Patient State Index. To eliminate potential sources 
of interindividual variability caused by di� erences in brain 
structures, each participant was submitted to all drug com-
binations. The ability of the Patient State Index to predict 
di� erent levels of responsiveness was also investigated. In 
addition, we compared the behavior of the Patient State 
Index-1  versus  the new Patient State Index-2. 

  Materials and Methods 
  Study Design 

 For this study, data from a previously published trial,  22   reg-
istered at ClinicalTrials.gov (identi� er NCT02043938) and 
approved by the Institutional Review Board of the University 
Medical Center Groningen (NL43238.042.13) were reana-
lyzed. The speci� c details of the clinical study are described 
in full elsewhere.  22   This manuscript adheres to the applicable 
Consolidated Standards of Reporting Trials guidelines. 

 In brief, 36 healthy volunteers (American Society of 
Anesthesiologists physical status class I), strati� ed by age, sex, 
and remifentanil concentration (table 1 of the Supplemental 
Digital Content,  http://links.lww.com/ALN/C53 ) were 
included. Written informed consent was obtained from all 
subjects before inclusion. Exclusion criteria were weight 
less than 70% or more than 130% of ideal body weight, 
pregnancy, neurologic disorder, diseases involving the car-
diovascular, pulmonary, gastric, and endocrinologic system 
or recent use of psychoactive medication or intake of more 
than 20   g of alcohol daily. 

 Each volunteer was scheduled to receive four sessions 
of anesthesia with di� erent drug combinations in a ran-
dom order, with an interval of at least 1 week between 

   This article is featured in “This Month in Anesthesiology,” page 1A. This article is 
accompanied by an editorial on p. 1199. This article has a related Infographic on p. 
17A. This article has an audio podcast. This article has a visual abstract available in 
the online version. 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 fi les are provided in the HTML text of this article on 
the Journal ’ s Web site ( www.anesthesiology.org ). Part of this study was presented as 
a poster titled  “ Comparison between Two Versions of the Patient State Index ®  during 
Propofol and Sevofl urane Anesthesia, with or without Remifentanil ”  at Euroanaesthesia, 
the European Anaesthesiology Congress, June 4, 2017, in Geneva, Switzerland.  

    Submitted for publication September 13, 2018. Accepted for publication August 2, 2019. 
From the Departments of Anesthesiology (M.H.K., P.J.C., K.M.E.M.R., H.N., F.H.K., H.E.M.V., 
M.M.R.F.S.) and Clinical Pharmacy and Pharmacology (D.J.T.), University Medical Center 
Groningen and the Department of Pharmacy, Section of Pharmacokinetics, Toxicology and 
Targeting, (D.J.T.), University of Groningen, Groningen, The Netherlands; the Department 
of Bioanalysis, Faculty of Pharmaceutical Sciences (P.J.C.) and the Department of Basic 
and Applied Medical Sciences, Faculty of Medicine and Health Sciences (M.M.R.F.S.), 
Ghent University, Ghent, Belgium; and the Department of Anesthesiology and Reanimation, 
AZ St.-Jan Brugge-Oostende AV, Bruges, Belgium (H.E.M.V.).    

 Table 1.      Modifi ed Observer ’ s Assessment of Alertness/
Sedation (MOAA/S) scale  

  5    Responds readily to name spoken in normal tone   
 4  Lethargic response to name spoken in normal tone 
 3  Responds only after name is called loudly and/or repeatedly 
 2  Responds only after mild shaking of the shoulder 
 1  Does not respond to mild shaking of the shoulder but responds to 

trapezius squeeze 
 0  Does not respond to a noxious trapezius squeeze 
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sessions. Randomization was performed before each session 
by drawing a sealed envelope. Any volunteer withdrawing 
from the study before � nishing all sessions was replaced by 
a newly recruited volunteer. The four sessions were named 
 “ propofol, ”   “ sevo� urane, ”   “ remifentanil with step-dose pro-
pofol, ”  and  “ remifentanil with step-dose sevo� urane. ”  

 An arterial line for blood sampling was placed before 
any drug was administered. Propofol and remifentanil were 
administered through an intravenous line by a Fresenius Base 
Primea docking station (Fresenius-Kabi, Germany) carry-
ing two Fresenius module dynamic pressure system pumps, 
controlled by RUGLOOPII software (Demed, Belgium). 
RUGLOOPII steers the pumps and their infusion rates as 
target-controlled infusions to achieve desired target concen-
trations using pharmacokinetic – pharmacodynamic models 
consisting of three-compartment pharmacokinetic mod-
els linked to an e� ect site compartments. For propofol, the 
e� ect-site concentration   was predicted by the pharmaco-
kinetic – pharmacodynamic model of Schnider  et al.   23 , 24   For 
remifentanil, the pharmacokinetic – pharmacodynamic model 
published by Minto  et al.   25 , 26   was used to predict the e� ect-
site concentration.   Sevo� urane was titrated using the closed-
loop algorithm of the Zeus ventilator (software version 
4.03.35; Dr ä ger Medical, Germany) to target and maintain a 
constant end-tidal sevo� urane concentration   over time. 

 Each session followed an identical titration procedure. After 
2   min of baseline monitoring, a stepwise infusion of anesthetic 
drugs was administered. For the propofol group, the initial 
e� ect-site concentration   was set to 0.5  µ g  ·  ml  − 1  followed by 
consecutive steps to target concentrations of 1, 1.5, 2.5, 3.5, 
4.5, 6, and 7.5  µ g  ·  ml  − 1 . For the sevo� urane group, the ini-
tial end-tidal sevo� urane concentration   was set to 0.2   vol % 
followed by consecutive end-tidal sevo� urane concentration   
of 0.5, 1, 1.5, 2.5, 3.5, 4, and 4.5   vol %. After the predicted 
e� ect-site concentration for the propofol group   or end-tidal 
sevo� urane concentration   reached the target at each step, an 
equilibration time of 12   min was maintained to allow optimal 
equilibration between plasma or end-tidal concentration and 
the corresponding e� ect-site concentration. For the sessions 
with remifentanil, the same procedure was executed, although 
2   min before propofol or sevo� urane was started, an e� ect-site 
concentration   of 2 or 4   ng  ·  ml  − 1  was targeted according to the 
strati� cation and maintained during the entire study. 

 After the 12   min of equilibration time, an additional min-
ute of baseline electroencephalographic and hemodynamic 
measurements was maintained before assessing subject 
responsiveness using the Modi� ed Observer ’ s Assessment of 
Alertness/Sedation scale ( table   1 ). No response to calling the 
person by name corresponded to an Observer ’ s Assessment 
of Alertness/Sedation score of less than 3 and tolerance to 
shake and shout corresponded to a score of less than 2. For 
the analyses, response to the stimulus was considered as 0 
and tolerance as 1. After assessing subject responsiveness, an 
arterial blood sample was obtained for analysis of plasma 
propofol and/or remifentanil concentrations.  22 , 27   For 

sevo� urane, the measured end-tidal sevo� urane   concentra-
tion at this steady-state condition was recorded. A graphical 
representation of the sequence of events can be found in 
the supplemental data of the original study.  22   An electrical 
stimulus was applied for a maximum duration of 30   s, as 
described before,  22   2   min after assessing subject responsive-
ness, and tolerance/motor responsiveness to tetanic stim-
ulation was scored, again followed by 2   min to observe a 
possible response to the stimulus. 

 In each session, all volunteers started with sponta-
neous ventilation  via  a tight-� tting face mask connected 
to an anesthesia ventilator (Zeus, software version 4.03.35; 
Dr ä ger Medical). End-tidal sevo� urane  , carbon dioxide, and 
oxygen concentrations were monitored using the gas ana-
lyzer of the anesthesia ventilator. 

 When needed, respiratory support was applied to secure 
an unobstructed airway, adequate oxygenation (oxygen sat-
uration measured by pulse oximetry of more than 92%), 
and CO 2 

 (35 to 45 mmHg) homeostasis. Throughout the 
study, oxygen saturation (measured by pulse oximetry), 
electrocardiogram, and blood pressure (measured noninva-
sively at 1-min intervals using a Philips IntelliVue MP50 
vital signs monitor, Philips Medizin Systeme, Germany) 
were monitored. 

 Patient State Index-1 and Patient State Index-2 were 
derived from  post hoc  running proprietary software (Masimo) 
and extracted from raw electroencephalographic-wave-
forms that were recorded throughout the study using a 
frontal bilateral electrode (SedLine Sensor; Masimo). The 
electrode was attached on the forehead according to the 
manufacturer ’ s guidelines and connected to a Masimo root 
monitor (model RDS-7; Masimo) running the SedLine 
brain function software (Masimo).  

  Pharmacodynamic Modeling 

 Nonlinear mixed e� ects modeling was used to study the 
relationship between measured concentrations, the two 
versions of the Patient State Index (Patient State Index-1 
and Patient State Index-2) and clinical endpoints (no 
response to calling the person by name, tolerance to shake 
and shout, and tolerance to tetanic stimulation). For contin-
uous dependent variables (Patient State Index-1 and Patient 
State Index-2), models were � tted to the data using the 
� rst-order conditional estimation routine in NONMEM 
(version 7.3; Icon Development Solutions, USA). For binary 
dependent variables (no response to calling the person by 
name, tolerance to shake and shout, and tolerance to tetanic 
stimulation), the LAPLACE estimation routine was used. 

 A sigmoid E max 
 model, as shown in equation 1, was used 

to describe the nonlinear relationship between Patient State 
Index (PSI) and the measured plasma propofol and end-
tidal sevo� urane concentrations (C). 

PSI PSI
E C

C C
= −

×
+0

50

max
γ

γ γ
(1)
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 In this model, Patient State Index is related to the mea-
sured propofol or sevo� urane concentration according to 
a nonlinear function with   γ   de� ning the steepness of the 
concentration – e� ect relationship. PSI 

0 
 is the baseline Patient 

State Index when no drug is present and E 
max 

 is the maxi-
mum drug e� ect. The C 

50 
 is the concentration that produces 

50% of the maximal drug e� ect. The two versions of the 
Patient State Index, being Patient State Index-1 and Patient 
State Index-2, were modeled simultaneously. 

 For the clinical endpoints (no response to calling the 
person by name, tolerance to shake and shout, and tolerance 
to tetanic stimulation), the sigmoid E 

max 
 model described 

the probability of observing the respective clinical out-
come. These probabilities are naturally bound between 0 
and 1; hence the baseline term and the E 

max 
 term in equa-

tion 1 were  a priori  forced to 0 and 1. In these models C 
50 

 
and Patient State Index 

50 
 denote the concentration or the 

Patient State Index value corresponding to a 50% probabil-
ity of observing the clinical outcome measure. 

 Interindividual variability around the population typ-
ical parameters was assumed according to a multivariate 
log normal distribution with mean 0 and variances   ω   2 . 
Correlations between o� -diagonal elements were explored. 
For continuous dependent variables, residual unexplained 
variability was described using additive error models.  

  Accounting for the Hypnotic – Opioid Interaction 

 In our analysis we assumed that di� erences existed between 
the remifentanil groups (0, 2 and 4   ng  ·  ml  − 1 ). To account 
for these di� erences, we introduced an interaction term on 
the C 

50 
 and the Patient State Index 

50 
. Equations 2 and 3 

illustrate the parameterization for the interaction on C 
50 

 
(the same parameterization applies in the case of Patient 
State Index 

50 
). 

   C C INT50’ 50 1+= × ( )  (2)  

   INT = × +( )θ θ1 21  (3)  

 In these equations,   θ   
1 
 and   θ   

2 
 are 0 for all volunteers 

not receiving remifentanil.   θ   
1 
 denotes the proportional 

di� erence in C 
50 

 between the 0 and 2 ng · ml  − 1  remifent-
anil groups.   θ   

2 
 denotes the proportional di� erence in C 

50 
 

between the 2 and 4   ng  ·  ml  − 1  remifentanil groups. Both 
  θ   

1 
 and   θ   

2 
 are estimated from the data. In case there is a 

(strong) in� uence of remifentanil on the C 
50 

 or Patient 
State Index 

50 
, the estimate for   θ   

1 
 will be signi� cantly di� er-

ent from 0. Moreover, if the in� uence is di� erent between 
the volunteers in the 4   ng  ·  ml  − 1  and those in 2   ng  ·  ml  − 1  
group,   θ   

2 
 will be signi� cantly higher than 0.  

  Testing for Differences between Patient State Index-1 
and Patient State Index-2 

 We tested for potential di� erences in the estimated param-
eters derived for both Patient State Index algorithms. 

Therefore, as shown in equation 4, additional parameters 
were added to the model. This doubles the number of 
parameters to be estimated. 

   TV TVPSI PSI= × +( )−2 1 θ∆  (4)  

 In equation 4, a population typical parameter (TV), 
such as E 

max 
, C 

50 
, Patient State Index 

50 
,  etc ., was composed 

of a parameter denoting the estimate for the Patient State 
Index-2 model (TV 

PSI-2 
) and a parameter describing the 

proportional di� erence in the estimate when switching 
from Patient State Index-2 to Patient State Index-1 (  θ     ∆  PSI 

). 
A   θ     ∆  PSI 

 signi� cantly di� erent from 0 indicates a di� erence 
between the two versions of the Patient State Index algo-
rithm for that particular estimated parameter.  

  General Modeling Strategy 

 First, a full model was constructed. This model accounted 
for the hypnotic – opioid interaction as described under 
 “ Accounting for the Hypnotic – Opioid Interaction. ”  For 
the pharmacodynamic models for Patient State Index, the 
full model also included additional terms to quantify the dif-
ference in model parameters between Patient State Index-1 
and Patient State Index-2, as described under  “ Testing for 
Di� erences between Patient State Index-1 and Patient 
State Index-2. ”  Next, this saturated model was simpli� ed 
by removing nonsigni� cant parameters. An increase of the 
objective function value of less than 3.84, corresponding to 
a value of  P   <  0.05, was considered nonsigni� cant and led 
to the removal of the tested parameter. 

 All models were � tted to the data using PsN  28   and Pirana  29   
as back and/or front end to NONMEM. The numerical and 
graphical assessment of the goodness of � t was conducted 
in R (R Foundation for Statistical Computing, Austria).  

  Statistical Analysis 

 To determine an appropriate sample size, the sample of 36 
volunteers was based on previous expertise in pharmacoki-
netic – pharmacodynamic modeling in our group and what 
has been used by others in similar study conditions consid-
ering the population variability on age and sex. Statistical 
signi� cance was set at  P   <  0.05 unless stated otherwise. All 
model parameters are reported as typical values with associ-
ated relative standard errors.   

  Results 
 The Consolidated Standards of Reporting Trials � ow dia-
gram of the screening and inclusion methodology of the 36 
healthy volunteers included in the analysis is provided else-
where.  22   In total, 107 volunteers were assessed for eligibil-
ity. Of these 107 volunteers, 20 did not meet the inclusion 
criteria, 17 declined to participate, and 2 were excluded 
for other reasons, leaving 68 volunteers con� rmed to be 
eligible. Of these 68 volunteers, 44 were allocated to the 
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intervention, but 8 discontinued it because of the commit-
ment/load of the four sessions. In total, 36 volunteers com-
pleted the study and were analyzed. There were no missing 
data from these 36 volunteers. The subject demographics 
are shown in table 2 of the Supplemental Digital Content 
( http://links.lww.com/ALN/C53 ). 

 In total, 891 no response to calling the person by name/
tolerance to shake and shout and 781 tolerance to tetanic stim-
ulation observations were included in the analysis. Measured 
arterial propofol and remifentanil concentrations and end-
tidal sevo� urane   concentrations were used as surrogates for 
their respective e� ect-site concentrations in the analysis. In 
total, 655 arterial blood samples were drawn during the step-
wise titration procedure. From these samples, 451 propofol 
and 204 remifentanil concentrations were measured. From 
the continuously measured end-tidal sevo� urane concentra-
tion,   only those exactly matching the timing of the Modi� ed 
Observer ’ s Assessment of Alertness/Sedation Scale and toler-
ance to tetanic stimulation observations were retained in the 
dataset, constituting a total of 440 measurements. 

  Relation between No Response to Calling the Person 
by Name, Tolerance to Shake and Shout, Tolerance 
to Tetanic Stimulation, and Propofol or Sevofl urane 
Concentrations 

  Figure    1   shows the raw data of the steady-state, measured 
plasma propofol and end-tidal sevo� urane concentration  versus  
the no observed response to calling the person by name, toler-
ance to shake and shout, and tolerance to tetanic stimulus. Box 
plots are used to show the distribution of the measured con-
centrations in the di� erent groups. The predicted probability 
of achieving no response to calling the person by name, toler-
ance to shake and shout, and tolerance to tetanic stimulation 
at a speci� c steady-state, measured plasma propofol and end-
tidal sevo� urane concentration in the absence or presence of 
a speci� c e� ect-site concentration (remifentanil)   is shown in 
 � gure   2  .  Table   2   describes the parameter estimates (and associ-
ated relative standard errors) for the pharmacodynamic model 
shown in  � gure   2  relating no response to calling the person by 
name, tolerance to shake and shout, and tolerance to tetanic 
stimulation to the steady-state, measured plasma propofol (in 
 µ g  ·  ml  − 1 ) and end-tidal sevo� urane concentrations (in vol 
%) and the in� uence of remifentanil 2   ng  ·  ml  − 1  (   θ    

1 
) and 

4   ng  ·  ml  − 1  (   θ    
2 
) on the estimated C 

50 
 values. In the propofol 

 +  2   ng  ·  ml  − 1  remifentanil group, we found 32.7% (relative 
standard error, 20.5%), 28.0% (relative standard error, 15.1%), 
and 72.2% (relative standard error, 7.0%) decreases in the C 

50 
 

for no response to calling the person by name, tolerance to 
shake and shout, and tolerance to tetanic stimulation, respec-
tively, whereas a target e� ect-site concentration (remifentanil)   
of 4   ng  ·  ml  − 1  led to decreases in the C 

50 
 of 66.3% (relative 

standard error, 49.6%), 84.1% (relative standard error, 27.7%), 
and 22.4% (relative standard error, 36.6%) for no response to 
calling the person by name, tolerance to shake and shout, and 
tolerance to tetanic stimulation, respectively. In contrast to the 

results for propofol, the addition of remifentanil 2 or 4   ng  ·  
ml  − 1  did not signi� cantly a� ect the C 

50 
 for no response to 

calling the person by name during sevo� urane anesthesia. For 
tolerance to shake and shout and tolerance to tetanic stim-
ulation, e� ect-site concentration (remifentanil)   2   ng  ·  ml  − 1  
decreased the C 

50 
 26.4% (relative standard error, 21.1%) and 

56.0% (relative standard error, 10.6%), respectively. Adding 
more remifentanil did not alter these C 

50 
 values for sevo� u-

rane further.  Table   2  also shows the interindividual variability 
for the various C 

50 
 values and the correlation between the C 

50 
 

values for no response to calling the person by name, toler-
ance to shake and shout, and tolerance to tetanic stimulation 
when giving propofol or sevo� urane. During model build-
ing, it was found that the interindividual variability around 
the population typical C 

50 
 values for propofol and sevo� urane 

were highly correlated within an individual for no response to 
calling the person by name and tolerance to shake and shout, 
as represented by the value of 1 in  table   2 . Simpli� cation of 
the random e� ects model to a single interindividual variabil-
ity term for both propofol and sevo� urane lead to a non-
signi� cant increase in the model ’ s objective function value, 
being  + 0.9 and  + 2.9 for no response to calling the person 
by name and tolerance to shake and shout, respectively. On 
the other hand, for tolerance to tetanic stimulation, we found 
that interindividual variability in C 

50 
 values for propofol and 

sevo� urane were independent within an individual. Removal 
of the correlation coe�  cient (   ρ   C 

50 
) had a marginal impact on 

the model ’ s goodness of � t (   ∆   OFV  + 2.9).     

  Relation between Patient State Index-1 or Patient State 
Index-2 and Propofol or Sevofl urane Concentrations 

 The pharmacodynamic relationship between the two ver-
sions of Patient State Index for each volunteer and the 
steady-state, measured plasma propofol and end-tidal sevo-
� urane concentration for each e� ect-site concentration 
(remifentanil)   coadministration are shown in  � gure   3  . The 
 two left columns  show the individual responses for Patient 
State Index-1 ( dark gray ) or Patient State Index-2 ( light gray ) 
and a nonparametric smooth to the data (in  blue  for Patient 
State Index-1 or  red  for Patient State Index-2). For all pro-
pofol groups, increasing propofol concentrations resulted 
in a monotonically decreasing Patient State Index-1 and 
Patient State Index-2. For sevo� urane, a clear paradoxical 
response is observed at higher concentrations for Patient 
State Index-1. The  two right columns  show the individual 
 post hoc  expected responses for Patient State Index-1 ( dark 
gray ) or Patient State Index-2 ( light gray ) and the typical 
population expectation (in  blue  for Patient State Index-1 or 
 red  for Patient State Index-2) as calculated by NONMEM 
using the pharmacodynamic model. The biphasic response 
at higher sevo� urane concentrations results in a di� er-
ence between the pharmacodynamic models for Patient 
State Index-1 and Patient State Index-2. No di� erences 
for propofol are observed.  Table   3   lists the parameter esti-
mates (and associated relative standard errors) for the 
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pharmacodynamic models for the Patient State Index-2 
and Patient State Index-1 related to the steady-state, mea-
sured plasma propofol (in  µ g  ·  ml  − 1 ) and end-tidal sevo-
� urane concentration (in vol %; C) and the in� uence of 
remifentanil 2   ng  ·  ml  − 1  (   θ    

1 
) and 4   ng  ·  ml  − 1  (   θ    

2 
) on the 

estimated C 
50 

 values. For propofol, the estimated drug e� ect 
parameters were not signi� cantly di� erent between Patient 
State Index-1 and Patient State Index-2. In contrast, for 

sevo� urane, signi� cant di� erences in the estimated drug 
e� ect parameters were obtained for E 

max 
 and    γ   . The E 

max 
 

of Patient State Index-1 was 15.2% (relative standard error, 
17.1%) lower than the E 

max 
 of Patient State Index-2. The    γ    

of Patient State Index-1 was 42.2% (relative standard error, 
57.4%) higher than that of Patient State Index-2. At base-
line (in the awake state), the Patient State Index-1 has a 
higher interindividual variability and has a higher overall 
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 Fig. 1.      Steady-state, measured plasma propofol ( µ g  ·  ml  − 1 ) and end-tidal sevofl urane concentration (vol %)  versus  observed response 
(defi ned as 0) or no response (defi ned as 1) to calling the person by name (NRCN), tolerance to shake and shout (TOSS), and tolerance to 
tetanic stimulation (TOTS). Box plots are used to show measured concentrations in the different remifentanil groups. Individual observations 
are shown with  circles  and are scattered and offset against the  y  axis to increase visibility.  Red ,  green , and  blue  are used for the 0, 2, and 
4   ng  ·  ml  − 1  remifentanil groups, respectively.    
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residual unexplained variability than Patient State Index-2. 
The ability of Patient State Index-2 to detect the interaction 
between hypnotics and opioids is not a� ected compared 
with Patient State Index-1. The addition of remifentanil 
lowered the C 

50 
 of propofol signi� cantly for both models to 

a similar degree. In the propofol  +  2   ng  ·  ml  − 1  remifentanil 
group, we found a 13.5% (relative standard error, 20.8%) 
decrease in the C 

50 
 (from 1.63 to 1.41 µ g  ·  ml  − 1 ), whereas a 

target e� ect-site concentration (remifentanil)   of 4   ng  ·  ml  − 1  
led to a decrease in the C 

50 
 of 81.6% (relative standard error, 

62.3%). In contrast to the results for propofol, the addition 

of remifentanil 2 or 4   ng  ·  ml  − 1  did not signi� cantly a� ect 
the C 

50 
 of sevo� urane (1.22   vol %) in both Patient State 

Index-1 and Patient State Index-2 models.    

  Relation between Patient State Index-2 and No 
Response to Calling the Person by Name, Tolerance to 
Shake and Shout, and Tolerance to Tetanic Stimulation 
for Propofol and Sevofl urane 

 During model building and using a likelihood ratio test at 
the 5% level of signi� cance, the estimated model parameters 
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 Fig. 2.      Steady-state, measured plasma propofol ( µ g  ·  ml  − 1 ) and end-tidal sevofl urane concentration (vol %)  versus  predicted probabilities 
for no response to calling the person by name (NRCN), tolerance to shake and shout (TOSS), and tolerance to tetanic stimulation (TOTS).  Solid 
red ,  solid green , and  dashed blue lines  are used for the predicted probabilities in the 0, 2, and 4   ng  ·  ml  − 1  remifentanil groups.    
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for Patient State Index-1 and Patient State Index-2 as 
predictors for no response to calling the person by name, 
tolerance to shake and shout, and tolerance to tetanic stim-
ulation were indistinguishable. Consequently, both Patient 
State Index-1 and Patient State Index-2 result in indis-
tinguishable box plots in  � gure   4  , curves in  � gure   5  , and 
parameter estimates in  table   4  . As such, only Patient State 
Index-2 results are shown.  Figure   4  shows the raw data of 
the observed Patient State Index-2  versus  the no observed 
response to calling the person by name, tolerance to shake 
and shout, and tolerance to tetanic stimulus. Box plots are 
used to show the dis  tribution of Patient State Index-2 in 
the di� erent groups. The predicted probability of achiev-
ing no response to calling the person by name, tolerance to 
shake and shout, and tolerance to tetanic stimulation at a 
speci� c Patient State Index-2 in the absence or presence of 
a speci� c e� ect-site concentration (remifentanil)   is shown 
in  � gure    5 .  Table    4  describes the parameter estimates for 
the pharmacodynamic model shown in  � gure    4  relat-
ing no response to calling the person by name, tolerance 
to shake and shout, and tolerance to tetanic stimulation 
to Patient State Index-2 and the in� uence of remifent-
anil 2   ng  ·  ml  − 1  (   θ    

1 
) and 4   ng  ·  ml  − 1  (   θ    

2 
) on the estimated 

Patient State Index 
50 

 values. For no response to calling the 
person by name, tolerance to shake and shout, and toler-
ance to tetanic stimulation, a signi� cant decrease in Patient 
State Index 

50 
 was found when coadministering an e� ect-

site concentration (remifentanil)   of 2   ng  ·  ml  − 1  with pro-
pofol or sevo� urane. Patient State Index 

50 
 only decreased 

further at e� ect-site concentration (remifentanil)   of 4   ng 
 ·  ml  − 1  for tolerance to shake and shout and tolerance to 
tetanic stimulation during propofol administration.  Table   4  
also shows the interindividual variability for the various 
Patient State Index 

50 
 values and the correlation between 

the Patient State Index 
50 

 values for no response to calling 

the person by name, tolerance to shake and shout, and tol-
erance to tetanic stimulation within an individual when 
giving propofol or sevo� urane. During model building, it 
was found that within an individual, Patient State Index 

50 
 

values for propofol and sevo� urane were moderately cor-
related, as represented by the values of 0.65 and 0.58. In 
contrast, for tolerance to tetanic stimulation, we found that 
Patient State Index 

50 
 values for propofol and sevo� urane 

were independent within an individual.      

  Discussion 
 Because in this trial the same group of volunteers received 
four di� erent anesthetic regimens in steady-state condi-
tions, our results o� er a unique possibility to directly com-
pare the pharmacodynamics of propofol  versus  sevo� urane 
with and without remifentanil coadministration at both a 
population and an individual level. 

  Relation between No Response to Calling the Person 
by Name, Tolerance to Shake and Shout, Tolerance 
to Tetanic Stimulation, and Propofol or Sevofl urane 
Concentrations 

 The pharmacodynamic relation between no response to call-
ing the person by name, tolerance to shake and shout, tolerance 
to tetanic stimulation, and the steady-state, measured plasma 
propofol or end-tidal sevo� urane concentration could be 
described by a classical nonlinear relation. The model param-
eter values are in agreement with others for no response to 
calling the person by name and tolerance to shake and shout 
but mostly lower than others for tolerance to tetanic stimu-
lation.  7 , 30 – 32   However, comparing our C 

50 
 values with those 

from other studies is not that relevant, because the results are 
in� uenced by observer di� erences for clinical scores and dif-
ferences in device and stimulation characteristics for tolerance 

 Table 2.      Parameter Estimates for the Pharmacodynamic Models Relating the NRCN, TOSS, and TOTS to the Steady-state, Measured 
Plasma Propofol and End-tidal Sevofl urane Concentration and the Infl uence of Remifentanil on the Model  

           NRCN  TOSS  TOTS 

       Propofol    Sevofl urane    Propofol    Sevofl urane    Propofol    Sevofl urane   

 Drug effect  C 50   1.62   (7.00)  0.64   (4.20)  1.85 (6.20)  0.90 (5.00)  2.82 (15.5)  0.91 (10.0) 
   γ    5.26 (14.6)  6.40 (16.1)  4.75 (13.1)  7.68 (14.2)  2.82 (10.7)  3.82 (12.7) 

 Remifentanil interaction    θ   
1    − 0.327 (20.5)  NS  P  = 0.314   − 0.280 (15.1)   − 0.264 (21.1)   − 0.722 (7.00)   − 0.560 (10.6) 

   θ   2   0.663 (49.6)  NS  P  = 0.710  0.841 (27.7)  NS  P  = 1.00  0.224 (36.6)  NS  P  = 0.693 
 IIV  C 50  *   16.8 (71.8)  16.1 (50.8)  71.4 (29.1)  29.5 (43.4) 

   ρ  C 50   1  1  NS  P  = 0.132 

   The values indicate parameter estimates and associated relative standard error (%). Steady-state, measured plasma propofol in μg · ml −1 . End-tidal sevofl urane concentration in vol 
%. Remifentanil 2 ng · ml −1  (θ1) and 4 ng · ml −1  (θ2).  
   * The  P  value for the likelihood-ratio test leading to the exclusion of the parameter is included in the table, calculated according to:  eω − 1 100* % .  
  C 50 , the concentration producing 50% probability of NCRN, TOSS, or TOTS;    γ,    the steepness/slope of the concentration – effect relationship; IIV, interindividual variability, modeled 
using a log normal distribution with variance    ω    2 ;    ρ   C 50 , the correlation between the C 50  values for propofol and sevofl urane; NRCN, no response to calling the person by name; NS, 
parameter not signifi cant at the 5% level of signifi cance as assessed by likelihood-ratio testing; TOSS, tolerance to shake and shout; TOTS, tolerance to tetanic stimulus.    
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to tetanic stimulation. Because we used a crossover design, it is 
much more interesting to quantify the ratio between C 

50 
 val-

ues for no response to calling the person by name, tolerance to 
shake and shout, and tolerance to tetanic stimulation between 
propofol and sevo� urane (without remifentanil), being 1.62 
 µ g  ·  ml  − 1 /0.64   vol %, 1.85  µ g  ·  ml  − 1 /0.90   vol %, and 2.82  µ g  ·  
ml  − 1 /0.91   vol %, respectively. As an example using tolerance to 

shake and shout, this means that a clinician can expect toler-
ance to shake and shout in 50% of his patients when titrat-
ing a propofol steady-state concentration of 1.85  µ g  ·  ml  − 1  
or a steady-state end-tidal concentration of sevo� urane of 
0.90   vol %, resulting in ratio of 2.05. This also means that a 
clinician titrating the propofol e� ect at a steady-state concen-
tration of 1.85  µ g  ·  ml  − 1  can theoretically produce a similar 
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 Fig. 3.      Relationship between Patient State Index (PSI)-1 or PSI-2 and the steady-state measured plasma propofol ( µ g  ·  ml  − 1 ) or end-tidal 
sevofl urane (vol %) concentration during various effect-compartment targeted remifentanil (ng  ·  ml  − 1 ) coadministrations. The  two left columns  
show the individual responses for PSI-1 ( dark gray ) or PSI-2 ( light gray ) and a nonparametric smooth (in  blue  for PSI-1 or  red  for PSI-2). 
The  two right columns  show the individual  post hoc  expected responses for PSI-1 ( dark gray ) or PSI-2 ( light gray ) and the typical population 
expectation (in  blue  for PSI-1 or  red  for PSI-2) as calculated by NONMEM using the pharmacodynamic model.    
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hypnotic e� ect as measured with tolerance to shake and shout 
when switching to a sevo� urane steady-state concentration of 
0.90   vol %. As such, these values become clinically useful to 
help the clinician optimizing drug titration when switching 
between propofol and sevo� urane. Our propofol and sevo� u-
rane ratios are close to the observations made by Schumacher 
 et al.   7   when studying the interaction between propofol and 
sevo� urane, being 2.05 and 3.09 for tolerance to shake and 
shout and tolerance to tetanic stimulation, respectively. 

 Because of the absence of analgesic properties for pro-
pofol, we found a di� erence between propofol and sevo-
� urane in the in� uence of remifentanil on the C 

50 
 values 

for the various clinical endpoints. For propofol, signi� cant 
decreases in the propofol C 

50 
 for no response to calling the 

person by name, tolerance to shake and shout, and tolerance 
to tetanic stimulation were found at increasing e� ect-site 
concentration (remifentanil)   as also found by Kern  et al.   30   
For sevo� urane, the in� uence of remifentanil on the sevo-
� urane C 

50 
 values was variable, ranging from no in� uence 

for no response to calling the person by name to an e� ect 
of e� ect-site concentration (remifentanil)   of 2   ng  ·  ml  − 1  for 
tolerance to shake and shout and tolerance to tetanic stimu-
lation without an additional e� ect when increasing e� ect-
site concentration (remifentanil)   to 4   ng  ·  ml  − 1 . Heyse  et 
al.   32   studied the interaction between sevo� urane and remi-
fentanil and also found di� erences in the synergy between 
various clinical endpoints. In addition, Heyse  et al.   32   showed 
that above a e� ect-site concentration (remifentanil)   of 4   ng 
 ·  ml  − 1 , the interaction no longer increases.  

  Relation between Patient State Index-1 or Patient State 
Index-2 and Propofol or Sevofl urane Concentrations 
 As shown in  � gure   3 , both Patient State Index-1 and Patient 
State Index-2 decreased with increasing measured plasma pro-
pofol or end-tidal sevo� urane concentrations. For propofol, we 
found no signi� cant di� erences between Patient State Index-1 
and Patient State Index-2 in the model parameters of the 
concentration – e� ect relationship, independent of the addition 
of remifentanil. In contrast, for sevo� urane with or without 
remifentanil, we found an improved monotonic relationship 
of the concentration – e� ect curve for Patient State Index-2 
compared with Patient State Index-1. This was also re� ected 
in a signi� cant di� erence between Patient State Index-1 and 
Patient State Index-2 in two model parameters, E 

max 
 and   γ  , 

even though the C 
50 
 values were similar for both indices. In 

combination with the decreased variability for Patient State 
Index-2 at baseline (suggesting a better signal-to-noise ratio 
in awake individuals), our � ndings indicate that Patient State 
Index-2 has improved characteristics to serve as a continuous 
pharmacodynamic measure of cortical electrical activity during 
both propofol and sevo� urane anesthesia. Paradoxical increases, 
especially during administration of higher concentrations of 
inhaled anesthetics, have been described before and must be 
taken into consideration during processed electroencephalo-
graphic algorithm development to avoid incorrect anesthetic 
management under electroencephalographic monitoring.  33 – 35   

 We are aware of only two articles that have used pharma-
codynamic modeling to compare the concentration – e� ect 
relationship between propofol or sevo� urane and the Patient 

 Table 3.      Final Parameter Estimates for the Pharmacodynamic Model for the PSI-2 and PSI-1  versus  the Steady-state, Measured 
Plasma Propofol and End-tidal Sevofl urane Concentration and the Infl uence of Remifentanil on the Model  

           PSI-2  PSI-1 

       Propofol    Sevofl urane    Propofol    Sevofl urane   

 Baseline  E 0   85.1 (0.8)   P  = 0.508 
 Drug effect  E max   63.1 (1.9)  67.2 (2.3)   P  = 0.163   − 0.152 *  (17.1) 

 C 50   1.63 (3.7)  1.22 (3.1)   P  = 0.952  †     P  = 0.952  †   
   γ    3.41 (5.6)  3.23 (6.7)   P  = 0.749  0.422  *   (57.4) 

 Remifentanil interaction    θ   1    − 0.135 (20.8)   P  = 1.00   P  = 0.771   —  
   θ   2   0.816 (62.3)   P  = 1.00   P  = 0.593   —  

 IIV  E 0  
 ‡     P  = 0.874  6.64 (38.6) 

 C 50  
 ‡    25.8 (22.2)  20.1 (24.3)  26.2 (21.9)  28.0 (23.1) 

   ρ  C 50   0.54 (25.5)  0.69 (17.1) 
 RUV    σ   Additive  

 §    8.54 (5.0)  12.7 (5.1) 

   The values indicate parameter estimates and associated relative standard error (%). The dash (—) denotes a situation where the difference between PSI-1 and PSI-2 could not 
be tested because the parameter was already excluded from the PSI-2 model. Steady-state, measured plasma propofol in μg · ml −1 . End-tidal sevofl urane concentration in vol %. 
Remifentanil 2 ng · ml −1  (θ1) and 4 ng · ml −1  (θ2).   

   * Parameters are expressed as relative differences  versus  parameters estimates obtained for PSI-2.   †  These parameters were removed from the model simultaneously.   ‡  Statistical 

signifi cance was set at  P   <  0.05, calculated according to:  eω − 1 100* % .   §  Expressed as SD.  
  C 50 , the concentration which produces 50% of the maximal drug effect; E 0 , the baseline measurement of the pharmacodynamic endpoint when no drug is present; E max , the maximum 
drug effect;    γ   , the steepness/slope of the concentration – effect relationship; IIV, interindividual variability, by assuming a log normal distribution of C 50 , with    η    i  being an individual 
realization from this distribution with variance    ω    2 ; PSI, Patient State Index;    ρ   C 50,  the correlation between the C 50  values for propofol and sevofl urane; RUV, the residual unexplained 
variability (   σ    Additive ).   
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State Index-1. Soehle  et al.   13 , 14   obtained C 
50 
 values of 1.38  μ g  ·  

ml  − 1  and 0.77   vol % for propofol and sevo� urane, respectively, 
which are considerably lower for sevo� urane compared with 
our C 

50 
 values; the di� erence is probably related to di� er-

ences in sample selection and methodology. More relevant and 
similar to the clinical endpoints, we compared C 

50 
 values for 

both Patient State Index-1 and Patient State Index-2 between 
propofol and sevo� urane in the same sample of volunteers on 
both a population and an individual level.  

  Relation between Patient State Index-2 and No 
Response to Calling the Person by Name, Tolerance to 
Shake and Shout, and Tolerance to Tetanic Stimulation 
for Propofol and Sevofl urane 

 We found indistinguishable results in the model param-
eters for Patient State Index-1 and Patient State Index-2 
in relation to no response to calling the person by name, 
tolerance to shake and shout, and tolerance to tetanic 
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 Fig. 4.      Patient State Index (PSI)-2  versus  no observed response to calling the person by name (NRCN), tolerance to shake and shout (TOSS), 
and tolerance to tetanic stimulation (TOTS) during propofol and sevofl urane administration. Box plots are used to show the distribution of the 
PSI-2 index in the different remifentanil groups. Individual observations are shown with  circles  and are scattered and offset against the  y  axis 
to increase visibility.  Red ,  green , and  blue  are used for the 0, 2, and 4   ng  ·  ml  − 1  remifentanil groups, respectively.    
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stimulation, and as such, we only present results for Patient 
State Index-2. Although improvements in concentration –
 e� ect relationship for Patient State Index-2 were observed, 
particularly for sevo� urane, this did not in� uence the 

correlation between Patient State Index and no response 
to calling the person by name, tolerance to shake and 
shout, and tolerance to tetanic stimulation. Therefore, no 
adaptation is required for the clinician when switching to 
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 Fig. 5.      Patient State Index (PSI)-2  versus  predicted probabilities for no response to calling the person by name (NRCN), tolerance to shake 
and shout (TOSS), and tolerance to tetanic stimulation (TOTS) during propofol and sevofl urane administration.  Solid red ,  solid green , and 
 dashed blue lines  are used for the predicted probabilities in the 0, 2, and 4 ng · ml  − 1  remifentanil groups.    
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the new Patient State Index-2. Moreover, it seems that our 
results do not invalidate earlier publications on the relation 
between Patient State Index and clinical endpoints.  10 – 15   

 The relationships between Patient State Index-2 and 
the three clinical endpoints show some fundamental clini-
cal di� erences between propofol and sevo� urane anesthe-
sia. The Patient State Index-2 values associated with 50% 
probability (Patient State Index 

50 
) of no response to call-

ing the person by name, tolerance to shake and shout, and 
tolerance to tetanic stimulation are signi� cantly higher 
for sevo� urane than propofol. Adding remifentanil 2   ng  ·  
ml  − 1  increased all Patient State Index 

50 
 values signi� cantly. 

However higher e� ect-site concentration (remifentanil)   
values showed an additional e� ect for tolerance to shake 
and shout and tolerance to tetanic stimulation only during 
propofol administration. When maintaining a Patient State 
Index-2 within the range of 25 to 50 as recommended by 
the company for general anesthesia, there was still a signi� -
cant risk that the patient could be responsive to one of the 
clinical endpoints during propofol administration even in 
the presence of remifentanil. Based on our � ndings pre-
sented in  � gure   5  and  table   4 , we recommend lowering the 
upper range limit towards a Patient State Index-2 value of 
35 to maintain a safe level of the hypnotic component of 
anesthesia when using propofol. When using sevo� urane, 
the recommended Patient State Index-2 range of 50 to 25 
is su�  cient to ensure a high probability for the hypnotic 
endpoints no response to calling the person by name and 
tolerance to shake and shout. The signi� cant di� erence in 
Patient State Index 50 

 for tolerance to tetanic stimulation 
between propofol and sevo� urane also re� ects the much 
higher intrinsic immobilizing capacity of sevo� urane com-
pared with propofol.  36 , 37   To obtain a similar probability of 
immobility to noxious stimulus, propofol should inhibit the 
cortical electrical activity to a much larger extent compared 

with sevo� urane and therefore requires a higher concentra-
tion of propofol, resulting in more electroencephalographic 
suppression and lower Patient State Index-2 values. The 
addition of a su�  ciently e� ective concentration of remi-
fentanil during propofol anesthesia is mandatory to ensure 
immobility after a noxious stimulus. 

 Originally, Patient State Index-1 was presented as a 
drug-independent representation of electroencephalo-
graphic suppression by some authors.  12 , 38   Our study clearly 
indicates that the Patient State Index-2 needs to be inter-
preted di� erently depending on the anesthetic drugs used, 
as suggested by Purdon  et al.   39   and Schneider  et al.   40    

  Interindividual Variability around C 50  

 Because our study allows direct comparisons between pro-
pofol and sevo� urane, we studied variability in C 

50 
 values 

and Patient State Index 
50 

 values within an individual dur-
ing propofol and sevo� urane administration in the absence 
or presence of remifentanil. We found that within an indi-
vidual, C 

50 
 values for propofol and sevo� urane are perfectly 

correlated (  ρ  C 
50 

 = 1) for no response to calling the person 
by name and tolerance to shake and shout. This means that 
an individual having a higher or lower C 

50 
 for propofol  ver-

sus  the population typical value also has a higher or lower 
C 

50 
 value for sevo� urane. At the same time, this means that 

the ratio of C 
50 

 values for no response to calling the person 
by name and tolerance to shake and shout between propo-
fol and sevo� urane is identical for all individuals and equal 
to the population ratios of 1.62  µ g  ·  ml  − 1 /0.64   vol %, and 
1.85  µ g  ·  ml  − 1 /0.90   vol %, respectively. 

 We also showed that C 
50 

 values for propofol and sevo-
� urane for Patient State Index-1 (  ρ  C 

50 
 = 0.69) and Patient 

State Index-2 (  ρ  C 
50 

 = 0.54) and Patient State Index 
50 

 values 
for no response to calling the person by name (  ρ  C 

50 
 = 0.65) 

 Table 4.      Parameter Estimates for the Pharmacodynamic Models Relating the NRCN, TOSS, and TOTS to PSI-2 and the Infl uence of 
Remifentanil 2 ng · ml  − 1  (  θ   1 ) and 4 ng · ml  − 1  (  θ   2 ) on the Model  

           NRCN  TOSS  TOTS 

       Propofol    Sevofl urane    Propofol    Sevofl urane    Propofol    Sevofl urane   

 Drug effect  PSI 50   46.7 (5.10)  68.0 (3.00)  41.5 (4.10)  59.2 (3.60)  29.5 (12.9)  61.1 (8.10) 
   γ    9.04 (19.8)  9.49 (17.8)  7.50 (13.7)  8.42 (14.7)  3.14 (10.5)  4.33 (9.60) 

 Remi interaction    θ   
1   0.377 (21.6)  0.100 (40.4)  0.254 (18.5)  0.210 (25.2)  1.50 (30.2)  0.668 (27.5) 

   θ   2   NS  P  = 0.063  NS  P  = 0.906  0.777 (80.1)  NS  P  = 1.00  1.38 (57.5)  NS  P  = 0.856 
 IIV  PSI 50  *   17.0 (38.9)  10.3 (38.8) 15.2 (39.6) 13.2 (42.4)  55.6 (35.7)  28.2 (19.1) 

   ρ  PSI 50   0.65 (50.8)  0.584 (40.9)  NS  P  = 0.297 

   The values indicate parameter estimates and associated relative standard errors (%).  
   * The  P  value for the likelihood-ratio test leading to the exclusion of the parameter is included in the table, calculated according to:  eω − 1 100* % .   
     γ   , the steepness/slope of the PSI-2 effect relationship; IIV, interindividual variability, modeled using a log normal distribution with variance    ω    2 ; NRCN, no response to calling the 
person by name; NS, parameter not signifi cant at the 5% level of signifi cance as assessed by likelihood-ratio testing; PSI, Patient State Index; PSI 50 , the Patient State Index-2 index 
associated with 50% probability of NRCN, TOSS or TOTS;    ρ   PSI 50,  the correlation between the Patient State Index 50  values for propofol and sevofl urane; TOSS, tolerance to shake and 
shout; TOTS, tolerance to tetanic stimulus.   
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and tolerance to shake and shout (  ρ  C 
50 

 = 0.58) are positively 
correlated. This means that, on average, individuals having a 
higher or lower C 

50 
 or Patient State Index 

50 
 for propofol also 

have a higher or lower C 
50 

 or Patient State Index 
50 

 for sevo� u-
rane. A consequence of the correlation coe�  cient being less 
than 1 is that the population typical ratio does not apply to all 
individuals and that some interindividual variability exists in 
the ratios. For example, for Patient State Index-2 the popula-
tion typical ratio is 1.63  µ g  ·  ml  − 1 /1.22   vol % with individual 
( post hoc ) ratios ranging from 0.85  µ g  ·  ml  − 1 /1.22   vol % to 
2.06  µ g  ·  ml  − 1 /1.30   vol %. Similarly, the population typical 
ratio of Patient State Index 

50 
 values for Patient State Index-2 

was 0.69 with individual ratios ranging from 0.55 to 0.75 for 
no response to calling the person by name and tolerance to 
shake and shout, respectively. 

 Interestingly, no correlation between C 
50 

 values and 
Patient State Index 

50 
 values for propofol and sevo� urane 

was found for tolerance to tetanic stimulation. This means 
that an individual having a higher C 

50 
 for propofol (com-

pared with the population typical value) has an equal prob-
ability of having a higher or lower C 

50 
 for sevo� urane. 

Consequently, individual ratios vary considerably from the 
population typical ratios of C 

50 
 and Patient State Index 

50 
. 

The population typical ratios of C 
50 

 and Patient State 
Index 

50 
 are 2.82  µ g  ·  ml  − 1 /0.91   vol % and 0.48 and individ-

ual ratios range from 0.91  µ g  ·  ml  − 1 /0.81   vol % to 5.13  µ g 
 ·  ml  − 1 /0.92   vol % and from 0.22 to 0.84. These correlations 
between  post hoc  C 

50 
 and Patient State Index 

50 
 values for 

propofol and sevo� urane for these hypnotic-related, clini-
cal, and electroencephalographic endpoints, but not for the 
spinal reaction-related tolerance to tetanic stimulation, are 
exciting and might o� er new insights into mechanisms of 
action for sevo� urane  versus  propofol.  41 , 42   

 A limitation of our modeling approach is that we used the 
predicted e� ect-site concentrations of remifentanil instead 
of the measured concentrations. As such, the between-sub-
ject variability in the measured concentrations is not con-
sidered. Although parameter estimates on the group level 
are likely unbiased, this approach could possibly have con-
founded the estimates for the correlations between the C 

50 
 

values and Patient State Index 
50 

 values. Nevertheless, in our 
opinion this approach is justi� ed because we did not aim 
at building a surface-response model, and considering the 
between-subject variability in the measured concentrations 
would only increase the complexity of the analysis without 
leading to di� erent conclusions with respect to the phar-
macodynamics of propofol and sevo� urane for no response 
to calling the person by name, tolerance to shake and shout, 
tolerance to tetanic stimulation, and Patient State Index.  

  Conclusions 

 The pharmacodynamics for propofol and sevo� urane 
with and without remifentanil coadministration were 
described on both population and individual levels using 
clinical scores and Patient State Index. We observed that 

the interindividual variability around the population typi-
cal C 

50 
 values and Patient State Index 

50 
 during propofol 

and sevo� urane administration were signi� cantly correlated 
within an individual for no response to calling the person 
by name and tolerance to shake and shout, but not for tol-
erance to tetanic stimulation. Patient State Index-2 has an 
improved monotonic concentration – e� ect relationship and 
descriptive performance at higher sevo� urane concentra-
tions compared with Patient State Index-1. Finally, the 
probability of responsiveness for no response to calling the 
person by name, tolerance to shake and shout, and tolerance 
to tetanic stimulation as a function of Patient State Index is 
drug- and drug combination – speci� c but is not a� ected by 
the version of Patient State Index used.  
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 ABSTRACT 
  Background:     Functional brain connectivity studies can provide important 
information about changes in brain-state dynamics during general anesthesia. 
In adults,   γ  -aminobutyric acid – mediated agents disrupt integration of infor-
mation from local to the whole-brain scale. Beginning around 3 to 4 months 
postnatal age,   γ  -aminobutyric acid – mediated anesthetics such as sevofl urane 
generate   α  -electroencephalography oscillations. In previous studies of sevofl u-
rane-anesthetized infants 0 to 3.9 months of age,   α  -oscillations were absent, 
and power spectra did not distinguish between anesthetized and emergence 
from anesthesia conditions. Few studies detailing functional connectivity during 
general anesthesia in infants exist. This study ’ s aim was to identify changes in 
functional connectivity of the infant brain during anesthesia.  

  Methods:     A retrospective cohort study was performed using multichannel 
electroencephalograph recordings of 20 infants aged 0 to 3.9 months old who 
underwent sevofl urane anesthesia for elective surgery. Whole-brain functional 
connectivity was evaluated during maintenance of a surgical state of anes-
thesia and during emergence from anesthesia. Functional connectivity was 
represented as networks, and network effi ciency indices (including complexity 
and modularity) were computed at the sensor and source levels.  

  Results:     Sevofl urane decreased functional connectivity at the   δ  -frequency 
(1 to 4 Hz) in infants 0 to 3.9 months old when comparing anesthesia with 
emergence. At the sensor level, complexity decreased during anesthesia, 
showing less whole-brain integration with prominent alterations in the con-
nectivity of frontal and parietal sensors (median difference, 0.0293; 95% 
CI,  − 0.0016  to 0.0397). At the source level, similar results were observed 
(median difference, 0.0201; 95% CI,  − 0.0025  to  0.0482) with prominent 
alterations in the connectivity between default-mode and frontoparietal 
regions. Anesthesia resulted in fragmented modules as modularity increased 
at the sensor (median difference, 0.0562; 95% CI, 0.0048  to 0.1298) and 
source (median difference, 0.0548; 95% CI,  − 0.0040 to 0.1074) levels.  

  Conclusions:     Sevofl urane is associated with decreased capacity for effi -
cient information transfer in the infant brain. Such fi ndings strengthen the 
hypothesis that conscious processing relies on an effi cient system of inte-
grated information transfer across the whole brain.   

 (ANESTHESIOLOGY  2019 ;  131 : 1239 – 53 )   
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 Each year millions of infants and children are adminis-
tered general anesthesia for surgery.  1 , 2   Volatile anesthetic 

drugs bind to multiple targets at the brain and spinal cord, 
where they exert their physiologic and functional e� ects.  3   
Sevo� urane is one of the most commonly used vapor anes-
thetics in infants and children and is used for its rapid induc-
tion, emergence, and recovery pro� le. Many clinical studies 
use noninvasive recordings such as electroencephalography 
as a way to monitor adult brain function during titration 
of anesthesia. Although several studies have characterized 

electroencephalography-based dynamics in adults under 
anesthesia, less is known about the dynamics that occur in the 
infant brain, particularly during early postnatal development. 

 Quantifying large-scale functional brain network con-
nectivity reconstructed from neurophysiologic data consti-
tutes a promising method for exploring the brain ’ s complex 
dynamics during anesthesia.  4   In that regard, graph theory 
examines network properties of nodes connected by edges, 
representing brain regions and their functional connections.  5   

 EDITOR ’ S PERSPECTIVE 

 What We Already Know about This Topic  

•   Electroencephalographic   α  -oscillations in the frontal cortex do not 
appear during general anesthesia in infants less than 3 to 4 months old  

•   In adults, functional connectivity and brain network integration 
appear to break down during anesthesia but whether this is true 
in infants is unknown    

  What This Article Tells Us That Is New  

•   In infants younger than four months, slow-wave functional connec-
tivity breaks down during general anesthesia and brain networks 
are less integrated  

•   Functional disconnections in the cortex might be a common marker 
of anesthesia-induced unconsciousness in infants and adults    

2019
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 General anesthesia modulates functional connectivity 
networks at the local, meso, and whole-brain network scales.  6   
Several recent studies using electroencephalography, func-
tional magnetic resonance imaging, and transmagnetic stimu-
lation indicate that sevo� urane weakens signal correlations or 
 “ connectivity ”  among brain regions that share functionality 
and specialization during wakefulness.  7   Speci� cally, connec-
tivity studies of resting state networks indicate that within- 
and between-network functional disconnections occur in 
the default mode and frontoparietal networks, with con-
nectivity of primary sensory networks maintained.  8 , 9   These 
alterations in network connectivity indicate that the brain 
during anesthesia drastically reorganizes toward a less com-
plex con� guration in which the brain ’ s functional systems are 
more segregated, thus inhibiting whole-brain integration. 10  

 Few studies detailing the sevo� urane-induced alterations 
in functional connectivity in infants have been described. 
Early studies suggest that the neurophysiologic responses 
to sevo� urane are di� erent in infants from those of adults 
and change as a function of age.  11 ,12    Age-varying changes in 
the spectral properties indicate that coherent   δ  -oscillations 
(1 to 4 Hz) dominate in the � rst 3 months of life.  13   Adult-
like features, consisting of a frontal predominance of coher-
ent   α  -oscillations, emerge in late infancy at ~10 months 
old.  14   However, less is known about anesthesia-associated 
changes in functional connectivity at the sensor and source 
levels during early postnatal development. 

 The study rationale is to provide a comprehensive anal-
ysis of how sevo� urane-induced brain   δ  -oscillations change 
during anesthesia at the � rst months of life. The goal is to 
understand how the functional organization of the infant 
brain (birth up to 3.9 months old) changes during deep and 
relatively lighter levels of anesthesia. We characterized infant 
brain connectivity during a state of maintenance of general 
anesthesia (where a subject is unresponsive to a noxious sur-
gical incision), and during emergence from general anesthe-
sia (immediately before a behaviorally responsive state). We 
hypothesized that infant brain networks during maintenance 
of general anesthesia would display less complex and more 
fragmented connectivity because general anesthesia-induced 
loss of consciousness is associated with altered functional 
connectivity and disruption of whole-brain integration. 
These � ndings can provide valuable clinical insights regard-
ing accurate monitoring of anesthesia in the pediatric oper-
ating room with analysis of electroencephalography data. 

  Materials and Methods 
  Study Design 

 The objective of this study was to examine functional con-
nectivity changes in response to di� erent depths of anesthesia 
in infants aged 0 to 3.9 months old. We analyzed electro-
encephalography data in 20 infants aged 0 to 3.9 months 
during administration of sevo� urane general anesthesia for 
elective surgery. End-tidal anesthetic gas volume and video 

recordings of behavioral activity were time-locked to the 
electroencephalography recordings. Functional connectiv-
ity measures were evaluated during the maintenance period 
and during emergence from sevo� urane general anes-
thesia. This study was approved by the Boston Children ’ s 
Hospital (Boston, Massachusetts) Institutional Review Board 
(protocol No. P000003544) and classi� ed as a  “ no more than 
minimal risk ”  study. Informed written consent was obtained 
from the parents or legal guardians before each study.  
 Participants .    Infants who were scheduled for an elective 
surgical procedure were recruited from the preoperative 
clinic at Boston Children ’ s Hospital from December 2011 
to August 2016 (under Institutional Review Board P-3544, 
with written informed consent obtained from parents/
legal guardians). Subjects required surgery below the neck, 
were clinically stable on the day of study, and had American 
Society of Anesthesiologists ’  physical status I or II. Exclusion 
criteria were (1) born with congenital malformations or 
other genetic conditions thought to in� uence brain devel-
opment, (2) diagnosed with a neurologic or cardiovascular 
disorder, (3) born at less than 32 weeks postmenstrual age, 
and (4) postnatal age of 4 months and older. We included all 
the infants of this cohort that matched the inclusion criteria 
and were aged 0 to 3.9 months. The summary demograph-
ics of subjects included in the analysis are given in  table   1  .    
 Anesthetic Management .    Each patient received anesthesia 
induced with sevo� urane alone or with a combination of 
sevo� urane and nitrous oxide. Nitrous oxide was added at 
the discretion of the anesthesiologist. Nitrous oxide was 
discontinued after placement of an endotracheal tube or 
laryngeal mask. Epochs used for analysis were comprised 
of sevo� urane administration with air and oxygen, titrated 
to clinical signs; end-tidal sevo� urane concentration was 
adjusted per the anesthesiologist ’ s impression of clinical 
need, not a preset end-tidal sevo� urane concentration.   

  Data Acquisition  

 Electroencephalography Recording .    Electroencephalography 
data were acquired using an electroencephalography 
cap (WaveGuard electroencephalography cap, Advanced 
NeuroTechnology, Enschede, The Netherlands). In total, 
33 recording electrodes were positioned per the modi� ed 
international 10/20 electrode placement system. Reference 
and ground electrodes were located at Fz and AFz, respec-
tively. Electroencephalography activity from 0.1 to 500 Hz 
was recorded with an Xltek electroencephalography record-
ing system (EMU40EX, Natus Medical Inc., Canada). The 
signals were digitized at a sampling rate of 1.024 Hz and a 
resolution of 16 bits.   
 Clinical Data Collection .    Demographics and clinical informa-
tion were collected from the electronic medical records and 
from the in-house anesthesia information management system. 
End-tidal sevo� urane, oxygen, and nitrous oxide concentra-
tions were downloaded from the anesthetic monitoring device 
(Dr ä ger Apollo, Dr ä ger Medical Inc., USA) to a recording 
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computer in real-time using ixTrend software (ixcellence, 
Germany). The signals were recorded at a 1-Hz sampling rate.   

  Electroencephalography Analysis  

 Data Preprocessing .    Raw electroencephalography signals 
were exported and processed using custom-built code in 
MATLAB (MathWorks Inc., USA). Electrodes at M1 and M2 
were removed. For conformity, the same channels were taken 
from all subjects and used for the analysis. The preprocess-
ing pipeline involved: (1) remontaging to a nearest neighbor 
Laplacian reference using distances along the scalp surface to 
weight neighboring electrode contributions; (2) bandpass � l-
ter (0.1 to 50 Hz); (3) downsampling to 256 Hz; (4) rejection 
and interpolation of bad channels using EEGLAB  15   ( https://
sccn.ucsd.edu/eeglab/index.php; accessed February 1, 2019 ) 
average channel interpolation was 6  ±  2 channels; (5) cleaning 
of the data using EEGLAB routines; and (6) visually inspect-
ing the remaining data to ensure that no artifact was present.   
 Epoch Selection .    For each subject, epochs in the electroen-
cephalography recordings were identi� ed based on when the 
subject was in the maintenance of anesthesia period or in the 
emergence period. The maintenance of anesthesia (anesthe-
sia) period was de� ned as a steady state of end-tidal sevo� u-
rane volume  ± 0.1% required for maintenance of a surgical 
state of anesthesia. The end-tidal sevo� urane was maintained 
between 1.8 to 2.5% in all epochs selected (median end-tidal 
sevo� urane, 1.9  ±  0.1%). The emergence period was de� ned 
as the time point in the electroencephalography recording 
at 2   min before body movement was observed (median end-
tidal sevo� urane, 0.3  ±  0.1%). One segment of 100   s was 
selected for maintenance anesthesia and emergence periods. 
The choice was made because there were a limited number 
of clean segments corresponding to maintenance of surgical 
anesthesia with steady sevo� urane concentration.   
 Electroencephalography Data Processing .    Electroencephalo-
graphy time-frequency decomposition of oscillatory activ-
ity into di� erent frequency bands was calculated using 
multitaper analysis. Multitaper analysis reduces the bias in 
obtaining the true underlying oscillatory activity caused 

by standard Fourier techniques.  16   Multitaper analysis uses 
tapers of data and calculates the spectrum within each taper 
separately by using spectral decomposition functions. For 
a taper of speci� c time length and for a frequency band of 
interest (tile of frequency and time), the time-bandwidth 
product T  ×  W corresponds to how many such functions 
will be used in this particular tile of frequency and time. We 
divided the signal into canonical frequency bands including 
slow (0.1 to 1 Hz),    δ    (1 to 4 Hz),    θ    (4 to 8 Hz),    α    (8 to 
12 Hz), and    β    (13 to 30 Hz) using a setup of T  ×  W = 3, 
K = 5 tapers as previously reported.  11,  13   Quanti� cation of 
power for each tile of frequency and time was done using 
 “ mtspecgramc ”  function implemented in the Chronux 
toolbox ( http://chronux.org/; accessed February 1, 2019 ).  16     
 Functional Connectivity .    Cross-spectral coherence was calcu-
lated by correlating the multitaper spectrums of two sensors  i  
and  j . One issue with using cross-spectral coherence relates to 
the volume conduction problem. This refers to the case when 
two di� erent electrodes might give spuriously high coher-
ence just because they are measuring the same source.  17   One 
way to overcome this problem is by keeping only the imag-
inary part of the coherence.  18   Two sensors measuring the 
same source cannot give non-zero imaginary coherence.  18   
In that regard, we obtained a functional connectivity matrix 
for each infant where each entry ( i ,  j ) represented imaginary 
coherence between the two channels  i  and  j  at the frequency 
band of interest. Comparing connectivity at the local scale 
involved statistical comparisons in each pair ( i ,  j ) between 
maintenance of anesthesia and emergence conditions.   
 Functional Connectivity Networks: Variable 1 Analysis –
 Complexity .    Each   δ  -speci� c matrix was converted to net-
work for each infant by thresholding the most important 
connections. This was conducted within a range 10 to 50% 
thresholds  T  at steps of 2%. The limits were chosen to pre-
vent the network from being severely fragmented and from 
being random by introducing connections. Graph-theoretic 
indices such as complexity and modularity were estimated in 
these thresholded networks as an average of the aforemen-
tioned range of thresholds  T . Functional connectivity com-
plexity was computed by calculating the Shannon entropy 
of each network ’ s degree distribution. The degree sample 
of each network was computed by using the BCT toolbox 
( https://sites.google.com/site/bctnet/; accessed February 1, 
2019 ).  19   We used a standard estimator to calculate entropy 
of the degree sample that utilizes the frequency estimates of 
the sample. Formally, let  F F F= ( ) ( ) …( )1 2, ,   the � ngerprint 
of the degree sample of size k, where F(1) is the number of 
nodes appearing once, F(2) is the number of nodes appear-
ing twice and so on. Degree entropy was then calculated as
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 At the network whole-brain scale,    δ   -oscillation com-
plexity is a measure of richness of the connectivity reper-
toire across the whole-brain network and is associated with 

 Table 1.      Demographics of the Study Cohort  

     

  All Subjects 
(0 – 3.9 Months, 

n = 20)    

  Demographics    
    Age at birth, weeks (median, IQR)  38.00 (35.84-39.0) 
    PNA, months (median, IQR)  2.89 (35.84-39.0) 
    Weight, kg (median, IQR)  5.45 (35.84-39.0) 
    Male, n (%)  18 (90.0) 
  Anesthetic management    
    Duration of anesthesia, min (median, IQR)  103.00 (35.84-39.0) 

   IQR, interquartile range; PNA, postnatal age.   
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the brain ’ s ability to balance integration of information 
coming from di� erent specialized/segregated modules.  21   
Complexity was estimated by calculating the entropy of the 
degree (number of connections of each node of the net-
work) distribution across all scalp electrodes.   
 Functional Connectivity Networks: Variable 2 Analysis –
 Modularity .    Functional connectivity was estimated using a 
modularity index. Modularity is a meso scale graph metric 
used to calculate the extent to which the nodes of a net-
work can be grouped together in modules.  19   Modularity 
was calculated using the heuristic Louvain algorithm, and 
the modularity measure derived was averaged more than 50 
repetitions of the algorithm.   
 Source Reconstruction .    One way of linking surface electro-
encephalography activity to source activity in the cortex is to 
use source reconstruction methods. The two steps for source 
reconstruction include forward modeling and its inverse solu-
tion. Forward modeling refers to using Maxwell ’ s equations to 
predict the electromagnetic � eld produced by the sources at a 
given electrode or else the  “ lead� eld ”  matrix. In other words, 
the lead� eld matrix relates the measured activity at the elec-
trode level with the underlying source activity. To calculate the 
forward model one needs to combine information regard-
ing (1) how electric activity spreads though di� erent tissues 
(the head model), (2) the position and orientation of di� erent 
dipoles (the source model), and (3) the electrodes ’  locations. 
As far as the head model is concerned, one approach is to use 
numerical solutions such as the boundary element model,  22   in 
which the brain is compartmentalized into three tissues (brain, 
skull, and scalp), with each one being covered by a tessellation. 
To obtain such a geometrical description, one needs anatom-
ical information from the T1 images such as to segment out 
the brain, scalp, and skull tissues. Because of a lack of individual 
data, an alternative way is to use prede� ned templates. Under 
this framework, it is important to use age-appropriate brain 
templates and parameters to accurately quantify the localiza-
tion and time course in each infant.  23   Toward this direction, 
we used age-speci� c templates provided by the Richards 
laboratory ( https://jerlab.sc.edu/projects/neurodevelopmen-
tal-mri-database/ ; accessed February 1, 2019).  23   

 In addition to T1 and T2 structural images, scalp, brain, 
and skull segmentations were also obtained. The speci� c 
details are described by Sanchez and colleagues.  24   

 For each template, we used standard conductivity set-
tings and the  “ bemcp ”  option in FieldTrip ( http://www.
� eldtriptoolbox.org/; accessed February 1, 2019 )  25   to 
obtain a boundary element head model using the tessella-
tion of the three compartments (brain, skull, and scalp). We 
used a standard number of vertices for the construction of 
the head model (3,000, 200, and 1,000, respectively). 

 The next step required realignment of the electrodes ’  
positions with the head model. This was performed man-
ually using FieldTrip ’ s graphical interface. Finally, for the 
source model, a three-dimensional grid of dipoles with 
1-cm resolution was constructed. Electrodes, head model, 

and source model were aligned and mapped to the same 
space. To increase the validity of the forward solution, the 
alignment between the electrodes, head model, and source 
model was visually inspected. Following this methodology, 
we obtained the lead� eld matrix for each template. 

 Inverse solution refers to obtaining the source level activ-
ity using the lead� eld matrix and the obtained electroen-
cephalography data. One popular method for obtaining the 
inverse solution encompasses beamforming techniques.  25   
The basic principle of beamforming lies in obtaining a single 
source ’ s activity by looking at how it contributes to the mea-
sured electroencephalography activity compared with other 
sources.  26   Using the forward solution obtained, alongside 
the electroencephalography data, we utilized the beamform-
ing technique to obtain the activity of each dipole. We used 
the FieldTrip toolbox with the option  “ pcc ”  to obtain the 
time course and spectrum of each dipole. We then calculated 
the  dipole dipole×   connectivity matrix using the imaginary 
coherence as with electrode-based networks. It is worth not-
ing that the data here were remontaged to an average ref-
erence before source reconstruction. Because of the way a 
forward solution is obtained, there is usually a small error 
associated with each channel. By remontaging the electrodes 
at an average reference, the model error is averaged out across 
the electrodes, thus allowing more precise inverse solutions.  25   

 After obtaining the dipole matrices, we wanted to group 
dipoles based on known cortical regions to assist with interpre-
tation of the results. We used a speci� c parcellation obtained in 
the Richards templates to group dipoles into speci� c regions 
of interest ( https://jerlab.sc.edu/projects/neurodevelopmen-
tal-mri-database/ ; accessed February 1, 2019). 

 The parcellation was based on the macroanatomical 
Hammers atlas previously used in adult literature.  27   We 
assigned each dipole to a region of interest by overlapping 
the source model (the dipole positions) and the parcella-
tion image. We then averaged the connectivity values of 
the dipoles belonging to each region of interest to obtain 
a region of interest-speci� c time courses. This resulted in a 
region of interest  ×  region of interest connectivity matrix 
for each infant that was eventually used for the source level 
graph-theoretic analysis presented in the main text. 

 We excluded regions corresponding to the cerebellum, 
brainstem, striatum, corpus callosum, hippocampus, thala-
mus, amygdala, and insula because of known di�  culties in 
obtaining source signals from subcortical regions using beam-
forming techniques.  28   To assess the validity of source recon-
struction, we further examined whether signal was obtained 
from regions where no signal would be expected, such as the 
ventricles. To do this, we used the ventricle regions de� ned 
in the Hammers atlas, and we observed that no signal could 
be extracted using these regions as regions of interest. Matrix 
thresholding was conducted by looking at a range of thresh-
olds 10 to 50% in steps of 2%. Network measures (pairwise 
connectivity, modularity, and complexity) were calculated in 
source networks as in the sensor-based networks. 
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  Statistics  

 Power Analysis .    There was no power calculation performed 
 a priori . This is a retrospective study with secondary analysis 
of    δ   -oscillatory properties in infants aged 0 to 3.9 months. 
From our large data set of more than 100 infants, we iden-
ti� ed a subcohort of infants who were speci� cally aged 0 
to 3.9 months and had acceptable electroencephalography 
data; this yielded 20 subjects.   
 General Statistics .    Statistics were used for comparing local 
connectivity changes, changes in modularity and changes 
in complexity. Statistical analysis was performed using cus-
tom-written MATLAB code. 

 First, for local connectivity changes, statistical compar-
ison between pairs of connections was performed using 
the Network Based Statistic Toolbox ( http://sites.google.
com/site/bctnet/comparison/nbs; accessed February 1, 
2019 ).  29   Because of the mass-univariate testing, Network 
Based Statistic Toolbox controls the family-wise error rate 
by identifying  “ clusters ”  of suprathreshold statistically sig-
ni� cant connections. Each connection is associated with a 
test statistic quantifying evidence with respect to whether 
or not it favors the null hypothesis. Then a test statistical 
threshold is chosen; connections with a test statistic value 
exceeding this threshold or suprathreshold connections 
are considered. In turn, if there is a connected component 
(from a graph perspective) of suprathreshold statistically sig-
ni� cant connections, a  P  value is assigned by indexing its 
size with the null distribution of maximal component size 
(the latter is derived using permutations at which the group 
to which each subject belongs is randomly exchanged). We 
identi� ed statistically signi� cant connections using  t  tests 
with contrast emergence greater than anesthesia and with 
a statistical  t  test threshold of 3, a number of permutations 
of 5,000, and statistical signi� cance level of 0.05 for the 
permutations. Visualization of the signi� cant edges was pro-
duced using the in-built function of the Network Based 
Statistic Toolbox. The function uses the regions of interest 
coordinates as input and produces a network with signi� -
cant edges and how these project in a standard brain tem-
plate. The results are also presented using the false discovery 
rate method. The false discovery rate enables rejection of 
the null hypothesis at the level of individual connections 
(as opposed to clusters of connections in the way that the 
Network Based Statistic Toolbox does) and does not require 
the use of a prespeci� ed statistical threshold.  30   

 Second, within-subject comparisons were performed 
to evaluate the di� erence in complexity and in modular-
ity in the maintenance period compared with the emer-
gence period. Normality tests were performed using the 
Kolmogorov – Smirnov test. Because modularity and com-
plexity data were not normally distributed, we used a paired 
Wilcoxon signed rank test (two-tailed). A  P  value of less than   
0.05 was considered statistically signi� cant. CI values were 
computed  via  bootstrapping. Speci� cally we sampled with 
replacement from the two samples, and we calculated the 

di� erence in the medians. This process was repeated 10,000 
times. The na ï ve 95% CI was calculated using the 25th and 
97.5th largest median di� erences. The box plot data are 
shown as median values alongside the 1.5 interquartile range.    

  Results 
 We used multichannel scalp electroencephalograph recordings 
in infants undergoing sevo� urane general anesthesia for elec-
tive surgery. Continuous multichannel electroencephalography 
recordings were collected during maintenance of a surgical 
state of anesthesia and at emergence (� rst body movement) in 
20 subjects aged 0 to 3.9 months old. End-tidal sevo� urane 
(end-tidal sevo� urane) was between 1.8 to 2.5% during the 
maintenance phase and 0 to 0.3% during the emergence phase. 
Electroencephalography functional connectivity was obtained 
using the cross-spectral coherence between sensor signals or 
region of interest source-reconstructed signals. For each infant 
and two conditions (emergence and anesthesia), we obtained 
a functional connectivity graph or network by keeping the 
strongest connectivity values between all sensors and regions of 
interest for sensor and source level analysis respectively. Subject 
demographics and clinical characteristics are provided in  table   1 . 
Details concerning the study design and the relevant methods 
are given under  “ Materials and Methods ”  and in  � gure   1  .  

  Functional Connectivity at the Sensor and Source Levels 

 Power spectral analysis indicated that    δ    power (1 to 4 Hz) 
was the dominant frequency component during mainte-
nance and emergence from anesthesia in all infants (n = 20; 
 � g.    2)  . During maintenance, peak power was observed at 
the mean frequency of 1.25 Hz ± 0.62 Hz (mean ± SD).   
During emergence, peak power was observed at 1.08 Hz 
± 0.29.   Based on this key feature,    δ   -oscillation functional 
connectivity networks properties were evaluated during 
anesthesia and emergence in subsequent analyses.  

 At the network local scale, we looked at di� erences in 
   δ   -oscillation connectivity values between maintenance and 
emergence from anesthesia. Connections that survived sta-
tistical signi� cance are presented in  � gure    3  . We observed 
a decrease between frontal and central/parietal electrodes 
when comparing anesthesia with emergence ( � g.    3A) . 
The full list of edges is presented in  table   2  . Similar results 
obtained using the false discovery rate method are presented 
in  table   3  . At the source level, we observed decreased connec-
tivity during anesthesia with statistically signi� cant changes 
in the connectivity within the posterior cingulate with right 
frontal and parietal regions ( � g.   3B) . The full list of edges for 
which connectivity was signi� cantly decreased during anes-
thesia is presented in  table   4  . Similar results obtained using 
the false discovery rate method are presented in  table   5  .       

  Modularity at the Sensor and Source Levels 

 At the network meso scale,    δ   -oscillation modularity was 
estimated for the functional connectivity networks at 
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anesthesia and emergence. Modularity is a measure of func-
tional segregation, where large values indicate scattering 
between many communities or networks, and low values 
indicate high network integration. We found that modu-
larity during anesthesia was increased when compared with 
emergence ( � g.    4A  ; Wilcoxon signed rank test  z  value, 
2.53;  P  = 0.011; di� erence in medians, 0.0562; 95% CI, 
0.0048  to  0.1298). This suggested that networks became 
more fragmented during anesthesia, thus increasing segre-
gation between di� erent parts of the brain. Similar results 
were obtained when we remontaged the data to the aver-
age reference (Wilcoxon signed rank test  z  value, 2.15;  P  = 
0.032). This result was con� rmed at the source level where 
we observed that modularity increased during anesthesia 
compared with emergence ( � g.   4B ; Wilcoxon signed rank 
test  z  value, 2.31;  P  = 0.021; di� erence in medians, 0.0548; 
95% CI,  − 0.0040 to 0.1074).   

  Complexity at the Sensor and Source Levels 

 We then looked at complexity as a global measure 
of information integration.    δ   -Oscillation complexity 
decreased when comparing anesthesia with the emer-
gence phase ( � g.   5A)  . The change in complexity between 
anesthetic states was statistically signi� cant (Wilcoxon 
signed rank test  z  value, 2.01;  P  = 0.044; di� erence in 
medians, 0.0293; 95% CI,  − 0.0016  to  0.0397). Similar 
results were obtained when we remontaged the data to 
the average reference (Wilcoxon signed rank test  z  value, 
1.9700;  P  = 0.049).  

 Complexity was further evaluated for each infant 
at the source level.   δ  -Oscillation complexity decreased 

during anesthesia compared with emergence corrobo-
rating the results observed at the sensor level ( � g.    5B ; 
Wilcoxon signed rank test  z  value, 2.50;  P  = 0.012; dif-
ference in medians, 0.0201; 95% CI,  − 0.0025 to 0.0482). 
Collectively, functional connectivity was reorganized 
during maintenance anesthesia, with network connectiv-
ity becoming less complex.   

  Discussion 
  Summary of Findings 

 In this study, we described functional connectivity network 
changes during anesthesia-induced loss of consciousness 
in early postnatal development. We examined brain state 
transitions from the maintenance phase of anesthesia to 
emergence from anesthesia and quanti� ed modulations of 
connectivity patterns. Our � ndings indicated that infant 
general anesthesia is potentially (1) driven by connectiv-
ity changes in key default mode network and frontopari-
etal regions ( � g.    3) , (2) associated with more segregation 
(increase in   δ  -oscillation modularity;  � g.   4) ; and (3) related 
to reduction in   δ  -oscillation complexity ( � g.   5) , at both the 
sensor and source levels.  

  Studies of Electroencephalography Functional 
Connectivity in Adults under General Anesthesia 

 A growing number of studies have indicated di� erences in 
functional connectivity during general anesthesia    31,32   and 
also at di� erent stages of brain development.    33,34   Deeper 
stages of anesthesia are characterized by reduced functional 
connectivity in higher-order brain networks such as the 

 Fig. 1.      Study protocol. Schematic time-course of end-tidal sevofl urane concentration during the awake phase, induction, anesthesia, and 
emergence phases of general anesthesia. From individual recording electrodes, 100-s electroencephalography data were analyzed  post hoc  
only for the phases of maintenance anesthesia (shown in  red ) and emergence from general anesthesia (shown in  blue ).    
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default mode network and the frontoparietal network.  10 ,12,35    
Crucially, emergence from anesthesia is associated with res-
toration of functional connectivity between frontoparietal 
regions and subcortical regions.  36  

 Further evidence for the recon� guration of functional 
connectivity in adult anesthesia is evident in studies 
investigating alterations in graph-theoretic properties. At 
the local scale, previous studies have shown disruption 

 Fig. 2.      Power analysis for infants aged 0 to 3.9 months. ( A ) Median spectral power during maintenance anesthesia (end-tidal sevofl urane 
range, 1.8 to 2.5%) and emergence (end-tidal sevofl urane range, 0 to 0.3%); n = 20. ( B ) Power in the time domain during maintenance 
anesthesia and emergence for all infants.  Dots  represent mean values;  lines  show standard errors of the mean.    
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of highly connected regions located in the default mode 
network and frontoparietal networks.    37,38   At the meso and 
whole-brain scales,   α  -based electroencephalography net-
works in adults during propofol-induced anesthesia were 
shown to be more fragmented and less e�  cient.  17   Overall, 
  α  -oscillation functional connectivity in the anesthetized 
adult brain is less globally e�  cient and more segregated as 

a result of attenuated connectivity between higher-order 
networks.  

  Studies of Electroencephalography Functional 
Connectivity of the Infant Brain under General 
Anesthesia 

 However, there are few studies describing alterations of func-
tional connectivity in infants. Previous studies analyzing elec-
troencephalography power in infants less than 6 months of 
age showed no di� erence in power between anesthesia and 

 Fig. 3.      Sensor and source level functional connectivity differences during maintenance and emergence phases of sevofl urane general 
anesthesia in infants aged 0 to 3.9 months. ( A ) Statistically signifi cant connections between different sensors during maintenance anesthesia 
compared with emergence ( blue lines ). ( B ) Sagittal, coronal, and axial views of connections between regions of interest for which connectivity 
was decreased during maintenance anesthesia compared with emergence. Data comes from n = 20 infants from 100-s epochs. Anesthetic 
depth range end-tidal sevofl urane was 1.8 to 2.5%, and emergence end-tidal sevofl urane was 0 to 0.3%.    

 Table 2.      Brain Network Edges at the Sensor Level in 
the Form of Node i and Node j for Which Connectivity Was 
Signifi cantly Decreased when Comparing Anesthesia with 
Emergence Using the Network Based Statistic Toolbox Method  

  Node i    Node j     P  Value   

 FC2  FC1   <  0.001 
 FC2  Cz  0.0018 
 FC2  CP1  0.0052 
 FC2  CP2  0.0009 
 FC2  FC6  0.0056 

   The results were obtained using the Network Based Statistic Toolbox. The  t  test 
threshold was set to 3, the number of permutations was set to 5,000, and the 
 P  value threshold for the permutations was set to 0.05. The  P  values in the last 
column represent two-tailed statistical signifi cance of individual connections within 
the signifi cant network.   

 Table 3.      Brain Network Edges at the Sensor Level in 
the Form of Node i and Node j for Which Connectivity Was 
Signifi cantly Decreased When Comparing Anesthesia with 
Emergence Using the False Discovery Rate Method  

  Node i    Node j     P  Value   

 FC2  FC1   <  0.001 
 FC2  CP2   <  0.001 

   The results were obtained using the Network Based Statistic Toolbox. The number 
of permutations was set to 5,000, and the  P  value threshold for the permutations 
was set to 0.05. The  P  values in the last column represent two-tailed statistical 
signifi cance of individual connections.       
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emergence.    39,40   Previous studies showed that although   δ   power 
was prominent, there were no di� erences in   δ   power in infants 
0 to 3.9 months when comparing the awake state with anes-
thesia and between anesthesia and � rst body movement (a 
surrogate of emergence).  41   In addition, functional connectivity 
(coherence) between frontal electrodes was weak in   δ   frequen-
cies in infants 0 to 3.9 months compared with older infants.  11  

  A Mechanistic Explanation for Loss of Consciousness in 
the Infant Brain 

 We thus argue that power cannot discriminate between 
young infants ’  brain responses during anesthesia and brain 
responses during emergence. In contrast, graph-theoretic 
approaches can provide a holistic representation of how dif-
ferent parts of the brain integrate and how this integration 

 Table 4.      Brain Network Edges at the Source Level in the Form of Node i and Node j for Which Connectivity Was Signifi cantly Decreased 
When Comparing Anesthesia with Emergence Using the Network Based Statistic Toolbox Method  

  Node i    Node j     P  Value   

 Middle frontal gyrus left  Posterior orbital gyrus right  0.0051 
 Middle frontal gyrus left  Anterior temporal lobe medial part left  0.0049 
 Middle frontal gyrus left  Anterior temporal lobe lateral part left  0.0022 
 Middle frontal gyrus right  Superior parietal gyrus right  0.0042 
 Middle frontal gyrus right  Cuneus right  0.0045 
 Middle frontal gyrus right  Cingulate gyrus, posterior part right  0.0045 
 Precentral gyrus left  Postcentral gyrus left  0.0034 
 Precentral gyrus left  Cingulate gyrus, posterior part right  0.0063 
 Precentral gyrus right  Parahippocampal gyrus left  0.0071 
 Precentral gyrus right  Postcentral gyrus right  0.0061 
 Precentral gyrus right  Cingulate gyrus, posterior part right  0.0070 
 Straight gyrus right  Cingulate gyrus, posterior part right  0.0065 
 Inferior frontal gyrus right  Superior parietal gyrus right  0.0054 
 Inferior frontal gyrus right  Cingulate gyrus, posterior part right  0.0053 
 Superior frontal gyrus left  Lateral orbital gyrus right  0.0032 
 Superior frontal gyrus left  Posterior orbital gyrus right  0.0053 
 Superior frontal gyrus left  Anterior temporal lobe medial part left  0.0066 
 Superior frontal gyrus left  Anterior temporal lobe lateral part left  0.0063 
 Superior frontal gyrus left  Superior temporal gyrus, anterior part right  0.0048 
 Superior frontal gyrus right  Superior parietal gyrus left  0.0051 
 Superior frontal gyrus right  Superior parietal gyrus right  0.0028 
 Superior frontal gyrus right  Cingulate gyrus, posterior part right  0.0037 
 Posterior orbital gyrus right  Cingulate gyrus, anterior part left  0.0040 
 Posterior orbital gyrus right  Cingulate gyrus, posterior part left  0.0049 
 Posterior orbital gyrus right  Cingulate gyrus, posterior part right  0.0068 
 Anterior temporal lobe medial part left  Cingulate gyrus, posterior part right  0.0059 
 Anterior temporal lobe lateral part left  Posterior temporal lobe left  0.0060 
 Anterior temporal lobe lateral part left  Cingulate gyrus, posterior part right  0.0071 
 Parahippocampal gyrus left  Postcentral gyrus right  0.0056 
 Parahippocampal gyrus left  Cingulate gyrus, posterior part right  0.0045 
 Superior temporal gyrus, central left  Superior temporal gyrus, central right  0.0067 
 Superior temporal gyrus, central left  Remainder of the parietal lobe left  0.0044 
 Superior temporal gyrus, central left  Cingulate gyrus, posterior part right  0.0021 
 Superior temporal gyrus, central right  Medial and inferior temporal gyri left  0.0025 
 Superior temporal gyrus, central right  Postcentral gyrus right  0.0070 
 Superior temporal gyrus, central right  Cingulate gyrus, posterior part right  0.0033 
 Superior temporal gyrus, anterior part right  Superior parietal gyrus right   0.0019  
 Superior temporal gyrus, anterior part right  Cuneus right   0.0019  
 Superior temporal gyrus, anterior part right  Cingulate gyrus, posterior part right  0.0028 
 Medial and inferior temporal gyri left  Posterior temporal lobe left   0.0013  
 Medial and inferior temporal gyri left  Remainder of the parietal lobe left  0.0028 
 Medial and inferior temporal gyri left  Cingulate gyrus, posterior part right  0.0061 
 Medial and inferior temporal gyri right  Postcentral gyrus right  0.0067 
 Postcentral gyrus left  Cingulate gyrus, posterior part right   0.0017  
 Postcentral gyrus right  Remainder of the parietal lobe right  0.0036 
 Postcentral gyrus right  Cingulate gyrus, posterior part right   0.0010  
 Superior parietal gyrus left  Cingulate gyrus, anterior part right  0.0051 
 Cingulate gyrus, anterior part right  Cingulate gyrus, posterior part right  0.0055 

   The results were obtained using the Network Based Statistic Toolbox (NBS). The  t  test threshold was set to 3, the number of permutations was set to 5,000, and the  P  value threshold 
for the permutations was set to 0.05. The  P  values in the last column represent two-tailed statistical signifi cance of individual connections within the signifi cant network.  P  values  <  
0.002 are represented in bold type.   
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is a� ected by anesthesia.  9   Motivated by this, we asked 
whether   δ  -oscillation whole-brain connectivity would 
provide more information with respect to the infant brain 
dynamics. Our results showed that brain connectivity was 
less complex during anesthesia compared with emergence. 
Complexity is an aggregate measure of how connectivity is 
distributed across the brain. It captures the coexistence of 
hubs and other sparsely connected regions that, together, 
provide a balance between segregation and global inte-
gration.  21   Reduced complexity implies a more segregated 

con� guration that promotes local e�  ciency in communi-
cating information and inhibits global integration.  10   This 
result was corroborated at the meso scale where we found 
that infant brain networks during anesthesia were more 
segregated into clusters compared with emergence. 

 How does the shifting to a less complex brain network 
occur? In light of our � ndings at the local scale, it is possible that 
such shifting might take place because of reduction in connec-
tivity between default mode network and frontoparietal regions. 
Frontoparietal connectivity is modulated by anesthetic-induced 

 Table 5.      Brain Network Edges at the Source Level in the Form of (Node i, Node j) for Which Connectivity Was Signifi cantly Decreased 
When Comparing Anesthesia with Emergence Using the False Discovery Rate Method  

  Node i    Node j     P  Value   

 Superior temporally gyrus central left  Remainder of the parietal lobe left  0.0049 
 Postcentral gyrus left  Cingulate gyrus posterior part right  0.0010 

   The results were obtained using the Network Based Statistic Toolbox. The number of permutations was set to 5,000, and the  P  value threshold for the permutations was set to 0.05. 
The  P  values in the last column represent two-tailed statistical signifi cance of individual connections.       

 Fig. 4.      Sensor and source level   δ  -oscillation modularity during maintenance and emergence phases of sevofl urane general anesthesia in infants 
aged 0 to 3.9 months. ( A )   δ  -Oscillation modularity at the sensor level was increased when comparing maintenance anesthesia with emergence. ( B ) 
Similar results were observed at the source level. In the box plots,  thick lines  represent median values, and  whiskers  represent 1.5 times the inter-
quartile range.  Gray lines  indicate individual data. Data comes from n = 20 infants from 100-s epochs. The average anesthetic depth range end-
tidal sevofl urane was 1.8 to 2.5%, and emergence end-tidal sevofl urane was 0 to 0.3%.  *  P   <  0.05 using the two-tailed Wilcoxon signed rank test.    
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loss of consciousness.  36   In addition to its relationship with the 
anesthetic e� ect, frontoparietal connectivity is important for loss 
of consciousness because of its extensive connectivity to the rest 
of the brain.  37   We observed loss of connectivity in frontoparietal 
regions and distant parts of the brain, most notably the poste-
rior cingulate. In that regard, long-range connections are crucial 
in communicating information between distant regions, thus 
increasing global integration in the network. Speci� cally, long-
range connections from the posterior cingulate, a key region of 
the default mode network, to the frontoparietal regions have 
been deemed important in regulating communication in the 
whole brain allowing the cross-talk between di� erent special-
ized regions.  42   Therefore, it is possible that impairment of long-
range connections could be linked to loss of consciousness in 
the sense that their alteration causes the whole-brain network 
to become more disconnected.  10    

  The Role of   δ  -Oscillations in Loss of Consciousness 

 The results reported here were for   δ  -oscillations based on the 
limited range of oscillatory frequencies generated in the human 
infant brain in early postnatal development. There is no clear 

consensus as to how   δ  -oscillations are produced. They can be 
generated cortically  43   or from parts of the thalamus such as the 
thalamic reticular nucleus.  44   Electrophysiologic studies in adult 
rodents show that propofol-induced coherent   α  - and   δ  -os-
cillations develop rapidly at loss of consciousness, appearing 
to mediate the functional disruption of thalamus and cortex, 
and disappear in a spatiotemporal sequence during emergence 
from anesthesia.  45   However, their role in loss of consciousness 
in humans is still exploratory. Alterations in   δ  -oscillations have 
been shown in intracortical recordings in patients under propo-
fol-induced anesthesia.  46   In this study, it was conjectured that loss 
of consciousness would be associated with whole-brain network 
fragmentation, whereas local network structure would remain 
intact.  47   Toward this direction, we have provided evidence for 
  δ  -based whole-brain alterations in the infant brain with   δ  -based 
connectivity becoming less complex and more fragmented.  

  Clinical Implications for Brain Monitoring under 
Anesthesia 

 General anesthetics and hypnotic agents such as sevo� u-
rane, propofol, ketamine, and dexmedetomidine produce 

 Fig. 5.      Sensor and source level   δ  -oscillation complexity during maintenance and emergence phases of sevofl urane general anesthesia in 
infants aged 0 to 3.9 months. ( A )   δ  -Oscillation complexity at the sensor level was decreased when comparing anesthesia with emergence. ( B ) 
Similar results were observed at the source level. In the box plots, the  thick lines  represent median values, and  whiskers  represent 1.5 times 
the interquartile range.  Gray lines  indicate individual data. Data comes from n = 20 infants from 100-s epochs. The anesthesia end-tidal sevo-
fl urane was 1.8 to 2.5%, and the emergence end-tidal sevofl urane was 0 to 0.3%.  *  P   <  0.05 using the two-tailed Wilcoxon signed rank test.    
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stereotyped electroencephalography oscillations that relate 
fundamentally to neural circuit architecture and function 
in adults.  48   Spectral features of the electroencephalography 
can be used to monitor brain activity during anesthesia 
and guide anesthetic dosing. With respect to this, many 
academic publications, as well as proprietary algorithms 
used for Bispectral Index, SedLine, and other commercial 
monitors, place emphasis on frontal   α   spectral power to 
monitor the transitions into and recovery from anesthet-
ic-induced unconsciousness.  47   Previous studies from our 
group show an association of   α   power with an anesthetic 
state beginning around age 4 to 6 months.  11 ,13,49      However, 
infants 0 to 3.9 months of age show very little   α   power, 
with most of the overall power concentrated in the slow 
frequency range. In this age range, power spectra during a 
surgical state of anesthesia ( e.g ., sevo� urane concentration, 
1.8 to 2.5%) shows no discernible di� erence from power 
spectra around return of gross body movement (sevo� u-
rane concentration less than 0.4%), unlike in older infants 
and young children.  49   Conversely, studies of age depen-
dence of minimal alveolar concentration required to pre-
vent response to surgical incision have found very weak 
dependence on age, at least for 0 to 6 months of age.  50   It 
is therefore clinically relevant to determine whether, for 
infants 0 to 3.9 months of age undergoing surgery, more 
sophisticated electroencephalography analyses might dis-
tinguish features of brain function during a surgical state 
of anesthesia compared with emergence. 

 In that regard, combining our results with the literature 
in infants and adults shows that whole-brain connectivity 
and its properties at the respective dominant frequencies 
(for example   δ  -oscillations for infants and   α   oscillations 
for adults and infants) can discriminate between di� er-
ent levels of consciousness. In anesthetized infants, where 
power is indiscriminable between anesthesia and emer-
gence, a connectivity-based marker might assist periopera-
tively with monitoring anesthetic depth. With the increased 
sophistication of hardware and software technology for 
real-time electroencephalography monitoring of general 
anesthesia, it is now possible to perform spectral analysis 
of electroencephalography data online, thus paving the 
way for real-world application of electroencephalography 
network-based markers for monitoring infant anesthesia. 
Similar e� orts have begun to emerge in classifying patients 
with disorders of consciousness,    51,52   showing that electro-
encephalography connectivity can directly contribute to 
consciousness-level dependent brain monitoring.  

  Study Limitations and Constraints 

 It is possible that the observed electroencephalography 
features could have been confounded by systematic age-re-
lated di� erences in drug administration; further studies will 
need to address this e� ect. Although challenging to pursue 
because of the idiosyncratic nature of the experimental 
setup (anesthetic management was administered according 

to the anesthesiologist ’ s discretion, rather than in a con-
trolled, titrated fashion), there is a need for more detailed 
electroencephalography studies including controlled sevo-
� urane administration at a wider range of concentrations 
and over longer periods of time.    36,53   Limitations regard-
ing source reconstruction methods apply to this study  54  ; 
we attempted to alleviate these by focusing on cortical 
regions only and using age-matched templates to obtain 
realistic electrophysiologic models for brain activity in the 
infant head. Finally, the limited sample size and number 
of clean segments prevented us from further looking into 
individual variability across time and anesthetic concen-
trations; thus, our plan is to generalize the � ndings using 
a larger cohort.  

  Conclusions 

 General anesthetics modulate functional connectivity and 
reduce brain network integration. We showed that such a 
process takes place even in young infants where   δ   power is 
dominant. Thus connectivity can become an important tool 
for assessing anesthetic depth in the very young infant brain 
even in the absence of   α  -oscillations.  
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 Managing Pain for  “ Lady President ” : Mary Todd Lincoln ’ s 
Fall from Chair to Bath                 

 While living abroad, the former First Lady of the United States, Mrs. Mary Todd Lincoln (1818 to 1882) tried 
to realign a picture hanging in her parlor in Pau, France. Unfortunately, the chair that she was standing upon 
collapsed, throwing her against a table. Debilitated by the ensuing back pain, Mrs. Lincoln boarded a transatlan-
tic steamer back to New York City in October of 1880. There she was nearly crushed, emotionally and physi-
cally, by crowds rushing past her toward fellow passenger, actress Sarah Bernhardt. As the impoverished Mrs. 
Abraham Lincoln lingered in New York, waiting for congressional supplementation of her widow ’ s stipend, 
she enjoyed the generosity of Eli Peck Miller, M.D. (1828 to 1912), who boarded her at his  “ Miller ’ s Hotel. ”  
There the woman that  “ Honest Abe ”  had nicknamed  “ Lady President ”  found pain relief in the  “ Turkish, 
Electric, and Roman Baths ”  advertised ( above ) on Dr. Miller ’ s trade card. (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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 ABSTRACT 
  Background:     Nerve blocks improve early pain after ambulatory shoulder 
surgery; impact on postdischarge outcomes is poorly described. Our objective 
was to measure the association between nerve blocks and health system 
outcomes after ambulatory shoulder surgery.  

  Methods:     We conducted a population-based cohort study using linked 
administrative data from 118 hospitals in Ontario, Canada. Adults having elec-
tive ambulatory shoulder surgery (open or arthroscopic) from April 1, 2009, 
to December 31, 2016, were included. After validation of physician billing 
codes to identify nerve blocks, we used multilevel, multivariable regression 
to estimate the association of nerve blocks with a composite of unplanned 
admissions, emergency department visits, readmissions or death within 7 
days of surgery (primary outcome) and healthcare costs (secondary outcome). 
Neurology consultations and nerve conduction studies were measured as 
safety indicators.  

  Results:     We included 59,644 patients; blocks were placed in 31,073 
(52.1%). Billing codes accurately identifi ed blocks (positive likelihood ratio 
16.83, negative likelihood ratio 0.03). The composite outcome was not signifi -
cantly different in patients with a block compared with those without (2,808 
[9.0%]  vs . 3,424 [12.0%]; adjusted odds ratio 0.96; 95% CI 0.89 to 1.03; 
 P  = 0.243). Healthcare costs were greater with a block (adjusted ratio of means 
1.06; 95% CI 1.02 to 1.10; absolute increase  $ 325; 95% CI  $ 316 to  $ 333; 
 P  = 0.005). Prespecifi ed sensitivity analyses supported these results. Safety 
indicators were not different between groups.  

  Conclusions:     In ambulatory shoulder surgery, nerve blocks were not asso-
ciated with a signifi cant difference in adverse postoperative outcomes. Costs 
were statistically higher with a block, but this increase is not likely clinically 
relevant.   

 (ANESTHESIOLOGY  2019 ;  131 : 1254 – 63 )   

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   The use of peripheral nerve blocks after ambulatory shoulder sur-
gery is increasing   

•   While short-term pain control is improved by nerve blocks in this 
context, the relationship with postdischarge outcomes is unclear    

  What This Article Tells Us That Is New  

•   Peripheral nerve blocks are associated with a decrease in unplanned 
admissions after ambulatory shoulder surgery  

•   There is no associated improvement in other postoperative out-
comes such as emergency department visits, readmissions, mor-
tality, or costs     

 Peripheral Nerve Blocks 
for Ambulatory Shoulder 
Surgery    
 A Population-based Cohort Study of 
Outcomes and Resource Utilization      
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 Ambulatory surgeries are increasingly common.  1 , 2   
Compared to inpatient surgery, ambulatory surgery 

results in lower costs with similar safety.  3 , 4   However, despite 
low incidence of serious complications after ambulatory 
surgery,  5   more than 3% of patients require unplanned hos-
pital admission on the day of surgery,  6   and more than 10% 
of patients have an emergency department visit in the 30 
days after surgery.  7   Evidence suggest that more than 25% 
of unanticipated admissions after ambulatory surgery are 
attributable to anesthesiology care and interventions.  8   

 Variations in perioperative anesthesia care for shoulder 
surgery have been documented.  9   The majority of ambu-
latory shoulder surgeries are performed with general 
anesthesia, although there is wide variation in reported 
institutional practices regarding provision of peripheral 
nerve blocks (20 to 86%).  2 , 10   This may re� ect a lack of 
comparative e� ectiveness evidence to guide the choice 
of optimal perioperative management strategies.  11   Recent 
systematic reviews suggest that nerve blocks provide 
the highest degree of acute postoperative pain relief in 
ambulatory shoulder surgery patients; however, high-
quality evidence supporting a positive impact of regional 
anesthesia on longer-term outcomes is lacking.  12 – 14   
Population-based studies could help to address this lack 
of data; however, available studies are at risk of bias as they 
have used exposures and outcomes that have not been 
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previously validated, while postdischarge outcomes have 
not been comprehensively examined.  15 , 16   

 Therefore, after validation of a case-ascertainment algo-
rithm to identify nerve blocks in health administrative data 
(against a clinical reference standard), we hypothesized 
that receipt of a nerve block would reduce the odds of 
unplanned day of surgery admissions, emergency depart-
ment visits, hospital readmissions or deaths within 7 days 
of surgery (combined as a composite primary outcome). 
We further hypothesized that nerve blocks would decrease 
healthcare costs and would not increase the incidence of 
adverse neurologic issues requiring diagnostic testing or 
consultation. 

  Materials and Methods 

  Design and Setting 

 After ethics approval by the Ottawa Health Sciences 
Network Research Ethics Board, Ottawa, Canada (REB  # : 
20160800-01H), we conducted a population-based histor-
ical cohort study in Ontario, Canada, a province of more 
than 13 million people that provides universal health care 
coverage to all residents. Written informed consent was 
legally waived. The administration of Ontario ’ s universal 
health insurance plan produces population-based health 
administrative data that are collected using standardized dis-
ease classi� cations, procedural terminologies, and abstrac-
tion, which are stored at the Institute for Clinical Evaluative 
Sciences (IC/ES), Toronto, Canada, an independent research 
institute. The study period extended from April 2009 to 
December 2016. The start time was chosen to coincide 
with the introduction of a speci� c physician billing code 
in Ontario to identify the placement of continuous nerve 
catheters (this code was added in 2008; we elected to use a 
1-yr washout period after implementation to promote data 
consistency). The end time was the latest time at which all 
datasets were complete.  

  Data Sources 

 All data were linked deterministically using encrypted 
patient-speci� c identi� ers. Datasets used included the Same 
Day Surgery Database, which records all ambulatory surgi-
cal procedures performed ( i.e. , those with planned hospital 
stays of less than 24 h)   and present on admission diagnoses; 
the National Ambulatory Care Reporting System, which 
records all emergency department visits; the Discharge 
Abstract Database, which records all inpatient hospital 
admissions and present on admission diagnoses; the Ontario 
Health Insurance Plan database, which captures physician 
service claims; the Ontario Drug Bene� ts Database, which 
captures prescription drug claims for residents 65 yr and 
older; and the Registered Persons Database, which captures 
death dates for residents of Ontario. The analytic dataset 
was created by a trained data analyst independent from 

the study team. Because the analytic data were generated 
from data normally collected at the IC/ES, no further data 
processing was required. The analysis was performed by an 
independent analyst following an analysis plan prespeci� ed 
by the lead and senior author. The study protocol was reg-
istered at clinicaltrials.gov (NCT03544775), and the man-
uscript is reported per the Strengthening the Reporting of 
Observational Studies in Epidemiology and the REporting 
of studies Conducted using Observational Routinely-
collected health Data guidelines.  17 , 18    

  Cohort 

 We included Ontario residents, aged 18 yr and older, 
who underwent elective ambulatory shoulder surgery. 
Participants were identi� ed using the Same Day Surgery 
Database through application of previously studied 
Canadian Classi� cation of Interventions codes to identify 
the following shoulder surgeries: rotator cu�  repair, shoul-
der arthroplasty or joint repair, and other repair of shoul-
der muscles (see speci� c codes in Supplemental Digital 
Content, appendix 1,  http://links.lww.com/ALN/B993 ).  7   
We compiled a patient-level cohort by including only the 
� rst surgery for any participant in the study period.  

  Exposure 

 Our primary exposure was receipt of a nerve block. 
Before any outcome analysis, we validated the exposure 
de� nition by measuring the accuracy and validity of a 
case ascertainment algorithm to identify receipt of a nerve 
block in health administrative data (see full description in 
Supplemental Digital Content, appendix 2,  http://links.
lww.com/ALN/B993 ). Brie� y, our algorithm consisted 
of physician billing codes in Ontario Health Insurance 
Plan (G260-major plexus block, G060-major nerve block, 
G061-minor nerve block, or G279-percutaneous nerve 
block catheter for continuous infusion analgesia) com-
pared to a reference standard of nested clinical data from 
a single hospital linked to the IC/ES. Full validation is 
described in the Supplemental Digital Content, appen-
dix 2 ( http://links.lww.com/ALN/B993 ), but brie� y, we 
de� ned our reference standard from The Ottawa Hospital 
Data Warehouse, a peer-reviewed central data repository 
that stores a combination of administrative and clinical 
data for all patients cared for at The Ottawa Hospital, 
Ottawa, Canada, and includes all electronic anesthesia 
medical records (which are the medico-legal standard for 
anesthesia data collection). The validation data contained 
all adult ambulatory shoulder surgery patients at The 
Ottawa Hospital from January 2013 to December 2016. 
The algorithm was highly accurate (positive likelihood 
ratio 16.83, negative likelihood ratio 0.03; sensitivity 97%, 
speci� city 94%) for correctly identifying the true presence 
(or absence) of a nerve block. 
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 For our main outcome study we compared (1) no nerve 
block ( i.e ., no physician billing codes) to (2) nerve block 
( i.e. , presence of a nerve block billing code). We also identi-
� ed any patient who had a continuous catheter inserted to 
allow for a sensitivity analysis using the billing code G279.  

  Outcomes 

 Our primary outcome was a composite including (1) 
unplanned admissions on the day of surgery (from the 
Discharge Abstract Database), (2) postdischarge emergency 
department visits within 7 days of surgery (from National 
Ambulatory Care Reporting System), (3) readmission within 
7 days of surgery (from the Discharge Abstract Database), 
and (4) death from any cause (from the Registered Persons 
Database). We included mortality, even though it is a rare 
after ambulatory surgery, as it is a competing risk.  19   The most 
responsible diagnosis, as de� ned by the treating physician, 
for all emergency department visits was identi� ed. Our sec-
ondary outcome was total health system costs from the per-
spective of the payer ( i.e. , the Ontario Ministry of Health 
and Longterm Care, Toronto, Ontario, Canada), calculated 
from the day of surgery to 7 days after surgery. To calcu-
late these costs, we used standardized patient-level costing 
algorithms that include all direct health system costs ( i.e. , 
those directly attributable to the patient such as physician 
service claims, diagnostic and laboratory testing, pharmaceu-
ticals, equipment or medical devices, home care) as well as 
indirect costs ( i.e. , health system utilization of inpatient and 
outpatient hospital care, emergency care, inpatient rehabil-
itation, complex continuing care and long-term-care). The 
indirect costs are calculated by accounting for an individual ’ s 
resource intensity weight, case-mix group, and duration of 
care in each location. This approach does include the cost 
of surgery, but lacks the granularity to speci� cally account 
for materials used in the operating room (such as regional 
anesthesia supplies), although the fee paid to the anesthesi-
ologist for placing the block is included.  20   Costs incurred 
by the individual patient that are not covered by the health 
system ( e.g. , private physiotherapy, custom slings or braces, 
or opportunity costs such as missed time at work) are not 
included. Costs were standardized to 2016 Canadian dollars. 
We also evaluated the composite outcome and health system 
costs in the 30 days after surgery. 

 As an indicator of possible nerve injury or complica-
tion from the nerve block, we examined the rate of neu-
rology consults (Ontario Health Insurance Plan physician 
billing code A180-special neurology consultation, A/
C188-neurology partial assessment or concurrent care, or 
A/C385-neurology limited consultation) and nerve con-
duction studies (code G455-G456 – complete electromy-
ography study, both technical/professional component, or 
G466/G457 – limited electromyography study, both techni-
cal/professional component) in the 90 days after surgery. 
A time frame of 90 days was chosen to ensure late presen-
tations of peripheral nerve injuries would not be missed. 

Electromyography has improved diagnostic utility if per-
formed more than 3 weeks after injury, which may not have 
been captured if a shorter time frame was used.  21    

  Covariates 

 Patient demographics, comorbidities, and preoperative pat-
terns of healthcare resource use could confound the asso-
ciation between receipt of a nerve block and outcomes. 
Therefore, we collected detailed baseline data on all partic-
ipants: age (restricted cubic spline with � ve knots), gender 
(binary), rural residence (binary), neighborhood income 
quintile (� ve-level categorical), year of surgery (restricted 
cubic spline with three knots), validated chronic disease 
status for asthma  22   (binary), chronic obstructive pulmonary 
disease  23   (binary), diabetes mellitus  24   (binary), acute coro-
nary syndrome  25   (binary), heart failure  26   (binary) and hyper-
tension  27   (binary), all Elixhauser comorbidities (using a 3-yr 
lookback, each as a binary variable),  28   American Society of 
Anesthesiologists score (2 or lower  vs . 3 or higher), base-
line 1-yr mortality risk using the Johns Hopkins Adjusted 
Clinical Groups score (continuous linear; derived using 
Adjusted Diagnosis Groups  29   from each individuals ’  inpa-
tient and outpatient contact with the health system). The 
Johns Hopkins Adjusted Clinical Groups scores were then 
assigned points to produce a measure of baseline mor-
tality risk that has been validated across the full Ontario 
population (c-statistic 0.92, well-calibrated across the risk 
spectrum),  30   acute care hospitalization in the previous year 
(binary), emergency department visits in the previous year 
(categorical: 0, 1, 2 or greater); and predicted healthcare 
utilization based on the Johns Hopkins Adjusted Clinical 
Groups Resource Utilization Band (six-level categorical),  29   
which accounts for patterns of preoperative inpatient and 
outpatient health resource use. Last, all prescriptions for 
oral and transdermal opioids (short- and long-acting) were 
identi� ed from the Ontario Drug Bene� ts Database for all 
people older than 65 yr in the 6 months before surgery.  

  Data Analysis 

 The dataset was created, manipulated, and analyzed using 
SAS version 9.4 (SAS Institute, Cary, North Carolina). After 
reviewer feedback, absolute standardized di� erences were 
used to compare baseline characteristics between exposure 
groups instead of tests of signi� cance; values greater than 10 
are felt to represent substantial di� erences.  31   

 We calculated the unadjusted and adjusted association 
between nerve blocks and outcomes. Generalized linear 
mixed models (PROC GLIMMIX) were used to account 
for clustering of patients within hospitals (which was the 
highest level of hierarchy in our data)  32   using a random 
intercept term in all adjusted analyses. Dichotomous out-
comes (our primary outcome and its components, safety 
outcomes) were analyzed using logistic regression. Cost data, 
which are typically skewed, were analyzed using a gamma 
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distribution and a log link.  33   Adjusted di� erences in attrib-
utable costs were calculated by estimating the predicted 
adjusted cost from the log-gamma cost model, followed 
by creation of 1,000 bootstrap samples with replacement. 
We then calculated the median adjusted cost di� erence 
across the bootstrap samples as the e� ect size and CI using 
the percentile method.  34   All adjusted models included the 
variables listed in the Covariates section, plus a categorical 
variable for the speci� c type of shoulder surgery based on 
the type of surgery (three-level categorical) and a binary 
indicator for open  versus  arthroscopic approach (derived 
from the Canadian Classi� cation of Interventions code). All 
analyses were conducted using two-tailed hypothesis testing 
with a  P  value of less than 0.05 as statistically signi� cant. 
Adjustment for multiple testing was not speci� ed; however, 
a conservative adjustment for the fact that we had two main 
primary analyses ( i.e. , the composite outcome and costs), 
such as a Bonferroni corrected  P  value of 0.025, would not 
have changed the signi� cance threshold interpretation for 
either result.  

  Sensitivity Analyses 

 We performed several prespeci� ed sensitivity analyses to 
test the robustness of our primary analysis. First, we recal-
culated the adjusted associations for our primary outcome 
restricting the cohort to people older than 65 yr to evaluate 
whether addition of preoperative opioid drug data impacted 
our estimated associations. Next, we tested whether our 
choice of analytic approach impacted our primary � ndings. 
We used a nonparsimonious logistic regression model to 
assign a propensity score for receipt of a nerve block to each 
person based on covariates used in the primary analysis. We 
then matched patients who received a nerve block one-to-
one without replacement exactly on the index hospital (to 
account for clustering), and then using a greedy matching 
algorithm based on a caliper width of 0.2 times the logit 
of the SD of the propensity score. Within this propensity 
score matched cohort, we estimated the impact of nerve 
blocks on the primary outcome. Finally, to assess the impact 
of catheters, we reran our primary analysis, but speci� ed 
our independent variable as a three-level categorical vari-
able (no nerve block, nerve block only, nerve block plus 
catheter).  

   Post Hoc  Subgroup Analyses 

 After protocol registration, we identi� ed that there could 
be e� ect modi� cation based on (1) the type of surgery per-
formed (shoulder arthroplasty or joint repair  vs . rotator cu�  
repair), and (2) surgery being performed before, or after, 
2014 (as in 2014, two key systematic reviews of dexameth-
asone prolonging duration of brachial plexus blocks were 
published  35 , 36  ). To test for e� ect modi� cation, we added 
a multiplicative interaction term to our primary multi-
level multivariable model to test whether the interaction 

between nerve block and procedure, or nerve block and 
time period, was signi� cant ( P   <  0.05).  

  Reviewer-requested Sensitivity Analyses 

 During peer review, the following  post hoc  sensitivity anal-
yses were requested: (1) excluding data from 2009 when 
utilization of nerve blocks was substantially lower, (2) provid-
ing an adjusted cost di� erence, (3) adjusting for procedural 
risk using the full Canadian Classi� cation of Interventions 
code, (4) adjusting for hospital-level variation using hospital 
identi� er as a categorical � xed e� ect, (5) adjusting for the 
Johns Hopkins Adjusted Clinical Groups score as a � ve-knot 
restricted cubic spline, and (6) rerunning our cost analysis 
after subtracting the physician billing cost of the block (esti-
mated at  $ 60 of anesthesia time plus  $ 80 for G260,  $ 55 for 
G060,  $ 30 for G061,  $ 80 G279). The methods employed and 
results of these analyses are provided in Supplemental Digital 
Content, appendix 4 ( http://links.lww.com/ALN/B993 ).  

  Sample Size 

 This was a population-based cohort, so all eligible partici-
pants were included. With more than 6,000 outcomes, we 
conservatively had 600   degrees of freedom to support logis-
tic regression modeling.  37   We did not prespecify a clinically 
important di� erence in the primary outcome.  

  Missing Data 

 Main outcome and exposure variables were complete for 
all participants.   

  Results 
 We identi� ed 59,644 people who underwent shoulder 
surgery in Ontario from January 2009 to December 2016 
( � g.    1)   at one of 118 di� erent hospitals. Overall, nerve 
blocks were placed in 31,073 patients (52.1%), 1,508 (4.9%) 
of which were catheters. In the � rst year of the study, 626 
of 6,487 (9.7%) of patients received a nerve block for their 
shoulder surgery; subsequent years had an increasingly 
greater proportion of patients who received a nerve block 
( � g.   2)  . Patient characteristics are described in  table   1  .    

 In the total cohort, 6,234 of 59,644 (10.4%) experienced 
the primary outcome (no patients died in the 30 days after 
surgery). Speci� cally, 4.9% of patients had an unplanned 
admission after their surgery, 0.3% of patients were read-
mitted to the hospital within 7 days of their surgery, and 
5.9% of patients were seen in the emergency department 
within 7 days of their surgery. 

  Primary Outcome 

 Of people with a nerve block, 2,808 of 31,073 patients (9.0%) 
had an admission, readmission, or emergency department visit 
within 7 days of surgery compared to 3,424 of 28,571 patients 
(12.0%) without a nerve block (unadjusted odds ratio 0.73; 
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95% CI 0.69 to 0.77;  P   <  0.0001). After multilevel, multivari-
able adjustment, no signi� cant di� erence remained (odds ratio 
0.96; 95% CI 0.89 to 1.03;  P  = 0.243). The fully speci� ed 
model is provided in Supplemental Digital Content, appen-
dix 3 ( http://links.lww.com/ALN/B993 ), including the cal-
ibration plot, which demonstrated good agreement between 
observed and expected outcomes across the risk spectrum. 

 When evaluating the individual components of the 
composite outcome, there was a signi� cant adjusted 
decrease in unplanned admissions for patients with a nerve 
block (adjusted odds ratio 0.88; 95% CI 0.79 to 0.98; 
 P  = 0.020). There was no signi� cant adjusted di� erence in 

readmissions or emergency department visits within 7 days 
between the two groups, although the directional associ-
ations for these postdischarge associations did not favor 
nerve blocks ( table   2  ).  Table   3   describes the most common 

 Fig. 1.      Flow diagram depicting the creation of the analytical 
dataset.    

 Fig. 2.      Graph displaying the number of peripheral nerve blocks 
placed by year of study.    

 Table 1.      Characteristics of the Study Cohort  

     
 No PNB 

(n = 28,571)   
 PNB 

(n = 31,073)    ASD   

 Demographics          
    Age, yr, mean  ±  SD  51  ±  13  52  ±  12  8.0 
    Female, %  32.7  33.9  0.9 
    Rural, %  18.7  13.0  10.7 
    Neighborhood income quintile, 

median (IQR) 
 3 (4 – 2)  3 (4 – 2)  0.0 

 Surgery type, %          
     Shoulder arthroplasty or joint repair  40.8  36.5  2.0 
     Rotator cuff repair  58.0  63.1  2.2 
     Other shoulder repair  1.2  0.4  8.9 
 Surgical approach, %        5.1 
    Arthroscopic  71.1  75.9    
    Open  28.9  24.1    
 Healthcare resource use, %          
    Hospitalization in the last year  5.8  4.9  3.6 
    Emergency department visit 

in the last year 
 43.9  39.2  1.6 

 Comorbidities          
    ACG score, mean  ±  SD  8  ±  3  8  ±  3  0.0 
    ASA score,  <  3  68.7  64.3  3.1 
    Cerebrovascular disease, %  0.3  0.3  0.0 
    Chronic renal disease, %  0.2  0.1  2.6 
    Dialysis, %  0.1  0.1  0.0 
    Dementia, %  0  0  N/A 
    Primary malignancy, %  0.7  0.7  0.0 
    Metastatic solid tumor, %  0.1  0.0  4.5 
    Peripheral vascular disease, %  0.2  0.2  0.0 
    History of peptic ulcer disease, %  0.2  0.1  2.6 
    Liver disease, %  0.1  0.1  0.0 
    Rheumatologic disease, %  0.2  0.1  2.6 
    Hemiplegia or paraplegia, %  0.1  0.0  4.5 
    Atrial arrhythmia, %  0.4  0.4  0.0 
    History of venous 

thromboembolism, % 
 0.1  0.1  0.0 

    History of heart failure, %  1.3  1.2  0.9 
    History of hypertension, %  33.6  36.0  1.5 
    History of diabetes mellitus, %  14.7  15.6  1.8 
    Chronic obstructive pulmonary 

disease, % 
 12.3  12.2  0.2 

    Asthma, %  17.8  18.2  0.7 
    Myocardial infarction, %  1.5  1.6  0.8 
    Cardiac valvular disease, %  0.1  0.1  0.0 
    Disease of the pulmonary 

circulation, % 
 0.1  0.1  0.0 

    Coagulopathy, %  0.1  0.1  0.0 
    Obesity, %  0.5  0.6  1.3 
    Weight loss, %  0.1  0.0  4.5 
    Blood loss anemia, %  0.5  0.6  1.3 
    Defi ciency anemia, %  0.0  0.0  N/A 
    Alcohol abuse, %  0.4  0.3  1.7 
    Drug abuse, %  0.2  0.1  2.6 
    Psychosis, %  0.0  0.0  N/A 
    Depression, %  0.4  0.4  0.0 

   ACG, Johns Hopkins Adjusted Clinical Groups score; ASD, adjusted standardized dif-
ference; ASA, American Society of Anesthesiologists; IQR, interquartile range; N/A, 
not applicable; PNB, peripheral nerve block.    
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physician-assigned primary diagnoses for patients who pre-
sented to the emergency department. When the primary 
outcome was measured over the 30 days after surgery, � nd-
ings were similar to the 7-day outcomes ( table   2 ).    

  Secondary Outcomes 

 Before adjustment, health system costs on the day of sur-
gery to 7 days after surgery were signi� cantly higher with 
a nerve block (median cost with a nerve block  $ 4,681  vs . 
 $ 4,391 without; ratio of means 1.07; 95% CI 1.07 to 1.07; 
 P   <  0.0001). After multilevel multivariable adjustment, 
costs remained signi� cantly higher in those who received 
a nerve block (ratio of means 1.06; 95% CI 1.02 to 1.10; 
 P  = 0.005). We found  $ 325 (95% CI  $ 316 to  $ 333) in 
excess health system costs attributable to provision of a 
nerve block. A similar cost di� erence was seen with the 

30-day cost data (median cost with a nerve block  $ 4,840  vs . 
 $ 4,528 without; adjusted ratio of means 1.06; 95% CI 1.02 
to 1.10;  P  = 0.007). 

 Evaluating safety indicators between the receipt of a 
nerve block  versus  no nerve block, we found that there were 
no di� erences in the odds of either neurology consultations 
(adjusted odds ratio 1.04; 95% CI 0.71 to 1.53;  P  = 0.839) 
or nerve conduction studies in the 90 days after surgery 
(adjusted odds ratio 1.02; 95% CI 0.84 to 1.24;  P  = 0.834).  

  Sensitivity Analyses 

 In people more than 65 yr of age (n = 8,653 or 15% of total 
cohort), for whom we could add additional adjustment for 
receipt of preoperative opioids, there was no di� erence in 
the adjusted odds of the composite outcome between nerve 
blocks compared to those without a nerve block (adjusted 
odds ratio 0.87; 95% CI 0.75 to 1.03;  P  = 0.110). 

 The propensity score analysis resulted in successful match-
ing of 12,699 people with a nerve block to 12,699 people 
without (42.6% of total cohort; characteristics in Supplemental 
Digital Content, appendix 5,  http://links.lww.com/ALN/
B993 ). The presence of a nerve block was not associated with 
a di� erence in the composite outcome at 7 days (10.8%) 
compared with those without a nerve block (10.5%; adjusted 
odds ratio 1.04; 95% CI 0.95 to 1.13;  P  = 0.382). 

 When we compared no nerve block (reference cate-
gory)  versus  nerve block with no catheter  versus  nerve block 
with a catheter, the presence of a catheter was associated 
with a signi� cant increase in the adjusted odds of the 7-day 

 Table 2.      Association of Peripheral Nerve Blocks with Outcomes in Ambulatory Shoulder Surgery (Primary and Secondary)  

      No PNB    PNB   

 Unadjusted  
Relative Effect *  

(95% CI)     P  Value   

 Adjusted  †  Relative 
Effect  ‡  

(95% CI)     P  Value   

 Primary analysis  n = 28,571  n = 31,073             
    Composite outcome (7 days), n (%)  3,424 (12.0)  2,808 (9.0)  0.73 (0.69 – 0.77)   <  0.0001  0.96 (0.89 – 1.03)  0.243 
     Unplanned admission §  , n (%)  1,784 (6.2)  1,132 (3.6)  0.57 (0.53 – 0.61)   <  0.0001  0.88 (0.79 – 0.98)  0.020 ║  
     Readmission within 7 days, n (%)  85 (0.3)  98 (0.3)  1.06 (0.79 – 1.42)  0.693  1.00 (0.73 – 1.39)  0.987 
     ED visits within 7 days, n (%)  1,779 (6.2)  1,732 (5.6)  0.89 (0.83 – 0.95)   <  0.001  1.02 (0.94 – 1.12)  0.583 
 Secondary analysis                   
    Composite outcome (30 days), n (%)  4,400 (15.4)  3,754 (12.1)  0.76 (0.72 – 0.79)   <  0.0001  0.95 (0.89 – 1.02)  0.137 
     Unplanned admission§  , n (%)  1,784 (6.2)  1,132 (3.6)  0.57 (0.52 – 0.61)   <  0.0001  0.88 (0.79 – 0.98)  0.020 ║  
     Readmission within 30 days, n (%)  229 (0.8)  207 (0.7)  0.83 (0.69 – 1.00)  0.053  1.00 (0.73 – 1.39)  0.987 
     ED visits within 30 days, n (%)  2,837 (9.9)  2,727 (8.8)  0.87 (0.83 – 0.92)   <  0.0001  1.00 (0.93 – 1.07)  0.983 
    Cost after surgery  ‡   (7 days)  4,391 (3,910 – 4,836)  4,681 (4,337 – 5,066)  1.07 (1.07 – 1.07)§     <  0.0001  1.06 (1.02 – 1.10)§    0.005 ║  
    Cost after surgery  ‡       (30 days)  4,528 (4,014 – 5,019)  4,840 (4,451 – 5,258)  1.07 (1.07 – 1.08)§     <  0.0001  1.06 (1.02 – 1.10)§    0.007 ║  
    Neurology consultations in the 90 days after 

surgery 
 74 (0.3)  92 (0.3)  1.14 (0.84 – 1.55)  0.391  1.04 (0.71 – 1.53)  0.839 

    Nerve conduction studies in the 90 days after 
surgery 

 235 (0.8)  274 (0.9)  1.07 (0.9 – 1.28)  0.432  1.02 (0.84 – 1.24)  0.834 

Weighted frequencies of outcomes for the “No PNB” group are presented.
    * All relative effect measures represent odds ratios, except for costs which are ratios of means.  † Variables included in the model include patient demographics, surgery location, surgery 
type, healthcare resource use, and comorbidities as outlined in  table   1 . ‡        Cost after surgery includes the day of surgery costs.  § Unplanned admission refers to admission on the day of 
surgery only.  ║    P  < 0.05 is statistically signifi cant.  
  ED, emergency department; PNB, peripheral nerve block.   

 Table 3.      Most Common Etiologies of Unplanned Admissions 
and ED Visits within 7 Days of Surgery  

 Etiology of ED Visits      
 No PNB (n = 28,571)   

 n (%) 
 PNB (n = 31,073)   

 n (%) 

 Acute pain  302 (1.1)  434 (1.4) 
 Surgical dressing or suture  168 (0.6)  102 (0.3) 
 Bleeding  94 (0.3)  69 (0.2) 
 Pain in joint  50 (0.2)  68 (0.2) 
 Urinary retention  76 (0.3)  64 (0.2) 

   ED, emergency department; PNB, peripheral nerve block.   
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composite outcome (odds ratio 1.92; 95% CI 1.55 to 2.38; 
 P   <  0.0001) compared to no nerve block; there was no 
di� erence in the adjusted odds of composite outcome 
between no nerve block and nerve blocks without a cathe-
ter (odds ratio 0.93; 95% CI 0.87 to 1.00;  P  = 0.059).  

  Subgroup Analyses 

 There was no evidence of signi� cant e� ect modi� cation 
on the multiplicative scale between nerve block receipt and 
surgery type ( P  = 0.067), or nerve block and time period 
( P  = 0.314).  

  Reviewer-requested Sensitivity Analyses 

 Results of the requested analyses are provided in 
Supplemental Digital Content, appendix 4 ( http://links.
lww.com/ALN/B993 ). No substantive changes in our 
results were identi� ed for the primary composite outcome 
or 7-day health system costs. The association of increased 
costs persisted (although attenuated) after subtracting phy-
sician billing charges for block placement (ratio of means 
1.03; 95% CI 1.03 to 1.04;  P   <  0.001).   

  Discussion 
 In this retrospective study examining nerve blocks in ambu-
latory shoulder surgery, there was no association between 
nerve blocks (measured using validated billing codes) and 
the composite outcome of unplanned admissions or read-
missions, emergency department visits, or death within 7 
days. These data suggest that the early bene� ts of decreased 
pain scores with nerve blocks, proven in randomized trials, 
may not translate into postdischarge health system bene-
� ts. Additionally, nerve blocks were associated with a  $ 325 
increase in health system costs up to 7 postoperative days; 
however, despite statistical signi� cance, this may not be 
clinically signi� cant. These � ndings suggest that pragmatic 
randomized trials focused on postdischarge patient-re-
ported outcomes, and evaluation of processes, are needed to 
help extend the early bene� ts of nerve blocks into the post-
discharge phase and to address important knowledge gaps 
around nerve block use in ambulatory shoulder surgery. 

 Two previous studies using administrative data have 
attempted to address health system outcomes associated 
with nerve blocks for shoulder surgery.  15 , 16   However, both 
studies had signi� cant limitations. Importantly, both lacked 
a validated exposure measure ( i.e. , manner to identify 
true receipt or nonreceipt of a nerve block). This can bias 
results,  38 , 39   as misclassi� cation bias can improperly catego-
rize patients as having had, or not had, a given exposure in 
unpredictable ways.  39   Furthermore, the study by Danninger 
 et al .  15   of rotator cu�  repairs, which found nerve blocks to 
be associated with decreased day of surgery admissions, was 
limited to outcomes happening up to the time of hospi-
tal discharge and did not specify whether surgeries were 
planned as ambulatory or inpatient cases (which could 

also misclassify their outcome variable). Ding  et al .  16   found 
nerve blocks used in the absence of general anesthesia to 
be associated with decreased rates of 90-day readmissions 
compared to general anesthesia (with or without a nerve 
block). As the study was limited by grouping all people who 
received general anesthesia (including those with a nerve 
block) in a single level, outcome di� erences may not be due 
to the nerve block altering postoperative pain, but rather 
an avoidance of general anesthesia. Furthermore, causally 
relating a block on the day of surgery to 90-day readmis-
sions may be di�  cult. In contrast, we used a validated nerve 
block exposure and collected data on a combination of key 
health system outcomes from surgery to postoperative day 
7. Importantly, we captured emergency department vis-
its, which are common after ambulatory surgery but not 
routinely studied. Using this robust approach, we found no 
di� erence associated with receipt of a nerve block and a 
combination of unplanned admissions, emergency depart-
ment visits, hospital readmissions, or deaths. 

 While using a composite outcome allowed us to assess a 
combination of pertinent outcomes in a manner relevant to 
patients and the health system, the individual components 
of the composite outcome warrant closer examination. 
Unplanned day of surgery admissions were signi� cantly 
lower in the nerve block group, which is consistent with 
the trial data demonstrating improved early pain con-
trol and shorter postanesthesia care unit stays with nerve 
blocks.  13   However, this early bene� t did not impact post-
discharge outcomes, as emergency department visits and 
readmissions did not di� er between groups. The reasons for 
emergency department visits may provide some insight into 
this � nding. In the nerve block group, acute pain was more 
common as the primary emergency department diagnosis 
( table   3 ). This could re� ect rebound pain, a phenomenon in 
which profound initial analgesia from a block leads to inad-
equate oral analgesic consumption as the block wears o� .  40   
These � ndings could inform a possible prevention strategy 
focusing on greater patient education or process optimiza-
tion around systemic analgesia as nerve blocks wear o� . In 
people without a block, emergency department diagnoses 
were more commonly related to surgical issues, which is 
consistent with previous research.  41   Across both nerve block 
and no nerve block groups, it is also important to note that 
approximately 6% of adults having ambulatory shoulder 
surgery return to the emergency department or are read-
mitted to hospital within 7 days. 

 Our sensitivity analyses also provide insights into the rela-
tionship between nerve blocks and outcomes. As indication 
and confounding bias are also important considerations in 
database research,  39   we assessed whether a propensity score 
match (as opposed to our regression model) would lead to 
di� ering results (as matching allows one to estimate the 
e� ect of an intervention in the section of the population that 
is most comparable at baseline, whereas regression provides 
an estimate of what would happen if the whole population 
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switched from no block to a block).  42   However, the results 
were similar (no signi� cant di� erence associated with nerve 
blocks). Unmeasured confounders can also bias results, and 
in the case of nerve blocks, baseline chronic pain could in� u-
ence both receipt of a nerve block and risk of an adverse 
outcome. However, in those older than 65 yr, where pre-
scription opioid data was available, again we found no pri-
mary outcome di� erence. Finally, as an exploratory analysis, 
we compared no block with isolated blocks or blocks with a 
catheter. While we found that receipt of a catheter was asso-
ciated with a 92% relative increase in the odds of unplanned 
admissions, readmissions, or emergency department visits, 
caution is needed in interpreting the result of a secondary 
analysis. There is little published evidence regarding post-
discharge outcomes with catheters  versus  single shot nerve 
blocks.  43   This � nding could re� ect complications speci� c to 
the catheter, or patient uncertainty associated with contin-
uous catheters. Unmeasured confounding may contribute 
to this e� ect size; however, using the E-value  44   to estimate 
how strong a missing variable would need to be to explain 
away the measured e� ect suggests that this is unlikely (we 
estimate that a missing variable would need to have an odds 
ratio of 3.25 to decrease the association between catheters 
and adverse outcomes to no e� ect). 

 Finally, our analysis also addressed the association of 
nerve blocks with health system costs and safety indica-
tors. We found a statistically signi� cant association between 
nerve blocks and a small increase in health system costs on 
the day of surgery to 7 days afterward (approximately  $ 325). 
Some of this cost is attributable to the cost of the physician 
service in placing the block and the additional anesthesia 
care time (in Ontario, anesthesiologists are fee-for-service 
and bill for speci� c procedures as well as time-based bill-
ing); however, even after accounting for these charges, a 3% 
relative increase in costs remained. Whether these costs rep-
resent a clinically important increase is questionable. For 
example, one must consider whether this increased cost 
may still represent value in providing a nerve block. While 
we were unable to identify any valuation data speci� c to 
pain avoidance after ambulatory surgery, avoiding postop-
erative pain has been identi� ed as the third highest priority 
outcome for patients after surgery, and chronic pain patients 
have identi� ed that they would be willing to pay  $ 56 to 
 $ 145 per day to avoid pain; therefore, the higher cost asso-
ciated with nerve block placement may well provide value 
at the patient level.  45 – 47   In terms of safety, we are not aware 
of validated means to identify nerve injuries in administra-
tive data; however, we did not � nd any di� erences between 
groups in the number of neurologic consultations or nerve 
conduction studies in the 90 days after surgery. While this 
outcome can only be considered a proxy for true nerve 
injury, it is important to note that there was no strong sig-
nal that nerve blocks were associated with increased nerve 
injuries signi� cant enough to require specialist consultation 
of diagnostic testing. 

  Limitations 

 Our � ndings are at risk of several types of bias. First, there 
is risk of misclassi� cation bias. We validated our exposure 
to con� rm that blocks were accurately identi� ed, but only 
know that a block was placed, not how well it worked. 
Therefore, our � ndings re� ect a pragmatic approach as 
opposed to an explanatory study.  48   Confounding bias may 
in� uence receipt of speci� c interventions and outcomes; 
if unmeasured confounders led to higher risk of adverse 
events and increased likelihood of a block, our � ndings 
would be biased to the null. However, we controlled for 
prespeci� ed confounders, and results were consistent across 
all analyses that were prespeci� ed in our protocol. We were 
unable to measure patient-reported outcomes such as qual-
ity of life, quality of recovery, experience/satisfaction, or 
return to work. Our � ndings do not preclude bene� t, as 
our 95% CI included values below the null value; however, 
despite a large sample, we found no statistically signi� cant 
impact. Cost were captured at the health system level, but 
were not adequately granular to capture operating room 
supplies, and partly rely on indirect techniques that could 
be associated with estimation error. We did not have specif-
ics of each nerve block technique ( e.g ., ultrasound  vs . land-
mark, dose or type of local anesthetic or additives) that may 
impact nerve block e�  cacy. Findings may not generalize to 
all jurisdictions.  

  Implications 

 Receipt of a nerve block for ambulatory shoulder surgery 
was not associated with a di� erence in unplanned admis-
sions, emergency department visits, readmissions, or deaths 
in the 7 days after surgery; unplanned admission rates were 
lower in the presence of a nerve block. Pragmatic ran-
domized trials powered for patient-centered postdischarge 
outcomes, as well as process evaluation, are needed to 
understand how the early bene� ts of blocks may extend 
after discharge and to fully inform anesthetic care.  
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 ABSTRACT 
  Background:     Perioperative controlled substance diversion and tracking 
have received increased regulatory focus throughout the United States. The 
authors ’  institution developed and implemented an automated web-based 
software application for perioperative controlled substance management. The 
authors hypothesized that implementation of such a system reduces errors as 
measured by missing controlled substance medications, missing controlled 
substance kits (a package of multiple controlled substance medications), and 
missing witness signatures during kit return.  

  Methods:     From December 1,  2014 to March 31,  2017, the authors 
obtained missing controlled substance medication, controlled substance kit, 
and witness return signature data during the preimplementation, implemen-
tation, and study period of the controlled substance management application 
at a single university hospital. This before and after study was based on a QI 
project at the authors ’  institution. The authors included all cases requiring 
anesthesia services. The primary outcome of this study was the rate of miss-
ing controlled substance medications. Secondary outcomes included rates for 
kits not returned to pharmacy and missing kit return witness signatures.  

  Results:     There were 54,302 cases during the preimplementation period, 
57,670 cases during the implementation period, and 65,911 cases during 
the study period. The number of missing controlled substance medication (dif-
ference 0.7 per 1,000 cases; 95% CI, 0.38 – 1.02;  P  <   0.001) and kit return 
errors (difference 0.45 per 1,000 cases; 95% CI, 0.24 – 0.66,  P  <   0.001) 
declined after implementation of the application. There was no difference in 
the number of missing witness return signatures (difference 0.09 per 1,000 
cases; 95% CI, −0.08 to 0.26    ,  P =  0.350). A user survey with 206 of 485 
(42%) response rate demonstrated that providers believed the new application 
managed controlled substances better than the previous system.  

  Conclusions:     A software application that tracks perioperative controlled 
substance kits with deep integration into the electronic health record and 
pharmacy systems is associated with a decrease in management errors.   

 (ANESTHESIOLOGY  2019 ;  131 : 1264 – 75 )   

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Controlled substance diversion and tracking have received 
increased regulatory focus in a perioperative setting in the United 
States. Although an automated web-based software application for 
management has the potential to reduce errors, little data are avail-
able to support its use.    

  What This Article Tells Us That Is New  

•   In a large number of patients studied, a software application that 
tracks perioperative controlled substance use that is integrated into 
the electronic health and pharmacy records and database systems 
is associated with a decrease in management errors.     

 An Automated Software 
Application Reduces 
Controlled Substance 
Discrepancies in 
Perioperative Areas         
    Nirav     Shah    ,   M.D.    ,       Anik     Sinha    ,   M.S.    ,       Aleda     Thompson    ,   M.S.    , 
      Kevin     Tremper    ,   Ph.D., M.D.    ,       Arjun     Meka    ,   M.D    .,   
    Sachin     Kheterpal    ,   M.D., M.B.A.      

 ANESTHESIOLOGY  2019 ;  131 : 1264 – 75  

Part of the work presented in this article has been    presented at the American Society of Anesthesiologists Annual Meeting, Boston, Massachusetts, October 3, 2017.  

    Submitted for publication October 8, 2018. Accepted for publication July 17, 2019. From the Department of Anesthesiology, University of Michigan, Ann Arbor, Michigan.    

 Copyright  ©  2019, the American Society of Anesthesiologists, Inc. All Rights Reserved.  Anesthesiology  2019 ;  131 : 1264 – 75     . DOI:   10.1097/ALN.0000000000002957   

 Controlled substance diversion and tracking have 
received increased regulatory focus throughout the 

United States, in part because of the opioid epidemic. 
Within our hospitals, e� orts to address this focus include 
many changes to clinical practice and provider work� ow 
to decrease the risk of controlled substance diversion and 
reduce errors in controlled substance handling. Perioperative 
care areas have not been spared from these changes, with the 
management of controlled substances in the perioperative 
environment coming under increasing scrutiny. Regulatory 
groups such as The Joint Commission (Oakbrook Terrace, 
Illinois) and federal agencies such as the Drug Enforcement 
Administration (Spring� eld, Virginia)  are reviewing how 
anesthesia providers manage the large amounts of con-
trolled substances are administered to our patients. These 
entities are interested in ensuring that  1  :  

  1.     Chain of custody of a controlled substance is maintained 
from the time it enters a hospital to the time it is either 
administered or disposed.  

  2.     Documentation practices are accurate and auditable.  
  3.     Controlled substance documentation in the anesthesia 

record matches documentation used to manage its dis-
pensing and return.  

  4.     Witnessing and wasting is performed according to hos-
pital policy and tracked.  

  5.     Discrepancies are reviewed systematically and integrated 
into diversion monitoring systems.   

 The lack of robust systems to allow providers to metic-
ulously track controlled substances could increase the 

                                   

2019

ALNV131N06_Text.indb   1264 31-Oct-19   8:28:28 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



 Anesthesiology 2019; 131:1264–75 1265

 Automated Controlled Substance Tool Reduces Errors

 Shah  et al. 

perception that anesthesia providers may be too casual in 
how they handle controlled substances, a perception sup-
ported by the high rate of controlled substance abuse by 
anesthesia providers.  2 , 3   Our institution experienced issues 
with both diversion as well as inadequate tracking of con-
trolled substances. Commercially available automated 
anesthesia drug carts have software to manage controlled 
substances, but are currently not well integrated with anes-
thesia information systems resulting in published reports 
of controlled substance reconciliation error rates of greater 
than 5%.  4 , 5   These systems are unable to provide true real-
time noti� cations on potential controlled substance man-
agement errors, which are essential for timely resolution of 
management issues. Although  post hoc  controlled substance 
dispensing surveillance systems have been described and 
evaluated in the literature, there are no data regarding accu-
racy (or quality) of point-of-care real-time perioperative 
controlled substance management tools.  4   Our institution 
responded to inadequate controlled substance tracking by 
developing a new software application that addressed the 
entire perioperative controlled substance management pro-
cess by integrating both pharmacy and anesthesia systems 
and enabling real-time error resolution. 

 We tested the hypothesis that implementation of such an 
application is associated with a reduction in management 
errors of an individual controlled substance medication or a 
package of multiple controlled substance medications used 
for one or more patients (sometimes known as a kit). 

  Materials and Methods 
 The authors followed the Enhancing the Quality and 
Transparency of Health Research Standards for Quality 
Improvement Reporting Excellence 2.0 guidelines in the 
development and structure of this manuscript.  6   

 A notice of   “ not regulated status ”  (HUM00141108) was 
received from the Institutional Review Board (University of 
Michigan Medical School, Ann Arbor, Michigan) for analysis 
of data from a quality improvement project.  7   The protocol 
for this quality improvement study was prespeci� ed and pre-
sented at our departmental anesthesia clinical research com-
mittee before data extraction and after receiving Institutional 
Review Board determination of   “ not regulated status. ”  

  Context 

 The studied institution is a large, academic, tertiary care 
center in the United States. Approximately 450 anesthesia 
providers including residents, fellows, certi� ed registered 
nurse anesthetists, and attending anesthesiologists, and an 
additional 30 pharmacy sta�  participate in more than 85,000 
procedures per year, administering more than one million 
doses of controlled substances annually across six geograph-
ically distinct facilities (adult and pediatric inpatient facili-
ties and several ambulatory surgery centers) and more than 
100 anesthetizing locations. The management of controlled 

substances is a complex process in this setting. Historically, 
providers were supplied with a kit (de� ned above as a pack-
age of multiple controlled substance medications) for one 
or more patients that approximated what a provider would 
need throughout the day for multiple cases — a commonly 
used  “ kit per day ”  model with paper tracking and recon-
ciliation. Ongoing review of controlled substance manage-
ment practices, combined with unfortunate adverse events 
related to clinician abuse of substances (both controlled and 
uncontrolled), led � rst to change from a  “ kit per day ”  to a 
 “ kit per case ”  model still relying on paper tracking of the 
kits, and then an unsuccessful trial of automated drug dis-
pensing carts in the operating rooms. This trial was deemed 
unsuccessful because of di�  culties in maintaining chain of 
custody of controlled substances through provider breaks 
and reliefs and ine� ective integration of real-time clinical 
documentation with drug inventory management. 

 To implement a more robust system for tracking con-
trolled substances at sites requiring anesthesia care, our 
institution developed a web-based secure software appli-
cation for controlled substance management in the periop-
erative area. This application manages the life cycle of the 
standardized controlled substance kits assembled by phar-
macy sta�  and used by anesthesia providers, and includes 
data integration with electronic health record (pre-, intra-, 
and postoperative anesthesia documentation) and central-
ized operating room automated pharmacy dispensing and 
inventory tracking systems (Omnicell, USA).  

  The Intervention–A   Controlled Substance Management 
Software Application and Workfl ow 

 In an attempt to minimize controlled substance management 
errors, a  “ kit-per-case ”  controlled substance management 
work� ow was in place for one year before implementation 
of the software application; providers had already made the 
process and documentation changes necessary for the tran-
sition from  “ kit-per-day ”  to  “ kit-per-case ”  using a paper 
tracking system (appendix 1). 

 Our intervention was the implementation of the 
controlled substance management software application 
(appendix 2). The hospital ’ s controlled substance oversight 
committee approved development and implementation of 
a new perioperative controlled substance management sys-
tem in March 2015. By September 2015, a pilot rollout was 
implemented at a free-standing ambulatory surgery center 
with health system – wide adoption at all anesthetizing loca-
tions by December 2015. 

 A web-based software application that integrated with 
our commercially available anesthesia information man-
agement system (General Electric Healthcare Centricity 
Anesthesia, USA) and pharmacy system (Omnicell, USA) 
was developed to track preparation, inventory and distri-
bution, chain of custody, administration, and breakdown 
of controlled substance kits assigned to a speci� c case. An 
alerting module was developed within the application to 
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notify users when work� ow deviated from best controlled 
substance management practice. Examples of alerts include 
prompt noti� cation to the anesthesia provider if a discrep-
ancy is discovered, and timely escalation of discrepancies 
to departmental and hospital sta�  assigned to address such 
issues (such as a drug diversion compliance team).  8   A report-
ing and discrepancy noti� cation module was created for 
managers to review and follow up on any important con-
trolled substance discrepancy in real-time. Fundamentally, 
the software application and work� ow was designed to 
maximize the real-time recognition and alerting of varia-
tions from ideal processes rather than retrospective auditing 
after case completion. Overall cost for the implementation 
at our institution was approximately  $ 500,000, and ongoing 
maintenance and support is about  $ 50,000 per year across 
more than 100 anesthetizing sites. 

 After implementation of this controlled substance man-
agement application, a survey was sent to all anesthesia pro-
viders and pharmacy sta� , asking them to compare the new 
system and process with the previous one.  

  Controlled Substance Management Application 
Technical Infrastructure 

 The controlled substance management application is a web-
based application built in C #  with ASP.NET framework 
(Microsoft Corporation, USA) with interfaces between our 
anesthesia information management system and pharmacy 
management system. Anesthesia and pharmacy data are 
stored within a structured query language server database 
that is queried in real time ( � gs.   1   and 2).   

  Controlled Substance Management Application Workfl ow 

 Three distinct controlled substance work� ow phases mirror 
the perioperative clinical work� ow.  Preoperatively , controlled 
substance kits are assembled on a routine basis and available 
for distribution to anesthesia providers in the immediate 
preoperative period. Pharmacy sta�  barcode scan the kit, and 
information about the kit (such as kit type and storage loca-
tion) is stored within the application database. Controlled 
substance kits are speci� c by case type (General, Cardiac, 

 Fig. 1.      Data fl ow between each of the systems required for the controlled substance management application. ADC, automated dispensing 
cabinet; AIMS, Anesthesia Information Management System; CSMA, Controlled Substance Management Application; DB, database; OR, 
operating room.    
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Monitored Anesthesia Care, Obstetrics, and Pediatrics), and 
each kit type has speci� c quantities of controlled substances 
such as midazolam, fentanyl, morphine, ketamine, and 
ephedrine. Anesthesia providers obtain kits either from an 
operating room pharmacy or from an automated dispensing 
cabinet depending on location. In either scenario, the appli-
cation logs this change in custody of the kit (from pharmacy 
to anesthesia provider), and transfers  “ ownership ”  to the 
anesthesia provider. The provider then assigns or  “ links ”  the 
kit to the anesthetic case the kit will be used for. 

  Intraoperatively , the application queries the anesthesia infor-
mation management system for controlled substance admin-
istration and progressively decrements controlled substance 
totals requiring return to pharmacy, as these medications 
are documented in the anesthesia information management 
system. In-room provider (resident, fellow, or certi� ed reg-
istered nurse anesthetist in our care setting) breaks and relief 
that occur during a case are noted in the application, and a 

transfer-of-care module within the application ensures that 
chain of custody is maintained from the leaving provider to 
the incoming provider. At each break or relief, clinicians trans-
fer chain of custody of the controlled substance kit using a 
user ID and password veri� cation step. To maximize usability, 
the user ID and password for the application is the same as 
the provider ’ s electronic health record credentials using sin-
gle-sign authentication. Each handover identi� es any discrep-
ancies automatically by comparing anesthesia information 
management system and application calculations for used  ver-
sus  remaining controlled substances. If additional controlled 
substance is required in the middle of the case, then the cen-
tral pharmacy or central automated drug cabinet dispenses 
additional vials or syringes of controlled substance to a pro-
vider (usually the attending anesthesiologist or other anes-
thesia provider not assigned to a room). This provider then 
gives the controlled substance to the in-room provider. Both 

 Fig. 2.      Process diagram of how users (providers and pharmacy staff) interact with the controlled substance management application 
and anesthesia information management system during each phase of care. AIMS, Anesthesia Information Management System; CSMA, 
Controlled Substance Management Application.    
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interactions are documented with electronic attestation in the 
automated controlled substance management application. 

  Postoperatively , after care is handed over to the receiving 
provider (nurse in recovery room or intensive care unit), 
the provider will return the kit to the pharmacy, where 
both the anesthesia and pharmacy sta�  will jointly verify 
returned contents of the kit. After hours, when the operat-
ing room pharmacy may be closed, another licensed clini-
cian will verify returned kit contents by visually inspecting 
the syringes and unused vials and electronically attesting in 
the application, and then the anesthesia provider places the 
kit in a secure lockbox for later pick-up by pharmacy sta� . 
As per institutional policy, all unused medications must be 
returned to the in-hospital pharmacy or lockbox, whether 
in vial or syringe. ( � g.    3)  . Leftover medication is not dis-
posed of by the provider. A random sample of leftover 
medication is assayed by pharmacy sta�  and tracked in the 
application.  

  Alerts and Real-time Notifi cations 

 Throughout the period of anesthesia care, the application 
sends alerts  via  pages or application screen pop-ups to the 
anesthesia provider when required practice is not followed. 
Examples of these alerts include:  

  1.     Failure of timely linking of a controlled substance kit to 
a case  

  2.     Failure of timely transfer of kit between providers during 
a documented break or relief  

  3.     Kit not returned to pharmacy within timely fashion 
after documentation of anesthesia end  

  4.     Controlled substance documented in the anesthesia 
record not part of kit contents    

  Discrepancy Notifi cation 

 The application also has a discrepancy noti� cation module 
in which controlled substance quantitative errors detected 
by the application, anesthesia, or pharmacy sta�  are logged 
and noti� cations are sent  via  email to address the error, esca-
lating to department and hospital compliance leaders if not 
addressed in a timely fashion. Routine analytical reports are 
generated for review by controlled substance management 
committees within the departments and hospital.  

  Study of the Intervention 

 We conducted a retrospective before–after analysis of data 
for missing controlled substances from operating rooms. 
The preintervention period (consisting of paper tracking 
of kits) was from December 1, 2014 to August 31, 2015 (9 
months). September 1, 2015 to May 31, 2016 (9 months) 
was the application implementation and user stabilization 
period across our institution. The study period was from 
June 1, 2016 to March 31, 2017 (also 9 months). A volun-
tary electronic survey (Qualtrics, USA) was administered in 
December 2016 to evaluate provider perceptions ( � g.   5)  .      

  Measures 

 The primary outcome of this study was the rate of missing 
controlled substance medications, de� ned as any di� erence 
between the expected returned amounts of controlled sub-
stances  versus  actual returned amount. Secondary outcomes 
included rates for kits not returned to pharmacy and miss-
ing kit return witness signatures. All three of these events 
are tracked by U.S. Drug Enforcement Administration 
diversion program o�  cers.  

 Fig. 3.      Workfl ow diagram describing the integration points and clinical staff involved for each step in the controlled substance kit lifecycle 
when using the controlled substance management application.    
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  Statistical Analysis 

 Summary statistics were displayed for both time periods 
as frequency of event and event rate per 1,000 cases with 
95% CI. Additionally, the di� erence of event proportion 
between time periods with 95% CI was reported per 1,000 
cases. Event rate per 1,000 was calculated as total number 
of events divided by the total number of cases to allow for 
consistency in denominator between periods of imple-
mentation. Outliers were assessed for all outcomes using 
box-and-whisker plots, and none were found. Outcome 
data were assessed for normality using histograms and were 
found to be normally distributed, therefore data is pre-
sented as mean  ±  SD. A two-sample independent  t  test for 
the equality of proportions with continuity correction was 
used to compare the paper kit discrepancy (preinterven-
tion) and application kit discrepancy (study period) event 
rates for the primary and secondary outcomes. A Joinpoint 
analysis was conducted to allow for potential nonlinear 
trend in the number of event counts across time,  9   and the 
Bayesian Information Criteria was used to determine the 
best number of joinpoints to � t the model. Finally, means 
and SD, and slopes for trend in event counts were com-
pared between the time periods using Student  t  tests and 
 F  tests, as appropriate. Analyzes were conducted using SAS 
v. 9.4 (SAS Institute, USA) and Joinpoint Regression soft-
ware (Joinpoint Regression Program, Version 4.5.0.1, June 
2017; Statistical Methodology and Applications Branch, 
Surveillance Research Program, National Cancer Institute, 
Bethesda, Maryland). Survey responses were evaluated 
between anesthesia providers (residents, fellows, certi-
� ed registered nurse anesthetists, anesthesiology faculty) 
and pharmacy providers (pharmacy technician, pharma-
cist) using a chi-square or Fisher exact test, as appropri-
ate. Survey responses were collapsed into a binary variable, 
with  agree  and  strongly agree  in one category and  neither agree 
nor disagree ,  disagree , and  strongly disagree  in the other. Survey 
questions which directly compare the controlled substance 
management application to the paper-based system (3, 5, 6, 

and 7), were analyzed only between those providers who 
indicated they worked with both reporting systems. 

 All analyses were conducted using a two-sided hypoth-
esis, and a  P  value less than or equal to   0.05 was consid-
ered statistically signi� cant. Because this is a  post hoc  quality 
improvement study, no prospective power analysis was 
performed.  

  Ethical Considerations 

 Ethical aspects of this implementation included the detailed 
review of provider administration habits and tracking of 
practice patterns that this new tool enabled. Our hospital ’ s 
and department ’ s compliance and Quality Assurance or 
Quality Improvement committees all agreed that bene� ts 
outweighed any potential risks, and that the implementa-
tion team would develop a process for feedback and modi-
� cation of the tool as needed if these issues arose.   

  Results 
 During the preintervention (paper tracking of kits) period 
53,400 cases were examined, during the implementation 
period 57,670 cases were examined, and during the study 
(using the new application) period 65,911 cases were 
examined. In the preintervention  versus  study period analy-
sis, the study period had signi� cantly lower rates (per 1,000 
cases) of missing controlled substance medications (0.42  vs.  
1.12; di� erence 0.7, 95% CI: 0.38, 1.02,  P  <   0.001). For the 
secondary outcomes, we found that rates (per 1,000 cases) 
of kits not returned was also signi� cantly lower (0.09  vs.  
0.54; di� erence 0.45, 95% CI: 0.24, 0.66,  P  <   0.001). There 
was no statistically signi� cant di� erence in the number 
of missing witness return signatures between the two kit 
tracking periods (0.17 controlled substance management 
application  vs.  0.26 paper tracking; di� erence 0.09; 95% CI, 
 − 0.08 to   0.26,  P =  0.350;  table   1  ).  

 Joinpoint analysis exhibited di� erent trends during the 
preintervention, implementation, and study periods. During 

 Table 1.      Errors with Paper  versus  Electronic Tracking of Controlled Substance Kits  

     

 Paper Tracking of Kits 
Preintervention Period 

(December 1, 2014–August 31, 2015  )
  n = 53,400 Cases 

 CSMA Tracking of Kits 
  Study Period (June 1, 2016–March 31, 2017  )   

n = 65,911 Cases      

 Total Errors   

 Error Rate  
per 1,000 Cases  

(95% CI)    Total Errors   

 Error Rate  
per 1,000 Cases 

(95% CI)     P  Value 

 Primary outcome 
  Missing medication  60  1.12 (0.86 – 1.42)  28  0.42 (0.29 – 0.61)   < 0.001 
 Secondary outcomes 
  Kit not returned  29  0.54 (0.37 – 0.77)  6  0.09 (0.04 – 0.19)   < 0.001 
  Missing witness signature  14  0.26 (0.15 – 0.43)  11  0.17 (0.09 – 0.30)     0.350 

   ADC, automated dispensing cabinet; AIMS, Anesthesia Information Management System; CSMA, Controlled Substance Management Application.   
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the preintervention paper tracking period and early imple-
mentation period (December 1, 2014 to March 31, 2016), a 
statistically signi� cant increase in the number of missing con-
trolled substance medication errors was observed at a rate of 
0.38 (95% CI, 0.10 – 0.66) more errors per month ( P =  0.017, 
 � g.   4A)  . Near the end of the implementation period, from 
March 2016 to June 2016, there was a nonstatistically signif-
icant decrease in the number of missing controlled substance 
medication errors, a rate of  − 2.52 (95% CI, −9.24 to 4.20    ) 
fewer errors per month ( P =  0.471). During the study period, 
from June 2016 to the March 2017, there was no statistically 
signi� cant change in the rate of missing controlled substance 
medication errors ( P =  0.858). There was a signi� cant mean 
decrease of  − 3.87 errors per month in the rate of missing 
controlled substance medication errors between the prein-
tervention period (mean 6.67  ±  2.60) and the study period 
(mean 2.80  ±  2.04 errors per month,  P =  0.002). 

 A signi� cant decrease in the number of kit not returned 
errors at a rate of  − 0.10 fewer cases per month was consis-
tent across the preintervention, implementation, and study 
periods ( P =  0.032,  � g.   4B) . There was a signi� cant mean 
decrease of  − 2.62 fewer cases per month in the rate of kit 
not returned errors between the preintervention paper kit 
tracking period (mean 3.22  ±  2.49) and the study period 
(mean 0.60  ±  0.84,  P  = 0.008). 

 There were no signi� cant changes in the rate of miss-
ing witness signatures errors over the preintervention, 
implementation, and study periods (slope =  − 0.03; 95% 
CI,  − 0.09 to   0.03;  P =  0.281;  � g.   4C) . Additionally, there 
was not a signi� cant change in the mean errors per month 

of missing witness signature between the preintervention 
(mean 1.56  ±  1.01 and study periods (mean 1.10  ±  1.37, 
 P  = 0.160). 

  Survey Results 

 Responses were received from 189 of the 450 anesthesia 
providers (42%) and 17 of 35 pharmacy sta�  surveyed (49%, 
 � g.   5) . Of the anesthesia provider responses, 176 answered 
at least one question of interest. Eighty percent of those 
who completed the survey worked in both the preinter-
vention paper kit period and the study period with the new 
controlled substance management application. Those who 
worked at other institutions (72 anesthesia providers and 
3 pharmacy sta� ) said the application was better than or 
equal to the automated anesthesia dispensing machines and 
software at other institutions 48 of 75 (64%) of the time. 

 Those who worked in both the preintervention paper 
kit period and the study period with the new controlled 
substance management application (144 anesthesia provid-
ers and 14 pharmacy sta� ) largely agreed that using the new 
application was less time consuming and overall better than 
the paper kit system. When comparing anesthesia provider 
and pharmacy sta�  responses, signi� cantly fewer anesthe-
sia providers than pharmacy sta�  agreed or strongly agreed 
that the new application is less time consuming for con-
trolled substance administration documentation than the 
paper-based system (108 of 144 [75%] of anesthesia pro-
viders  vs.  13 of 14 [93%] of pharmacy sta� ,  P  = 0.003), and 
that overall the new application is better than the previous 
paper-based system (101 of 143 [71%]  vs.  14 of 14 [100%], 

 Fig. 4.   Complete survey questions, in order from top to bottom:     Survey Question 1: Compared with the paper-based system, the tool 
enhances controlled substance (CS) management in the operating room. Survey Question 2: Compared with the paper-based system, I feel 
that the tool maintains a chain of custody of CS better. Survey Question 3: The tool reduces delays in correcting possible discrepancies in 
record keeping. Survey Question 4: The tool allows both the Anesthesiology and Pharmacy departments to better track CS. Survey Question 
5: The tool is effective in notifying CS discrepancies to the provider. Survey Question 6: The tool ’ s witness waste feature reduces the potential 
for CS diversion. Survey Question 7: I feel the tool helps to create a culture for the safe handling of CS.    
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 P  = 0.012). The question asking whether overall the new 
application is better than the previous paper-based system 
was missing one response from the anesthesia providers. 

 Among all survey participants, signi� cantly fewer anes-
thesia providers compared with pharmacy providers agreed 
or strongly agreed that the application ’ s witness waste func-
tionality reduces the potential for controlled substance 
diversion (70 of 176 [40%]  vs.  12 of 17 [71%],  P  = 0.019) 
and that the application helps to create a culture for the safe 
handling of controlled substances (108 of 176 [61%]  vs.  17 
of 17 [100.0%],  P   <  0.001).   

  Discussion 
 We implemented an automated and integrated electronic 
controlled substance management application and work-
� ow in response to increasing scrutiny of medication 
handling. We observed a statistically signi� cant reduction 
in missing controlled substance medications and missing 
controlled substance kits. This statistical signi� cance is also 
practically signi� cant because regulatory and governance 
groups such as the Drug Enforcement Administration and 
hospital controlled substance committees require that we 
are able to accurately track and report on the life cycle of 
every controlled substance, and have a mechanism in place 
for discrepancy tracking, which we are now able to much 

more accurately. These types of software applications can 
play an important role in improving accounting of con-
trolled substances through the perioperative period. 

 With the recent rise of opioid addiction and its devastat-
ing consequences moving to the forefront of public health 
challenges, regulatory groups ( e.g. , The Joint Commission) 
and enforcement agencies ( e.g. , Drug Enforcement 
Administration) are auditing hospitals to ensure that pro-
cesses and documentation of controlled substances establishes 
a clear chain of custody, and that errors are captured and fol-
lowed up in a swift and appropriate manner. Internal and 
external review at our institution revealed high error rates 
with paper kit tracking, including paper kit documentation 
mismatches with anesthesia record drug administration doc-
umentation, transfers of controlled substances unable to be 
tracked, and witness waste processes not completed correctly. 
Added up, these internal and external reviews determined 
that close to one-� fth of controlled substance kits with our 
old paper tracking system had at least one of these errors. 

 A study at another academic institution described imple-
mentation of a controlled substance electronic auditing tool 
that queried automated drug cabinet transactions and anes-
thetic information management system drug administration 
totals and presented to providers as a daily reconciliation 
report. Drug reconciliation errors decreased from 8.8% to 
5.2% with deployment of their near-real-time tool.  4   We 

 Fig. 5.      Joinpoint analysis for ( A ) missing unused medications (two intercepts and three slopes), ( B ) no kit returned (zero intercepts and one 
slope), and ( C ) missing witness signatures (zero intercepts and one slope). The number of intercepts was determined using the Bayesian 
Information Criteria values as determined by the Joinpoint software. Transitions between pre-Controlled Substance Management Application 
(CSMA) period, the implementation period, and the post-CSMA period are indicated with red lines. The slopes for each segment are presented 
in the fi gure in units of errors/month.    
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observed a less than 1% rate of drug reconciliation errors 
using the controlled substance management application and 
process changes. Other e� orts to manage controlled substance 
administration include deployment of automated anesthesia 
drug carts (for example, Pyxis Anesthesia Station or Omnicell 
Anesthesia Workstation). These devices are increasingly pres-
ent in operating rooms and can allow for inventory manage-
ment of drugs and other supplies. Although they also o� er 
software to maintain chain of custody of controlled substances, 
this software is rarely integrated with anesthesia information 
management system data or equipped with alerting function-
ality and therefore unable to provide real-time noti� cations 
regarding controlled substance management errors. 

 An important part of our plan to improve our controlled 
substance management processes and address these � nd-
ings was the development of our new software application. 
Consistent with new American Society of Health-System 
Pharmacists  (Bethesda, Maryland) guidelines, software 
applications that integrate data, especially drug administra-
tion data, from anesthesia information management system 
and pharmacy systems, and enable anesthesia providers to 
maintain chain of custody of controlled substances in com-
plex practice environments may reduce institutional and 
provider risk related to controlled substance management 
when combined with institutional culture change  8   

 Our primary and secondary outcomes (number of miss-
ing controlled substance medications, missing kits, and 
missing witness return signature) were analyzed to deter-
mine whether error rate changed over the course of the 
study. Results from our analysis show a clinically signi� -
cant change of error rates in missing medications due to the 
controlled substance management application. The error 
rate stabilized during the study period, once the applica-
tion was widely deployed and well-integrated in provider 
work� ow. The alerting functionality built into the system, 
as well as the heightened awareness of controlled substance 
accountability within our department, was conducive to a 
decrease in rates of missing medications between the prein-
tervention paper kit period and the study period. 

 For kit return errors, joinpoint analysis demonstrated 
a decreasing linear trend of error rates through all three 
phases. This suggests that despite a statistically signi� cant 
di� erence in kit return error rates between the preimple-
mentation and study period, factors other than implemen-
tation of the new application may have led to the decrease 
in kit return errors. No signi� cant change was found in the 
error rates of missing witness signatures between the prein-
tervention period and the study period. Further review of 
data demonstrated that missing signatures largely occurred 
after hours, when kits were dropped in secure lockboxes for 
later review by pharmacy sta� . Our opinion is that lack of 
direct pharmacy involvement in the return of controlled 
substances contributes to documentation errors, especially 
in after-hour situations where other clinicians able to wit-
ness a return (to ensure accuracy) may not be easily available. 

 At our institution, we learned that meticulous recordkeep-
ing must exist to ensure that chain of custody of controlled 
substances is maintained from hospital arrival to adminis-
tration or wasting for bolus and infusion medications. Each 
transfer of care in a case requires documentation of the trans-
fer of care process for the controlled substances. Discrepancies 
between the anesthesia record and controlled substance 
management and reconciliation record must be identi� ed, 
addressed, and recti� ed rapidly. Controlled substance man-
agement errors must be appropriately escalated to leadership, 
diversion control experts, and perhaps law enforcement, in a 
timely and predictable manner. Documented hospital policy 
must re� ect these processes. Finally, if violations of these pol-
icies occur, thorough documentation and noti� cation to reg-
ulatory bodies ( e.g. , Drug Enforcment Administration) may 
be necessary. Our experience is that this will be the mini-
mum standard that sites must adhere to and will be judged 
against if a regulatory body audit occurs. There is little in the 
published literature regarding perioperative best practices and 
standards. In early 2019, the American Society of Health-
System Pharmacists published guidelines regarding perioper-
ative controlled substance management services that include 
recommendations similar to those above. These guidelines 
were still available online only and not accessible in the peer-
reviewed literature as of April 2019.  8   

  Survey to Anesthesia Provider and Pharmacy Staff 

 Results of the survey showed that both anesthesia providers 
and pharmacy sta�  perceived that the new application was 
more e� ective than both the previous paper tracking system 
and trial of the automated anesthesia drug carts. Pharmacy 
sta�  felt more strongly than anesthesia providers that the 
controlled substance management application was a better 
process for controlled substance handling, that controlled 
substance management was more time e�  cient with the 
new application, and that the application creates a culture 
of safe controlled substance handling. This is not surprising 
given that that pharmacy sta�  had primary responsibility for 
managing paper forms with the previous process. Overall, 
survey results indicated strong user acceptance of our appli-
cation, but also room for improvement, especially with our 
witness waste process for anesthesia providers.  

  Limitations 

 There are several limitations with this study. First, issues that 
are known to a� ect before–after implementation studies lim-
ited by historical controls may be present with this project 
as well.  10   Bene� t may be overestimated as we cannot quan-
titatively account for contemporaneous changes in culture 
and education regarding the importance of maintaining 
controlled substance chain of custody. Also, the discrepancy 
tracking process was far more cumbersome in the old, paper 
kit tracking process. However, this likely resulted in signi� -
cant underreporting of discrepancies compared with the new 
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software-based system. Our observations may be limited to 
speci� c processes and cultures at our organization and not 
generalizable to other organizations. Although there had 
been several Quality Improvement projects at our institu-
tion over the previous years focusing on controlled substance 
management, the unfortunate adverse events to hospital 
sta�  and Drug Enforcement Administration audit certainly 
were known to providers and may have played a role in the 
reduction of discrepancies. Heightened press attention to the 
controlled substance problem may also have led providers to 
be more vigilant with management of controlled substances. 
Finally, although this study demonstrates reduction in con-
trolled substance management error, it is fair to state that 
these types of management and analytical tools, even in their 
� nest form, may not prevent diversion at all. The typical prac-
tice pattern of our specialty enables providers who divert to 
develop systems that may bypass the checks developed by the 
most sophisticated of these surveillance tools. Further projects 
need to focus on how to best identify diverters while mini-
mizing disruption to clinical work� ow and provider privacy.  

  Conclusion 

 The automated controlled substance management appli-
cation was reliably associated with a statistically signi� cant 
drop in controlled substance management errors. These 
types of systems may ensure that appropriate account-
ing of controlled substances is performed throughout the 
perioperative period. They enable hospitals to comply with 
institutional policy and regulatory requirements. They may 
work synergistically with other programs to prevent diver-
sion, but cannot be relied upon independently to prevent 
provider abuse of controlled substances. Our providers 
found the implementation of this application improved 
controlled substance chain of custody of as well as over-
all controlled substance management within our institu-
tion. Although the new application is unlikely to directly 
impact drug diversion, the survey results demonstrate that 
it is more user friendly and joinpoint analysis demonstrates 
it reduces errors handling controlled substances compared 
to paper processes. Future studies must evaluate replicabil-
ity of our single-center observations and evaluate whether 
these systems actually prevent diversion. These studies 
could either use the described application which has mod-
ular design enabling integration with most anesthesia sys-
tems or other commercially available applications as they 
become available and develop similar functionality.  
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 ABSTRACT 
  Background:     Transgenic mouse studies suggest that   γ  -aminobutyric acid 
type A (GABA 

A 
) receptors containing   β  3 subunits mediate important effects of 

etomidate, propofol, and pentobarbital. Zebrafi sh, recently introduced for rapid 
discovery and characterization of sedative-hypnotics, could also accelerate 
pharmacogenetic studies if their transgenic phenotypes refl ect those of mam-
mals. The authors hypothesized that, relative to wild-type, GABA 

A 
-  β  3 func-

tional knock-out (  β  3 -/- ) zebrafi sh would show anesthetic sensitivity changes 
similar to those of   β  3 -/-  mice.  

  Methods:     Clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas9 mutagenesis was used to create a   β  3 -/-  zebrafi sh line. Wild-
type and   β  3 -/-  zebrafi sh were compared for fertility, growth, and craniofacial 
development. Sedative and hypnotic effects of etomidate, propofol, pentobar-
bital, alphaxalone, ketamine, tricaine, dexmedetomidine, butanol, and ethanol, 
along with overall activity and thigmotaxis were quantifi ed in 7-day postfertil-
ization larvae using video motion analysis of up to 96 animals simultaneously.  

  Results:      Xenopus  oocyte electrophysiology showed that the wild-type 
zebrafi sh   β  3 gene encodes ion channels activated by propofol and etomidate, 
while the   β  3 -/-  zebrafi sh transgene does not. Compared to wild-type,   β  3 -/-  
zebrafi sh showed similar morphology and growth, but more rapid swimming. 
Hypnotic EC50s (mean [95% CI]) were signifi cantly higher for   β  3 -/-   versus  
wild-type larvae with etomidate (1.3 [1.0 to 1.6]  vs.  0.6 [0.5 to 0.7]  µ M;  P   <  
0.0001), propofol (1.1 [1.0 to 1.4]  vs.  0.7 [0.6 to 0.8]  µ M;  P  = 0.0005), and 
pentobarbital (220 [190 to 240]  vs.  130  [94 to 179] μM;  P  = 0.0009),     but 
lower with ethanol (150 [106 to 213]  vs.  380 [340 to 420] mM;  P   <  0.0001) 
and equivalent with other tested drugs. Comparing   β  3 -/-   versus  wild-type sed-
ative EC50s revealed a pattern similar to hypnosis.  

  Conclusions:     Global    β   3 -/-  zebrafi sh are selectively insensitive to the same 
few sedative-hypnotics previously reported in    β   3 transgenic mice, indicating 
phylogenetic conservation of    β   3-containing GABA 

A 
 receptors as anesthetic 

targets. Transgenic zebrafi sh are potentially valuable models for sedative-hyp-
notic mechanisms research.   

 (ANESTHESIOLOGY  2019 ;  131 : 1276 – 91 )   

 Drug-selective Anesthetic 
Insensitivity of Zebrafi sh 
Lacking   γ      -Aminobutyric 
Acid Type A Receptor     β    3 
Subunits         
    Xiaoxuan     Yang    ,   M.D., Ph.D.    ,       Youssef     Jounaidi    ,   Ph.D.    , 
      Kusumika     Mukherjee    ,   Ph.D.    ,       Ryan J.     Fantasia    ,   B.S.    ,   
    Eric C.     Liao    ,   M.D., Ph.D.    ,       Buwei     Yu    ,   M.D., Ph.D.    ,   
    Stuart A.     Forman    ,   M.D., Ph.D.      

 ANESTHESIOLOGY  2019 ;  131 : 1276 – 91  

   This article is featured in “This Month in Anesthesiology,” page 1A. Some of the work presented in this article has been presented at the annual meetings of the International 
Society of Anesthetic Pharmacology and the American Society of Anesthesiologists, Boston, Massachusetts, October 20 to 24, 2017. X.Y. and Y.J. contributed equally to this work.  

    Submitted for publication January 21, 2019. Accepted for publication July 29, 2019. From the Department of Anesthesiology, Ruijin Hospital, Shanghai Jiaotong University School 
of Medicine, Shanghai, China (X.Y., B.Y.); the Department of Anesthesia Critical Care and Pain Medicine (X.Y., Y.J., R.J.F., S.A.F.); and the Center for Regenerative Medicine (K.M., 
E.C.L.), Massachusetts General Hospital, Boston, Massachusetts.    

 Copyright  ©  2019, the American Society of Anesthesiologists, Inc. All Rights Reserved.  Anesthesiology  2019 ;  131 : 1276 – 91     . DOI:   10.1097/ALN.0000000000002963   

   γ  -aminobutyric acid type A (GABA 
A 
) receptors are 

the major inhibitory neurotransmitter receptors in 
mammalian brain. Mammalian genes for 19 subunit iso-
types have been identi� ed (  α  1 – 6,   β  1 – 3,   γ  1 – 3,   δ  ,   ε  ,   θ  ,  π , 

and   ρ  1 – 3), with each subunit sharing canonical pentameric 
ligand-gated ion channel topology: a large (~200 amino 
acid) extracellular domain, a transmembrane domain with 
four transmembrane helices (M1 through M4), and a vari-
able size intracellular domain between M3 and M4.  1 , 2   Most 
neuronal GABA 

A 
 receptors contain two   α  s and two   β  s 

along with   γ  ,   δ  , or another   β  .  1   GABA 
A 
 receptors are modu-

lated by a variety of general anesthetics, including propofol, 
etomidate, barbiturates, alphaxalone, halogenated volatile 
agents, and alcohols.  3 , 4   In typical synaptic   α    β    γ   GABA 

A 
 

receptors, the binding sites for etomidate, propofol, and 

                                   

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•     β  3 subunits of the   γ  -aminobutyric acid type A (GABA 
A 
) receptor 

play a central role in mediating hypnotic and sedative effects of 
etomidate, propofol, and pentobarbital in mice  

•   Zebrafish are a vertebrate animal model amenable to high-through-
put pharmacologic studies  

•   The role of GABA 
A 
 receptor   β  3 subunits in mediating the effects 

of anesthetic drugs in zebrafish has not been previously reported    

  What This Article Tells Us That Is New  

•   Zebrafish larvae lacking functional   β  3 subunits of the   γ  -aminobu-
tyric acid type A (GABA 

A 
) receptor displayed selective insensitivity to 

the same anesthetic drugs (etomidate, propofol, and pentobarbital) 
as transgenic mice with mutated GABA 

A 
 receptor   β  3 subunits  

•   These experiments indicate phylogenetic conservation of   β  3 sub-
unit-containing GABA 

A 
 receptors between zebrafish and mice in 

mediating hypnotic and sedative components of general anesthesia  
•   These observations also suggest that zebrafish can be a valuable 

experimental model for mechanisms of anesthesia research     
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pentobarbital are formed by portions of the   β   subunit M1, 
M2, and M3 transmembrane helices that are 100% con-
served among zebra� sh, mice, and humans.  5   

 Evidence from studies in transgenic mice indicate that 
major actions of etomidate, propofol, and pentobarbital are 
mediated by a subset of GABA 

A 
 receptors isotypes contain-

ing   β  3 subunits. Compared to wild-type animals, global   β  3 
knockout (  β  3 -/- ) mice are resistant to the sedative-hypnotic 
e� ects, measured as sleep time, of etomidate and propo-
fol, whereas sensitivity to iso� urane is weakly a� ected and 
is unchanged for pentobarbital and ethanol.  6 , 7   Additionally, 
global   β  3 -/-  mice are phenotypically characterized by more 
than 90% neonatal mortality, cleft palate, epilepsy, hyperac-
tivity, and hypersensitivity to stimuli, possibly re� ecting anxi-
ety.  8 – 11   A pan-neuronal   β  3 -/-  mouse line also displays frequent 
neonatal mortality and resistance to loss-of-righting re� exes 
after etomidate injection.  12   Another transgenic mouse line 
harbors the   β  3N265M point mutation, which obliterates sen-
sitivity to etomidate in molecular studies.  13 – 15   Homozygous 
  β  3N265M transgenic mice are characterized by normal fer-
tility, morphology, and behavior, with unchanged sensitivity 
to alphaxalone or alcohol, but resistance to both loss-of-
righting re� exes and loss of nociceptive withdrawal actions 
of etomidate, propofol, and pentobarbital.  16 , 17   

 Zebra� sh have recently been introduced as a verte-
brate animal model with advantages for pharmacologic 
studies of intravenous sedative-hypnotics.  18 , 19   Video anal-
ysis tools enable simultaneous behavioral assessments of 
many zebra� sh larvae. Larval tissues rapidly equilibrate 
with aqueous drugs through transdermal and respiratory 
pathways. Thus, drug e� ect studies in zebra� sh can achieve 
high-throughput at steady-state, avoiding pharmacody-
namic variation due to complex drug pharmacokinetics 
following intraperitoneal or intravenous drug injections in 
mice. Moreover, transgenic zebra� sh have provided useful 
models for neurologic diseases, including epilepsies, and 
craniofacial developmental abnormalities.  20 , 21   

 For the current study, we established a global   β  3 -/-  line of 
zebra� sh and tested its utility as a robust and e�  cient ani-
mal model for studies of anesthetic drug mechanisms. We 
hypothesized that global   β  3 -/-  zebra� sh would display a pat-
tern of anesthetic sensitivities similar to those of global   β  3 -/-  
mice and might share additional phenotypic features. We 
therefore characterized   β  3 -/-  in comparison to wild-type 
zebra� sh for fertility and early survival, craniofacial mor-
phology, motor activity, and sensitivity to both the sedative 
and hypnotic e� ects of a panel of anesthetic drugs varying 
in potency and molecular mechanisms. 

  Materials and Methods 
  Animals 

 Zebra� sh ( danio rerio,  T ü bingen strain) were used with 
approval from the Massachusetts General Hospital 
Institutional Animal Care and Use Committee (Boston, 

Massachusetts; protocol No. 2014N000031) in accordance 
with established protocols.  22   Behavioral experiments were 
performed on larvae at 7 days postfertilization. Sexual 
di� erentiation of zebra� sh remains indeterminate at this 
stage of development.  23   Embryos and larvae were main-
tained in Petri dishes (140-mm diameter) � lled with bu� -
ered E3 medium (in mM; 5.0 NaCl, 0.17 KCl, 0.33 CaCl, 
0.33 MgSO 

4 
, 2.0 HEPES; pH 7.2) in a 28.5 ° C incubator 

under a 14/10-h light/dark cycle. The density of embryos 
and larvae was less than 100 per dish. After either use in 
experiments or at 8 days postfertilization, larvae were euth-
anized in 0.2% tricaine (also known as MS-222) followed 
by addition of bleach (1:20 by volume). Adult zebra� sh 
were brie� y anesthetized using 0.02% tricaine before being 
weighted, imaged, or undergoing tail� n clipping. 

 Female  Xenopus  laevis frogs were used as a source of 
oocytes with approval from the Massachusetts General 
Hospital Institutional Animal Care and Use Committee 
(protocol No. 2010N000002).  Xenopus  care and use has 
been previously described.  24    

  Sedative-hypnotic Drugs 

 Etomidate was a gift from Douglas Raines, M.D. 
(Department of Anesthesia Critical Care and Pain Medicine, 
Massachusetts General Hospital, Boston, Massachusetts) and 
was prepared as a 2   mg/ml solution in 35% propylene gly-
col: water (by volume). Alphaxalone was purchased from 
Tocris Bioscience (Bristol, United Kingdom) and prepared 
as a 10   mM stock in dimethyl sulfoxide. Ketamine was pur-
chased from Mylan Pharmaceuticals (USA) as a 10   mg/ml 
aqueous solution with 0.1   mg/ml benzethonium chloride 
as a preservative. Dexmedetomidine was purchased from 
United States Pharmacopeia (USA). Propofol, pentobar-
bital, ethanol, and n-butanol were purchased from Sigma-
Aldrich (USA). Propofol was prepared as a 100   mM stock 
in dimethyl sulfoxide.  

  Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) Gene Modifi cation and Genotyping 

 The CRISPR guide RNA expression plasmid pDR274 
and Cas9 template DNA pT3TS-nCas9n were purchased 
from Addgene (USA). CRISPR guide RNA target sites 
in GABRB3 were identi� ed using CHOPCHOP.  25   
Complementary DNA sequences for targets in GABRB3 
exon 7 were synthesized as oligonucleotides by the 
Massachusetts General Hospital DNA core and cloned into 
pDR274.  26   Guide RNAs were generated by  in vitro  tran-
scription from linearized pDR274 templates and puri� ed. 
The guide RNA sequence used to generate the transgenic 
� sh line is reported in  table   1  .  

 The pT3TS-nCas9n plasmid encoding Cas9 was linearized 
with XbaI and puri� ed (Wizard SV Gel and PCR Clean-up 
system; Promega Corp, USA). Capped  cas9  messenger 
RNA was synthesized  in vitro  (mMESSAGE mMACHINE; 
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Thermo Fisher Scienti� c, USA) on the linearized template 
and puri� ed (NucAway Spin Columns, Invitrogen). One-cell 
staged zebra� sh embryos were micro-injected in the cyto-
plasm with 2 nl of a solution containing both guide RNA 
(50   ng/ µ l) and  cas9  mRNA (200   ng/ µ l). 

 DNA for genotyping was isolated from either whole 
zebra� sh embryos or tail� n clips from adults (more than 2 
months old), using the HotSHOT method.  27   Polymerase 
chain reaction primers � anking the CRISPR target site are 
reported in  table    1 . Fluorescent polymerase chain reaction 
products were synthesized using a forward primer modi� ed 
with 6-carboxy� urorescein, and sized to determine if inser-
tions and/or deletions were present after CRISPR mutagen-
esis. To determine the GABRB3 genotype in single adult � sh, 
tail-snip derived target site polymerase chain reaction products 
were cloned into the pCR2.1-TOPO vector (Invitrogen), 
which was then ampli� ed and subjected to DNA sequencing.  

  Quantitative Polymerase Chain Reaction of GABA A  
Receptor   β   Messenger RNAs 

 Fifteen larvae that were 7 days postfertilization from each 
zebra� sh line (wild-type,   β  3  + /- , and   β  3 -/- ) were eutha-
nized, placed on ice, and homogenized in 1   ml TRIzol 
(Invitrogen). Total RNA was isolated using phenol-chlo-
roform exaction, treated with DNase I  28   and quanti-
� ed using a NanoDrop spectrophotometer (Thermo 
Fisher). In triplicate samples, WT,   β  3  + /- , and   β  3 -/-  
messenger RNA (1  μ g) underwent reverse transcription 
(SMARTScribe Reverse Transcriptase kit; Takara Bio, USA) to 
produce cDNA. Quantitative real-time polymerase chain 
reaction to quantify cDNA encoding   β  1,   β  2, and   β  3 was 
performed on each triplicate sample, using full-length � ank-
ing primers (sequences given in  table   1 ) and Platinum SYBR 
Green qPCR SuperMix-UDG with ROX (Invitrogen) on 
the StepOne Plus RT-PCR platform (Applied Biosystems/
Thermo Fisher).   β  -actin transcripts were used for normal-
ization and GABRB/  β  -actin signal ratios were renormalized 

to the average wild-type value. For each subunit, melt curve 
analysis and gel electrophoresis were consistent with the pres-
ence of a single real-time polymerase chain reaction product. 
Negative controls were performed on samples lacking either 
reverse transcription or template.  

  Next-generation Sequencing 

 To test for the presence of chimerism in   β  3 -/-  zebra� sh, 
we isolated genomic DNA from tail� n tissue of three adult 
  β  3 -/-  males and three adult   β  3 -/-  females, as described pre-
viously. Sequences near the guide RNA target site were 
ampli� ed using non� uorescent primers ( table    1 ). The 
amplicons were submitted to the Massachusetts General 
Hospital Center for Computational and Integrative Biology 
(Boston, Massachusetts) DNA Core for massively paral-
lel sequencing of single DNA strands using the Illumina 
MiSeq platform with V2 chemistry (Illumina Inc., USA). 
Illumina-compatible adapters with unique DNA bar-
codes were ligated onto each sample during library con-
struction. Multiplexed sequencing of more than 100,000 
single DNA copies were produced for each amplicon. 
The sequencing error rate is less than 0.003 per base. 
Next-generation sequencing results were analyzed by the 
Massachusetts General Hospital Center for Computational 
and Integrative Biology and reported as the frequency of 
unique complementary sequence pairs, including clusters of 
sequences with overlapping ends, from each demultiplexed 
sample. Sequence pairs occurring less than 100 times were 
not reported and assumed to be erroneous reads.  

  Complementary DNA Cloning and Xenopus Oocyte 
Electrophysiology 

 We cloned GABA 
A 
   β  3 cDNA from wild-type and   β  3 -/-  

zebra� sh, heterologously expressed the gene products in 
 Xenopus  oocytes, and used electrophysiology to compare 
the molecular function phenotypes of the gene products. 

 To clone cDNA, we isolated messenger RNA 
from zebra� sh brain tissue using TRIzol. RNA was 
reversed transcribed as described above (see Quantitative 
Polymerase Chain Reaction of GABA 

A 
 Receptor 

  β   Messenger RNAs) and   β  3 cDNAs were ampli-
� ed using Phusion High-Fidelity DNA polymerase 
(Thermo Fisher) and full-length zebra� sh-speci� c 
  β  3 cloning primers (forward: AGTTGGTACCGA
GCTCGTGCCCCATTTCAAATATTCCGCCTT
GG; reverse: ATGCCTCGAGTGCGAGCACGTC CGTA
AAGTACATCAGAG). Full-length cDNAs were cloned 
into pCDNA3.1 plasmids between KpnI and XhoI endo-
nuclease sites. Single clones carrying wild-type or   β  3 -/-  
were ampli� ed and complete cDNA sequences from the 
puri� ed plasmids were con� rmed by Sanger sequencing at 
the MGH DNA core. Messenger RNA was prepared using 
T7 mMESSAGE mMACHINE and polyadenylation kits 
(both from Ambion – Thermo Fisher), puri� ed, and stored 
in RNAase-free water at  − 80 º C. 

 Table 1.      CRISPR guide RNA and Primer Sequences  

  CRISPR guide RNA and Primers    Sequence   

 CRISPR guide RNA  GGGAGGAGAAACCGCAGTGA 
 GABRB3 Fluorescence PCR Primer_ Forward  AATGGATCATTTACTCTTTGACTGA 
 GABRB3 Fluorescence PCR Primer_ Reverse  ATGCATCCATAAATTCAACGTG 
 GABRB3 q-RT PCR Primer_ Forward  CAAGCTAAAAAGAAACATCGGC 
 GABRB3 q-RT PCR Primer_ Reverse  AGCCAAGAAAACAAAGACGAAG 
 GABRB1 q-RT PCR Primer_ Forward  CAAGCAACATGTCATACGTCAA 
 GABRB1 q-RT PCR Primer_ Reverse  CGTAAAGGTCCCTACCAGTGAG 
 GABRB2 q-RT PCR Primer_ Forward  TTCCTCAACGACAAGAAGTCCT 
 GABRB2 q-RT PCR Primer_ Reverse  TACTGCAGGGTGGAGCTATCAT 
   β  -actin q-RT PCR Primer_ Forward  GATGCCCCTCGTGCTGTTTTC 
   β  -actin q-RT PCR Primer_ Reverse  TCTCTGTTGGCTTTGGGATTCA 

   GABRB3 is the gene for the GABAA receptor β3 subunit. GABRB1 is the gene for 
the GABAA receptor β1 subunit. GABRB2 is the gene for the GABAA receptor β2 
subunit.   
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 Methods for preparation of  Xenopus  oocytes, injection 
of mRNA, and two-microelectrode voltage clamp electro-
physiology have been previously described.  24   We injected 
oocytes with mRNA (1   ng per oocyte) encoding either 
wild-type zebra� sh   β  3 or the   β  3 -/-  gene product. We also 
tested oocytes injected with mRNA encoding human 
GABA 

A 
   β  3 subunits as positive controls and uninjected 

oocytes as negative controls. To test for expression of func-
tional   β  3 homomeric channels, oocytes (n = 5 per group) 
were voltage-clamped at  − 50 mV and exposed to 10   mM 
GABA, 100  µ M propofol, and 100  µ M etomidate.  29 , 30   In 
cells producing currents in response to anesthetic applica-
tions, we measured the ratio of currents elicited by 100  µ M 
propofol and 100  µ M etomidate. We also tested a separate 
group of oocytes expressing zebra� sh   β  3 for inhibition of 
currents by 10  µ M picrotoxin.  

  Cartilage Staining and Imaging Processing 

 To analyze the craniofacial skeleton, Alcian blue staining was 
performed on � ve wild-type and � ve   β  3 -/-  embryos eutha-
nized at 4.5 days postfertilization, as described previously.  31   
Embryos were mounted in 95% glycerol in 1x phosphate 
bu� ered saline with tween 20 and images were obtained 
at 10x and 40x on a Nikon 80i compound microscope 
(Nikon Instruments Inc., USA). Images were processed 
with an NIS-Elements advanced research image acquisi-
tion and analysis system (Nikon Instruments), using the 
maximum intensity projection feature applied to z-stacks. 
Images for each animal were examined for abnormalities 
and measurements recorded for palate length and width as 
well as lower jaw length and width.  

  Locomotor Activity and Thigmotaxis 

 Spontaneous locomotor activity of 7 days postfertilization 
larvae was tracked and quanti� ed by Zebralab v3.2 software 
(Viewpoint Behavioral Systems, Canada) in tracking mode, 
using previously described methods.  32   Wild-type and   β  3 -/-  
larvae (48 larvae/ group) were loaded individually into wells 
on 24-well plates (12 of each genotype per plate). After a 
15-min adaptation to the Zebrabox environment with white 
light level 110 lux, spontaneous movements were tracked for 
1h with detection threshold set at 22 (scale 0 to 200). The 
distance and duration traveled was recorded and analyzed 
in three speed categories: fast movements:  v  greater than or 
equal to 20   mm/s; slow movement:  v  is less than or equal to 
20   mm/s and greater than or equal to 5   mm/s; and nonmov-
ing:  v  less than 5   mm/s. Tests were performed between 11:00 
 am  and 6:00  pm , in order to minimize diurnal variation. 

 Thigmotaxis, a measure of anxiety, is the tendency of 
animals to remain near the walls of their environment 
relative to its central area. To assess this, 1-h locomotion 
tracking videos were analyzed to quantify, for each animal, 
both time spent and distance traveled within  versus  outside 
a central circle with area half that of the total circular well.  33  

  Zebrafi sh Larvae Sedation and Photomotor Response 
Assays 

 Larval zebra� sh from both wild-type and   β  3 -/-  colonies were 
tested for sensitivities to both sedative and hypnotic e� ects 
of a set of nine compounds across relevant concentration 
ranges: etomidate (0.03 to 5  µ M), propofol (0.1 to 5  µ M), 
pentobarbital (20 to 400  µ M), alphaxalone (0.02 to 4  µ M), 
ketamine (1 to 400  µ M), dexmedetomidine (0.3   nM to 20 
 µ M), ethyl-3-aminobenzoate methane thiosulfonate (MS-
222 or tricaine; 5 to 500  µ M), butanol (0.2 to 40   mM), and 
ethanol (30 to 400   mM). Both wild-type and   β  3 -/-  larvae 
were tested on the same day on a given drug prepared from 
the same stock solution. For each genotype, 6 to 18 larvae 
were studied at each drug concentration plus a negative (no 
drug) control group. Drug inhibition of both spontaneous 
motor activity (sedation) and photomotor responses (hyp-
nosis) were assessed in separate groups of animals using pre-
viously described methods.  18   Brie� y, each larva was loaded 
into a well of a standard 96-well plate containing 200  µ l 
of E3 bu� er with or without drug. Plates were placed in 
the dark chamber of a Zebrabox maintained at 28.5 º C and 
incubated for 15   min, for drug equilibration and dark adap-
tation. Following the adaptation period, spontaneous move-
ments of each larvae were quanti� ed during six sequential 
30-s epochs. In photomotor responses assays, four test runs 
at 3-min intervals were performed and recorded as digitized 
video. Each test run included a 10-s basal motor activity 
period followed by a 0.2-s white light stimulus (500 lux) 
and a 5-s poststimulus period. Motor activity data (Zebralab 
software v3.2) during all baseline periods for each larva 
were normalized to 0.2-s epochs and combined to calculate 
mean ± SD and 95% CI. The binary photomotor responses 
in each run for a given larva was considered positive if motor 
activity during the 0.2-s light � ash or the two subsequent 
0.2-s epochs exceeded the upper 95% CI for that larva ’ s 
basal activity. Cumulative photomotor response probabilities 
for each animal were calculated from the four runs.  

  Statistical Analyses 

 Spontaneous movement and thigmotaxis metrics, fertility 
and embryonic viability, body weight, and body length for 
groups of wild-type and    β   3 -/-  animals were pooled to cal-
culate mean  ±  SD. Normality of the data distributions was 
assessed and con� rmed using D ’ Agostino-Pearson tests and 
statistical comparisons of these characteristics were based on 
two tailed unpaired Student ’ s  t  tests. Statistical comparisons 
of mRNA levels from wild-type,    β   3  + /- , and    β   3 -/-  � sh were 
performed using ANOVA with Dunnett multiple compar-
isons tests between wild-type and the others. In oocytes 
expressing    β   3 homomeric channels, the within-cell ratio 
of electrophysiologic responses to 100  µ M propofol  versus  
100  µ M etomidate for human  versus  zebra� sh (n = 5 each) 
were compared using an unpaired two-tailed Student ’ s 
t  test. For drug-dependent inhibition of photomotor 
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responses probabilities and normalized spontaneous move-
ment, results for all animals in each exposure group were 
combined and plotted as mean  ±  SD against log [drug, M]. 
Logistic functions (equation 1) were � tted to all indepen-
dent data points using nonlinear least squares. Sedative and 
hypnotic EC50s are reported as mean with 95% CIs. EC50 
comparisons for wild-type  versus     β   3 -/-  larvae were based on 
F-tests with    α    = 0.05. Linear least-squares � ts and statistical 
comparisons were performed using Graphpad Prism v7.0 
(Graphpad Software, USA). 

   
Y

Max
EC ANES nH=

+ −1 10 50(log log[ ])*
  

(1) 

 The maximum ( Max ) represents either control photomotor 
responses probability or normalized control spontaneous 
movement, [ANES] is the anesthetic concentration, EC50 
is the half-e� ect concentration, and nH is the Hill slope.   

  Results 

  CRISPR-Cas9 Targeting Zebrafi sh GABRB3 Exon 7 
Creates Frameshifting Insertion that Destabilizes mRNA 
and Eliminates    β   3 Subunit Function 

 To establish a zebra� sh line lacking functional GABA 
A 
 

receptor    β   3 subunits, GABRB3 exon 7, which encodes part 
of the extracellular domain of the    β   3 subunit, was targeted 
with CRISPR-Cas9 random mutagenesis. The sequences 
of CRISPR guide RNA and � anking polymerase chain 
reaction primers are reported in  table   1 . Approximately 200 
one-cell stage embryos were injected with guide RNA and 
Cas9 messenger RNA. At 24   h postinjection, � uorescent 
polymerase chain reaction size analysis of pooled DNA 
from 10 embryos showed the presence of both insertions 
and deletions near the target sequence. Viable F0 embryos 
were raised to adulthood (3 months), when individual tail-
snip samples were analyzed with � uorescent polymerase 
chain reaction sizing. Individuals with insertions or dele-
tions were out-crossed with wild-type zebra� sh. At 3 
months, heterozygous F1 o� spring were genotyped at the 
guide RNA target site ( � g.   1A)  . Fluorescence polymerase 
chain reaction sizing identi� ed several F1 � sh of both sexes 
containing a 10-bp insertion in the GABRB3 exon 7 cod-
ing sequence. Subsequent DNA sequencing identi� ed � sh 
of both sexes with identical 10-bp insertions producing a 
frameshift and a premature stop codon near the guide RNA 
target site and predicted by  in silico  translation to truncate 
   β   3 peptide within the extracellular domain ( � g.1B ). One 
pair of heterozygous F1 siblings carrying this mutation was 
incrossed. The resulting F2 o� spring were genotyped based 
on tail-snips at age 2 to 3 months, revealing wild-type, het-
erozygous, and homozygous mutants at approximately 1:2:1 
ratios. Homozygous F2 � sh were successfully incrossed to 
maintain the transgenic line ( � g.   1A) .  

 To test for possible chimerism in transgenic zebra� sh, six 
individual DNA samples from adults (three males and three 

females) were ampli� ed using primers � anking the target 
sequence and analyzed using massive parallel next-gen-
eration sequencing. In all six samples, a single sequence 
comprising 99.7 to 100% of paired sequence reads (more 
than 50,000 paired reads per sample) was identi� ed. This 
sequence contained the extra 10 base sequence identi� ed in 
F2 genotyping ( � g.    1B) . Thus, chimerism was de� nitively 
ruled out in the   β  3 -/-  transgenic line.  

  Molecular Comparisons of Wild-type and   β  3 -/-  Zebrafi sh 

 Wild-type (  β  3  + / +  ),   β  3  +/-  , and   β  3 -/-  zebra� sh were character-
ized at 7 days postfertilization for expression of GABRB3 
messenger RNA (mRNA), using reverse transcription 
and quantitative polymerase chain reaction. Negative con-
trols lacking either reverse transcriptase or template pro-
duced no detectable signal. Compared to wild-type larvae, 
GABRB3 mRNA was signi� cantly reduced in   β  3 -/- , but 
not in   β  3  + /-  ( � g.    1C) . The reduced mRNA level in   β  3 -/-  
larvae is probably due to nonsense-mediated RNA 
decay triggered by the mutation-induced premature stop 
codon.  34   Quanti� cation of mRNAs for GABRB1 (  β  1) and 
GABRB2 (  β  2) was also performed in the same triplicate 
samples. Normalized GABRB1 mRNA levels (mean  ±  SD) 
were: wild-type = 1.00  ±  0.072;   β  3  + /-  = 1.21  ±  0.088; and 
  β  3 -/-  = 1.21  ±  0.16. Normalized GABRB2 mRNA levels 
were wild-type = 1.00  ±  0.043;   β  3  + /-  = 0.92  ±  0.16; and 
  β  3 -/-  = 1.18  ±  0.15. Analysis using ANOVA with Dunnett 
comparison tests indicated no signi� cant di� erences in 
GABRB1 or GABRB2 levels between wild-type and   β  3  + /-  
or   β  3 -/-  animals. 

 We used expression in  Xenopus  oocytes and electro-
physiology to compare function of the wild-type and 
  β  3 -/-  GABRB3 gene products. All tested oocytes injected 
with mRNA encoding the wild-type zebra� sh   β  3 subunit 
(n  =  5) expressed ion channels that produced small (less 
than 50 nA) currents when exposed to 10   mM GABA, and 
much larger currents when exposed to 100  µ M propofol 
(range, 0.4 to 1.6  µ A) or 100  µ M etomidate (range, 1.9 
to 5.6  µ A;  � g.    1D) . Picrotoxin (10  µ M) inhibited small 
basal leak currents and etomidate-elicited currents in � ve 
separate oocytes expressing zebra� sh   β  3 channels. Similar 
electrophysiologic characteristics were found in oocytes 
injected with mRNA encoding human GABA 

A 
   β  3 sub-

units. The within-oocyte current ratios elicited with propo-
fol and etomidate for human  versus  zebra� sh   β  3 channels 
(n = 5 each) were similar ( � g.   1E) . In contrast, none of the 
tested oocytes injected with   β  3 -/-  mRNA (n = 5) produced 
currents that could be distinguished from background noise. 
Voltage clamp recordings from these oocytes were similar 
to those from uninjected negative control oocytes ( � g.   1D) . 
These results con� rm that the mutated GABRB3 gene in 
  β  3 -/-  zebra� sh encodes a nonfunctional peptide, presum-
ably because the premature stop codon results in truncated 
subunits lacking the transmembrane domains that form ion 
channels.  

ALNV131N06_Text.indb   1280 31-Oct-19   8:28:37 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



 Anesthesiology 2019; 131:1276–91 1281

 Anesthetics in Zebrafi sh Lacking GABA Type A Receptor    β   3

 Yang  et al. 

  Comparison of Growth and Gross Morphology in Wild-
type and   β  3 -/-  Zebrafi sh 

 Neonatal mortality is high and cleft palate is common in 
global    β   3 -/-  mice.  8   Mating adult (3 month to 1 yr old)    β   3 -/-  
zebra� sh pairs produced viable embryos in 7 of 19 (24%) 
trials, compared with 15 of 19 (79%) successful wild-type 
matings ( P   <  0.0001 by Student ’ s  t  test). On average, 30% 
fewer    β   3 -/-  than WT embryos were produced per success-
ful mating and the fraction of viable embryos surviving to 
7 days postfertilization was also 30% lower. However, at 
3 months of age, no signi� cant di� erences were evident 
between wild-type and    β   3 -/-  in gross morphology, body 
weight, or body length of either sex ( � g.   2)  . Comparisons 

of 4.5 days postfertilization zebra� sh (wild-type  vs.     β   3 -/- ;
mean  ±  SD; n  =  5 per group;  P  values from unpaired 
Student ’ s  t  tests) for palatal length (410  ±  16  vs.  410  ±  15 
 µ m;  P  = 0.97), palatal width (400  ±  9.2  vs.  380  ±  16  µ m; 
 P  = 0.17), lower jaw length (400  ±  11  vs.  400  ±  13  µ m; 
 P  =0.84), and lower jaw width (379  ±  5.9  vs.  377  ±  9.2 
 µ m;  P  = 0.78) identi� ed no di� erences in craniofacial mor-
phology ( � g.   3)  .    

    β  3 -/-  Zebrafi sh Are More Active than Wild-type 

 Motor hyperactivity was observed in both global and 
neuron-selective    β   3 -/-  mice.  8 , 12   The locomotor activity of 
wild-type  versus     β   3 -/-  zebra� sh at 7 days postfertilization 

 Fig. 1.      Generation and genotype of   β  3 -/-  mutant zebrafi sh.  (A)  A fl owchart depicting the generation of a zebrafi sh germline mutation. 
CRISPR guide RNA (gRNA) and Cas9 mRNA was injected into one-cell stage embryos. The injected embryos were raised and outcrossed 
with wild-type (WT) to generate heterozygous F1 fi sh. Mutant fi sh were identifi ed by fl uorescence polymerase chain reaction and Sanger 
sequencing. F1 siblings carrying the same mutation were then crossed to generate F2 progeny, and phenotype – genotype correlations were 
done using F2 embryos.  (B)  DNA sequencing at the target sequence revealed a 10-bp insertion that is predicted by  in silico  translation to 
cause a frameshift and a premature stop codon (underlined sequence) downstream of CRISPR guide RNA target site, truncating the protein 
within the extracellular domain ( * ).  (C)  Real-time quantitative polymerase chain reaction revealed that  GABRB3  mRNA in homozygotes was 
signifi cantly degraded. Bar graphs summarize normalized results (mean  ±  SD) of triplicate measures with 15 pooled larvae per group.  (D)  
Examples of current traces recorded from voltage-clamped oocytes exposed to 100  µ M etomidate (ETO; application indicated by  bars  over 
traces). Oocytes injected with WT zebrafi sh (z-fi sh)   β  3 mRNA produce large currents, while oocytes injected with mRNA derived from the 
mutated   β  3 -/-  gene produce no current (note tenfold amplifi ed current scale). Traces from an oocyte injected with human   β  3 mRNA and from 
an uninjected oocyte are shown for comparison.  (E)  Columns represent the ratios of voltage-clamp currents elicited with 100  µ M propofol 
(I PRO ) and 100  µ M etomidate (I ETO ) recorded in the same oocyte expressing either zebrafi sh or human   β  3 subunits (n = 5 each). The  P  value is 
based on unpaired two-tailed Student ’ s  t  test.    
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was assessed for both swimming speed and distance 
during 1   h. Tracking analysis ( � g.    4A)   showed that    β   3 -/-  
larvae swam about 15% farther than wild-type larvae ( � g.   4B ; 
Total Distance). This di� erence was largely accounted for 
by increased fast swimming ( � g.   4B ; Fast Distance).  

 Anxiety is another phenotypic feature of global   β  3 -/-  
mice.  35   Thigmotaxis, de� ned as maintenance of contact 
with the environmental periphery and the avoidance of 
open areas, is an index of anxiety, which is evolutionarily 
conserved in a wide range of species, including � sh, rodents, 
and humans.  33 , 36 , 37   Using measures of both percentage dis-
tance and time spent in the central half of their individual 
wells, both WT and   β  3 -/-  zebra� sh larvae displayed similar 
preferences for swimming near walls ( � g.   4C) .  

    β  3 -/-  Zebrafi sh Show Reduced Sensitivity to Specifi c 
Sedative-hypnotic Drugs 

 Sensitivities to nine di� erent sedative-hypnotic drugs, 
ranging widely in potency and molecular e� ects, were 
compared in 7 days postfertilization wild-type and 

   β   3 -/-  zebra� sh larvae. Drug-induced hypnosis was mea-
sured as reduced photomotor response probability ( � g.   5)   
and sedation was measured as reduced spontaneous activ-
ity ( � g.    6)  . Pooled control photomotor responses prob-
abilities for all control wild-type (mean  ±  SD = 0.79  ±  
0.23; n = 111) and    β   3 -/-  (0.72  ±  0.23; n = 112) larvae did 
not di� er signi� cantly ( P  = 0.06 by two-tailed unpaired 
Student ’ s  t  test). Concentration – response relationships for 
photomotor responses inhibition by etomidate ( � g.    5A) , 
propofol ( � g.   5B) , and pentobarbital ( � g.   5C)  di� ered sig-
ni� cantly between wild-type and    β   3 -/-  larvae, with    β   3 -/-  
larvae exhibiting EC50s about twofold higher than those 
for wild-type ( table   2  ). In contrast, concentration-depen-
dent photomotor responses inhibition in wild-type and 
   β   3 -/-  larvae displayed similar EC50s ( table    2 ) for alphax-
alone ( � g.    3D) , ketamine ( � g.    5E) , butanol ( � g.    5F) , 
MS-222 (tricaine,   � g.    5G) , and dexmedetomidine (� g. 
5H  ). Interestingly, the EC50 for photomotor responses 
inhibition by ethanol in    β   3 -/-  larvae was lower than that 
for wild-type ( � g.   5I) .     

 Fig. 2.      Comparative morphology of 3-month postfertilization wild-type (WT) and   β  3 -/-  zebrafi sh.  (A)  Representative images of WT and GABA A  
receptor   β  3 -/-  males (top) and females (bottom), showing that the mutants have normal overall morphology. Scales are in cm.  (B)  Comparisons 
of body weight and body length by sex.  Black circles  are WT,  red squares  are mutants, and each data point represents an individual fi sh. 
Mean  ±  SD (n = 14 per group) are indicated by horizontal lines through data.  P  values were calculated based on two-tailed Student ’ s  t  tests.    
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 Inhibition of spontaneous motor activity (sedation) was evi-
dent at lower concentrations than photomotor responses inhi-
bition (hypnosis) for all tested drugs, except ethanol in both 
wild-type and   β  3 -/-  larvae ( � g   6 ;  table   3 ). Comparing sedative 
concentration – responses in the two zebra� sh lines showed a 
similar pattern to that for photomotor responses inhibition. 
Sedative EC50s for etomidate ( � g.   6A) , propofol ( � g.   6B ), and 
pentobarbital ( � g.   6C)  were higher for   β  3 -/-  than for wild-type, 
did not change for alphaxalone ( � g.    6D) , ketamine ( � g.    6E) , 
butanol ( � g.   6F) , MS-222 (tricaine,  � g.   6G) , and dexmedeto-
midine ( � g.   6H) , and was reduced for ethanol ( � g.   6I) .   

  Discussion 
 In this study, we aimed to establish whether    β   3 -/-  zebra� sh 
share pharmacogenetic and other phenotypes with    β   3 trans-
genic mice. Several transgenic    β   3 mouse lines have been 
used to investigate the neurobiologic roles of    β   3, including 
in general anesthetic actions. These are a global    β   3 -/-  line,  8   
two neuron-speci� c    β   3 -/-  lines,  12   and    β   3N265M knock-in 
mice  16   harboring a mutation that impairs receptor modula-
tion by drugs that act through some of the multiple modu-
lator sites on GABA 

A 
 receptors.  5   However, mice are poorly 

 Fig. 3.      Craniofacial cartilage in wild-type (WT) and   β  3 -/-  zebrafi sh at 4.5 days postfertilization. Cartilage was stained using Alcian blue. 
Craniofacial structures  (A, B,  lateral;  C, D , ventral), fl at mount of the mandible  (E, F)  and the dissected palate  (G, H)  are shown. WT  (A, C)  and 
  β  3 -/-  mutants  (B, D)  show comparable craniofacial cartilage structures with no difference in the mandible  (E, F)  or the palate  (G, H) . Scale is 
200  μ m for  A  to  F ; 65  µ m for  G  to  H . cb, ceratobranchial; ch, ceratohyal; m, Meckel cartilage; pq, palatoquadrate.    
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suited for pharmacodynamic studies of intravenous anes-
thetics. Interindividual variations in drug absorption, distri-
bution, and metabolism after intravenous or intraperitoneal 
anesthetic injections increase the variation in drug-induced 
mouse behavioral e� ects. Consequently, few intravenous 
anesthetics, each at only a few doses, have been tested in    β   3 
transgenic mice. Among the drugs tested in multiple trans-
genic    β   3 mouse lines, inconsistent results were reported for 
pentobarbital ( table   4  ).  

 Zebra� sh larvae represent another vertebrate species for 
assessing the role of   β  3-containing GABA A 

 receptors in 
anesthetic mechanisms, while providing important advan-
tages over mice. Zebra� sh are amenable to high-throughput 
studies quantifying both sedative and hypnotic e� ects under 
conditions of steady-state drug exposure.  18   In the current 

study, we assessed the e� ects of nine drugs, each at seven 
or more concentrations, in up to 18 animals per condition, 
in both wild-type and   β  3 -/-  zebra� sh, providing statistically 
robust EC50 comparisons. 

  Similarities and Differences between    β   3 -/-  Zebrafi sh 
and Transgenic Mice  

 Fertility, Survival, and Growth .    The   β  3 -/-  zebra� sh showed 
reduced fertility and 30% lower survival at 7 days postfer-
tilization compared to wild-type. For comparison, neo-
natal mortality was frequent (~ 90%) in global   β  3 -/-  mice 
and 61% in neuron-speci� c   β  3 -/-  mice, but infrequent in 
  β  3N265M knock-ins. Neonatal mortality in   β  3 -/-  mice 
was not strongly linked to cleft palate, but possibly to poor 
maternal care for pups.  12   Moreover,   β  3 -/-  mice that survived 

 Fig. 4.      Comparison of spontaneous movement in   β  3 -/-  and wild-type (WT) zebrafi sh larvae.  (A)  Swimming trajectories of 7 days postfertiliza-
tion larvae during 1   h.  Red , trajectories in  v  are greater than or equal to 20   mm/s;  green , trajectories in  v  are less than 20   mm/s and greater 
than or equal to 5   mm/s. The insert panel shows how the central area is defi ned, the area of the inner circle corresponded to half of the total 
area of each well.  (B) Bars  represent mean  ±  SD for 1   h swimming distances (n = 48 larvae per group).  (C) Bars  represent mean  ±  SD for 
distance or time spent in the central half of the circular well during 1   h, expressed as a percentage of the total (n = 48 larvae per group). 
Statistical comparisons were based on two-tailed unpaired Student ’ s  t  tests.     
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 Fig. 5.      Hypnotic potencies of anesthetic drugs in wild-type (WT)  versus    β  3 -/-  zebrafi sh  larvae. Photomotor response probabilities were 
assessed using video analysis of between 88 and 128 larvae per experiment. Plotted symbols represent mean  ±  95% CI (n = 8 to 16 larvae 
per point;  error bars  are symmetrical;  unidirectional error bars  were drawn for clarity). WT is  black circles ;   β  3 -/-  is  red triangles . Lines through 
data represent logistic fi ts, colored to match symbols. Results of logistic fi ts are reported in  table   2 . Signifi cant differences in fi tted EC50s for 
wild-type  versus    β  3 -/-  larvae were found with etomidate  (A) , propofol  (B) , pentobarbital  (C),  and ethanol  (I) . M, molar; MS-222, tricaine; PMR, 
photomotor response.    

 Table 2.      Hypnotic Potencies in Wild-type  versus    β  3 -/-  Zebrafi sh Larvae  

  Anesthetics      

 Wild-type      β   3  – / –        

 EC50  
Mean (95% CI)    Hill Slope    N *    

 EC50  
Mean (95% CI)    Hill Slope    N *    

  P  Value  
(EC50s) 

 Etomidate  0.6  µ M (0.5 – 0.7)   − 3.5  88  1.3  µ M (1.0 – 1.6)   − 2.6  96   < 0.0001 
 Propofol  0.7  µ M (0.6 – 0.8)   − 4.0  96  1.1  µ M (1.0 – 1.4)   − 4.2  96  0.0005 
 Pentobarbital  130  µ M (94 – 179)   − 2.1  101  220  µ M (190 – 240)   − 4.7  127  0.0009 
 Alphaxalone  1.1  µ M (0.9 – 1.5)   − 2.0  128  1  µ M (0.8 – 1.3)   − 2.6  128  0.47 
 Ketamine  50  µ M (35 – 85)   − 1.6  128  60  µ M (40 – 89)   − 1.3  112  0.77 
 Butanol  7   mM (4.1 – 11.8)   − 1.6  103  8   mM (5.7 – 11.6)   − 1.2  96  0.66 
 Tricaine (MS-222)  80  µ M (56 – 111.0)   − 2.1  96  80  µ M (64 – 105)   − 2.6  64  0.86 
 Dexmedetomidine  0.4  µ M (0.2 – 0.6)   − 1.2  96  0.3  µ M (0.1 – 0.6)   − 0.8  96  0.56 
 Ethanol  380   mM (340 – 420)   − 6.0  96  150   mM (106 – 213)   − 2.0  79   < 0.0001 

   Hypnosis was assessed as probability of photomotor responses. 
 P  values are based on F-tests comparing EC50s in wild-type  versus  β3 –/– .   * N is the total number of larvae used in a concentration – response experiment at eight different drug 
concentrations, including a no-drug control.               
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 Fig. 6.      Sedative potencies of anesthetic drugs on wild-type (WT)  versus    β  3 -/-  zebrafi sh larvae. Spontaneous movement was assessed using 
video analysis (72 to 144 larvae per experiment) and normalized to the no-drug control group result for each drug. Plotted symbols represent 
mean  ±  95% CI (n = 9 to 18 larvae per point;  error bars  are symmetrical;  unidirectional error bars  were drawn for clarity). WT is  black cir-
cles ;   β  3 -/-  is  red triangles . Lines through data represent logistic fi ts, colored to match symbols. Results of logistic fi ts are reported in  table   3  . 
Signifi cant differences in fi tted EC50s for WT  versus    β  3 -/-  larvae were found with etomidate (A), propofol (B), pentobarbital (C), and ethanol  (I) . 
M, molar; MS-222, tricaine; Spont., spontaneous.    

 Table 3.      Sedative Potencies in Wild-type  versus    β  3 -/-  Zebrafi sh Larvae  

  Anesthetics    Wild-type     β   3  – / –        

   
 EC50  

Mean (95% CI)    Hill Slope    N *    
 EC50  

Mean (95% CI)    Hill Slope     N *     
  P  Value  
(EC50s) 

 Etomidate  30   nM (12 – 73)   – 0.8  72  160   nM (121 – 223)   – 2.1  96  0.0016 
 Propofol  120   nM (104 – 132)   – 2.2  120  220   nM (196 – 244)   – 1.8  120   < 0.0001 
 Pentobarbital  50  µ M (36 – 78)   – 1.6  72  140  µ M (119 – 176)   – 3.0  72   < 0.0001 
 Alphaxalone  230   nM (186 – 287)   – 5.1  144  230   nM (178 – 302)   – 1.7  144  0.98 
 Ketamine  8  µ M (5.7 – 11.6)   – 1.5  96  8  µ M (6.1 – 10.7)   – 1.0  96  0.98 
 Butanol  2   mM (1.9 – 2.9)   – 2.9  120  2   mM (1.8 – 2.4)   – 3.3  120  0.52 
 Tricaine (MS-222)  20  µ M (17 – 25)   – 2.0  96  23  µ M (18.1 – 29.5)   – 1.6  72  0.62 
 Dexmedetomidine  10   nM (4 – 26)   – 0.9  144  8   nM (5.7 – 11.5)   – 1.2  144  0.69 
 Ethanol  670   mM (270 – 1630)   – 22.9  96  370   mM (324 – 424)   – 3.4  96   < 0.0001 

   Sedation was assessed as spontaneous motor activity normalized to no-drug control groups. 
 P  values are based on F-tests comparing EC50s in wild-type  versus  β3 –/– .   * N is the total number of larvae used in a concentration – response experiment at eight different drug 
concentrations, including a no-drug control.               
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to weaning subsequently grew normally. While zebra� sh 
survive for 7 days on yolk,   β  3 -/-  zebra� sh that survived to 
3 months of age were morphologically indistinguishable 
from wild-type, suggesting that any postlarval developmen-
tal e� ects of the genotype were negligible.  

  Behavior  .   Our studies demonstrated modestly increased 
spontaneous motor activity in   β  3 -/-  zebra� sh larvae 
compared with wild-type ( � g.    4) . Overt hyperactivity 
was also reported in both global and forebrain   β  3 -/-  mice 
( table   4 ). Hypersensitivity to handling and stimuli was also 
reported in these transgenic mice, but in zebra� sh, baseline 
photomotor responses probabilities were similar in wild-
type and   β  3 -/-  larvae, implying normal reactivity to stimuli. 

 In both global and forebrain   β  3 -/-  mice, overt seizures 
were observed and electroencephalography con� rmed 
abnormal brain activity in global knock-outs ( table   4 ). Could 
the excess motor activity of   β  3 -/-  zebra� sh be due to sei-
zures? The hyperactivity we observed in   β  3 -/-  zebra� sh was 
attributable to increased rapid swimming ( � g.   4B) , which is 
also increased by exposure to convulsant drugs.  38   Thus,   β  3 -/-  
zebra� sh could experience epilepsy, but we cannot rule out 
a simple increase in normal fast swimming without convul-
sions. High-speed videography and specialized behavioral 
analyses or electroencephalography will be needed to detect 
whether intermittent seizures are occurring.  39    

  Craniofacial Morphology  .   Craniofacial abnormalities observed 
in global   β  3 -/-  mice were not evident in   β  3 -/-  zebra� sh 
at 4.5 days postfertilization, when bony structures 
are established ( � g.    3) . Interestingly, cleft palate is not 

evident in neuron-speci� c   β  3 -/-  mice, and it appears that 
nonneuronal   β  3 GABA 

A 
 receptors in� uence murine palate 

development.  40   Signi� cant linkage disequilibrium has been 
reported between the human GABRB3 gene and cleft 
lip and/or palate.  41   The lack of such linkage in zebra� sh 
illustrates the limitations inherent in animal models.  

  Sensitivities to Sedative-Hypnotics  .   Both global   β  3 -/-  mice 
and zebra� sh larvae share one pharmacogenetic 
characteristic: insensitivity to etomidate ( table   4 ). However, 
the   β  3 -/-  genotype in mice  versus  zebra� sh is associated 
with divergent sensitivities for pentobarbital and ethanol. 
After either pentobarbital or ethanol exposure, global   β  3 -/-  
and wild-type mice sleep for similar durations, while   β  3 -/-  
zebra� sh displayed lower sensitivity to pentobarbital and 
higher sensitivity to ethanol in comparison to wild-type. 

 The drug sensitivity pro� le of   β  3 -/-  zebra� sh larvae more 
closely resembles that of   β  3N265M mice ( table   4 ). In com-
parison to the respective wild-type controls, both   β  3 -/-  zebraf-
ish and   β  3N265M mice displayed reduced sensitivities to 
etomidate, propofol, and pentobarbital, but similar sensitivity 
to alphaxalone. The only notable di� erence among drug sen-
sitivities is for ethanol. While   β  3 -/-  zebra� sh larvae exhibited 
hypersensitivity to ethanol in assays for both sedation and hyp-
nosis, wild-type and   β  3N265M mice displayed similar sensitiv-
ities to ethanol-induced loss-of-righting re� exes (hypnosis).  42   

 At the molecular level,   β  3N265M mutations impair 
GABA 

A 
 receptor modulation by etomidate and propo-

fol, drugs that bind in the two   β   + /  α   –  outer transmem-
brane intersubunit sites in typical synaptic   α    β    γ   receptors.  5   
Importantly,   α β  3N265M  γ   receptors retain sensitivity to 

 Table 4.      Summary of Phenotypic Features of   β  3 Transgenic Mice and Zebrafi sh  

      Transgenic Mouse Type  Zebrafi sh   

 Phenotype (Relative to WT)  Global   β  3 -/-     Neuronal   β  3 -/-       β  3N265M    Global   β  3 -/-  

    Neonatal mortality    ↑    ↑      ↑     –     ↑   
    Craniofacial abnormalities    ↑     –    –    –  
    Hyperactivity    ↑    ↑     – /  ↑     †     –     ↑   
    Epilepsy    ↑     – /  ↑     †  †     –   ND 
 Sensitivity to sedation, LoRR, or Nociception             
    Etomidate    ↓      ↓      ↓      ↓   
    Propofol  ND  ND    ↓      ↓   
    Pentobarbital   –   ND    ↓      ↓   
    Ethanol   –    –    –     ↑   
    Alphaxalone  ND  ND   –    –  
    Tricaine (MS-222)  ND  ND  ND   –  
    Ketamine  ND  ND  ND   –  
    Dexmedetomidine  ND  ND  ND   –  
    Butanol  ND  ND  ND   –  
    References 6,8,35 12 16,17,42    

   Cell contents indicate changes in    β   3 transgenic animal phenotypes relative to wild-type. 
  †  Hyperactivity was not reported in pan-neuronal    β   3 -/-  mice, but was observed in forebrain-selective    β   3 –/–  mice.   †  †  Seizures were not observed in pan-neuronal    β   3 -/-  mice, but were 
observed in forebrain-selective    β   3 –/–  mice. 
 – , no change; LoRR, loss-of-righting refl exes; ND, no data. Up arrows indicate increases and down arrows indicate decreases. Two arrows indicate large changes.   
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alphaxalone, which binds at distinct   β   + /  α   –  interfacial sites 
that are adjacent and intracellular to etomidate/propo-
fol sites.  13,43   The case of pentobarbital is more complex. 
Pentobarbital inhibits photolabeling by both etomidate ana-
logs (in   β   + /  α   –  sites) and a potent barbiturate,  R -5-allyl-1-
methyl-5-( m -tri� uoromethyl-diazirinylphenyl) barbituric 
acid, that selectively binds in   α   + /  β   –  and   γ   + /  β   –  transmem-
brane sites.  44   Pentobarbital e� ects in   β  3 homomers, but not 
in   α  1  β  3 heteromeric receptors are reduced by   β  3N265S 
mutations,  30   while the e� ect of   β  3N265M on pentobarbital 
modulation of   α    β    γ   receptors remains unknown. However, 
  β  3N265M modestly reduces R-mTFD-MPAB modulation 
of   α  1  β  3  γ  2L receptors  45   and   β  3N265M mice exhibit normal 
sensitivity to hypnosis induced by R-5-allyl-1-methyl-5-(m-
tri� uoromethyl-diazirinylphenyl) barbituric acid injections.  46   

 The pharmacogenetic phenotype of   β  3 -/-  zebra� sh lar-
vae both con� rms and extends inferences drawn from pre-
vious molecular and transgenic animal studies. Our results 
con� rm that   β  3-containing GABA 

A 
 receptors mediate import-

ant behavioral e� ects of etomidate, propofol, and pentobarbital. 
We observed no reduction in sensitivity to tricaine, ketamine, or 
dexmedetomidine in   β  3 -/-  larvae, consistent with evidence that 
these anesthetics minimally modulate GABA 

A 
 receptors while 

a� ecting other molecular targets.  4   While ethanol, butanol, and 
other alcohols modulate GABA 

A 
 receptors and multiple other 

anesthetic targets, our current results indicate that   β  3-containing 
GABA 

A 
 receptors are not important mediators of their seda-

tive-hypnotic e� ects. At present, we have no basis for speculating 
on why the   β  3 -/-  genotype di� erentially a� ects ethanol sensitiv-
ity in � sh  versus  mice. The normal sensitivity of   β  3N265M mice 
to alphaxalone was previously interpreted as re� ecting the unal-
tered molecular sensitivity of   β  3N265M receptors to neuroac-
tive steroids.  16   However, our   β  3 -/-  zebra� sh studies suggest that 
alphaxalone e� ects are mediated through mechanisms entirely 
independent of the   β  3 subunit. Other transgenic mouse studies 
implicate GABA 

A 
 receptors containing   δ   subunits, which are 

usually extra-synaptic, in anesthetic actions of neurosteroids.  47     

  Limitations of This Study 

 One limitation in comparing our results with those in transgenic 
mice is the lack of tests for nociceptive responses. Manual meth-
ods for this outcome in zebra� sh have been reported.  19   High 
throughput methods using electric shock or photo-switchable 
irritant chemicals may be employed for this purpose.  48   We did not 
test zebra� sh sensitivities to volatile anesthetics, which are read-
ily studied at steady-state in mice. Modi� cation of zebra� sh test 
equipment may extend our experimental repertoire to accom-
modate metered anesthetic gas exposure. Additionally, we have 
not tested drug sensitivities in more mature wild-type and   β  3 -/-  
zebra� sh, which could di� er from those in larvae. Our 
high-throughput testing approach is not amenable to studies of 
mature adult zebra� sh. 

 Animals may compensate for gene knock-outs by over-
expressing similar gene products. We tested   β  3 -/-  zebra� sh 
for compensation by quantifying   β  1 and   β  2 mRNAs. In 

wild-type zebra� sh, levels of mRNA for   β  2 are around 
threefold higher than for   β  3, so compensatory overexpres-
sion of   β  2 may be di�  cult to detect.  49   Zebra� sh also pos-
sess another gene for a GABA 

A 
 receptor   β  4 subunit. We 

aim to determine whether silencing other   β   subunits a� ect 
zebra� sh sensitivity to intravenous anesthetics. Another 
strategy that minimizes genetic compensation is to incor-
porate point mutations like   β  3N265M that selectively alter 
anesthetic sensitivity of GABA 

A 
 receptors. Creating knock-

ins in zebra� sh with CRISPR-Cas9 has proven extremely 
di�  cult, and reliable strategies are being sought.  50    

  Summary and Conclusions 

 Global   β  3 -/-  zebra� sh and mice display more di� erences 
than similarities among the morphologic, behavioral, and 
pharmacodynamic phenotypes that we assessed ( table    4 ). 
Unexpectedly, the phenotype for   β  3 -/-  zebra� sh most closely 
resembles that of homozygous   β  3N265M knock-in mice, 
which are characterized by normal growth and neuromotor 
behavior, while displaying insensitivity to speci� c general 
anesthetics including etomidate, propofol, and pentobarbital. 

 Several other transgenic mouse lines have provided 
information on molecular targets mediating important 
anesthetic actions in vertebrates.  3 , 47 , 51   However, because 
of limitations discussed above, few intravenous anesthet-
ics have been tested in these mouse lines. Development of 
additional transgenic zebra� sh could help determine the 
molecular targets that mediate anesthetic drug actions. 

 Our current results, along with other recent stud-
ies,  18 , 19   show how transgenic zebra� sh may accelerate both 
drug discovery and mechanisms research related to gen-
eral anesthesia. A direct extension of this current work is 
identi� cation of novel sedative-hypnotics that depend on 
  β  3-containing GABA 

A 
 receptors. Zebra� sh also represent a 

model for studying neural circuit activity, and experiments 
in transgenic � sh may help reveal where speci� c targets in 
speci� c neural circuits mediate key anesthetic actions.  
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 Dr. John D. Thomas ’ s Advertising Folder: 154,000 
Nitrous-Oxide Anesthetics                 

 From the Wood Library-Museum ’ s Ben Z. Swanson Collection, the images above were extracted from a folder 
advertising the anesthetic prowess of John D. Thomas, D.D.S. (1850 to 1931). Dr. Thomas had assumed com-
mand of Philadelphia ’ s  “ Colton Dental Rooms ”  after his dental preceptor and older brother, Frank, had passed 
away suddenly in 1875. That  “ original o�  ce ”  was on Walnut Street in Philadelphia. The main purpose of this 
one-sheet, four-page folder was to trumpet Dr. Thomas ’ s claim that he had administered 154,000 nitrous- oxide 
anesthetics  “ without a single failure or accident. ”  (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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 ABSTRACT 
  Background:     Two recent randomized controlled trials (Adjunctive 
Glucocorticoid Therapy in Patients with Septic Shock [ADRENAL] and Activated 
Protein C and Corticosteroids for Human Septic Shock [APROCCHSS]) of corti-
costeroids in patients with septic shock reported different treatment effects on 
90-day mortality. Both trials enrolled patients who met the criteria for septic 
shock using the second international consensus defi nitions for sepsis and 
septic shock (Sepsis-2), but the APROCCHSS trial mandated a greater severity 
of shock as an inclusion criterion.  

  Methods:     The authors conducted  post hoc  sensitivity analyses of the 
ADRENAL trial to determine the effects of hydrocortisone  versus  placebo in 
subgroups selected using third international consensus defi nitions for sep-
sis and septic shock (Sepsis-3) diagnostic criteria or APROCCHSS inclusion 
criteria.  

  Results:     There were 1,950 subjects (973 hydrocortisone and 977 pla-
cebo) who met the Sepsis-3 criteria (ADRENAL – Sepsis-3 cohort) and 905 
patients (455 hydrocortisone and 450 placebo) who met the APROCCHSS 
criteria (ADRENAL – APROCCHSS cohort). At 90 days after randomization, in 
the ADRENAL – Sepsis-3 cohort, 312 of 963 (32.4%) and 337 of 958 (35.2%) 
patients assigned to hydrocortisone and placebo, respectively, had died (odds 
ratio, 0.86; 95% CI, 0.70 to 1.06;  P =  0.166). The corresponding fi gures 
for the ADRENAL – APROCCHSS cohorts were 187 of 453 (41.3%) and 200 
of 445 (44.9%), respectively (odds ratio, 0.84; 95% CI, 0.60 to 1.17;  P =  
0.303). There was no statistically signifi cant difference in the time to death 
between the groups during the 90 days after randomization (hazard ratio = 
0.87; 95% CI, 0.75 to 1.02;  P =  0.082 for ADRENAL – Sepsis-3; and hazard 
ratio = 0.86; 95% CI, 0.71 to 1.06;  P =  0.156 for ADRENAL – APROCCHSS 
cohorts). In both cohorts, patients assigned to hydrocortisone had faster reso-
lution of shock. In the ADRENAL – Sepsis-3 cohort, patients assigned to hydro-
cortisone had an increase in the number of days alive and free of mechanical 
ventilation (57.0  ±  37.2  vs.  53.7  ±  38.2 days; 95% CI, 0.40 to 7.04;  P =  
0.028) and the number of days alive and free of the intensive care unit (54.3 
 ±  36.0  vs.  51.0  ±  37.1; 95% CI, 0.82 to 7.24;  P =  0.014).  

  Conclusions:     In a  post hoc  analysis of the ADRENAL trial participants who 
fulfi lled either the Sepsis-3 or the APROCCHSS inclusion criteria, a continu-
ous infusion of hydrocortisone did not result in a lower 90-day mortality than 
placebo in septic shock.   

 (ANESTHESIOLOGY  2019 ;  131 : 1292 – 300 )   

 Hydrocortisone Compared 
with Placebo in Patients 
with Septic Shock 
Satisfying the Sepsis-3 
Diagnostic Criteria 
and APROCCHSS Study 
Inclusion Criteria    
 A  Post Hoc  Analysis of the 
ADRENAL Trial      
    Balasubramanian     Venkatesh    ,   M.D.    ,       Simon     Finfer    ,   M.D.    , 
      Jeremy     Cohen    ,   M.D., Ph.D.    ,       Dorrilyn     Rajbhandari    ,   R.N.    ,   
    Yaseen     Arabi    ,   M.D.    ,       Rinaldo     Bellomo    ,   M.D.    ,   
    Laurent     Billot    ,   M.Sc.    ,       Parisa     Glass    ,   Ph.D.    ,   
    Christopher     Joyce    ,   M.D., Ph.D.    ,       Qiang     Li    ,   M.Biostat.    , 
      Colin     McArthur    ,   M.D.    ,       Anders     Perner    ,   M.D., Ph.D.    ,       
Andrew     Rhodes    ,   M.D.    ,       Kelly     Thompson    ,   R.N., M.P.H.    ,   
    Steve     Webb    ,   M.D., Ph.D.    ,       John     Myburgh    ,   M.D., Ph.D.         

 ANESTHESIOLOGY  2019 ;  131 : 1292 – 300  

 Two recent large randomized controlled trials (Adjunctive 
Glucocorticoid Therapy in Patients with Septic Shock 

[ADRENAL] and Activated Protein C and Corticosteroids 
for Human Septic Shock [APROCCHSS]) have added sub-
stantial new data to inform opinion regarding the use of cor-
ticosteroids in patients with septic shock.  1 , 2   The ADRENAL 
trial (N = 3,800) investigated the role of 200   mg per day of 
hydrocortisone by infusion for 7 days compared with placebo 
and reported no signi� cant di� erence between groups with 

                                   

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Definitions and management strategies for septic shock continue to 
be updated as defined in Sepsis-2, Sepsis-3, and other guidelines  

•   Recent randomized controlled trials of corticosteroids in septic 
shock report different treatment effects on 90-day mortality but 
use different inclusion criteria    

  What This Article Tells Us That Is New  

•   In a  post hoc  analysis of the Adjunctive Glucocorticoid Therapy in 
Patients with Septic Shock (ADRENAL) trial, in participants who 
fulfilled either the Sepsis-3 or -2 inclusion criteria or those with 
severe septic shock, a continuous infusion of hydrocortisone did not 
result in a lower 90-day mortality than placebo     

 Copyright  ©  2019, the American Society of Anesthesiologists, Inc. All Rights Reserved.  Anesthesiology  2019 ;  131 : 1292 – 300     . DOI:   10.1097/ALN.0000000000002955   
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respect to 90-day mortality (27.9%  vs.  28.8%), but patients 
assigned to hydrocortisone had earlier shock reversal and 
liberation from mechanical ventilation.  1   The trial used the 
second international consensus de� nitions for sepsis and 
septic shock (Sepsis-2)  3   and additionally mandated a mini-
mum duration of 4   h of vasopressor therapy and the need for 
mechanical ventilation to be eligible for enrollment. 

 In 2016, subsequent to the commencement of the 
ADRENAL trial, a third international task force provided an 
updated consensus de� nition of sepsis and septic shock, termed 
Sepsis-3  4  . It is unclear whether the use of Sepsis-3 criteria for 
enrolling patients into the ADRENAL trial would have in� u-
enced the trial results and resulted in di� erent conclusions. 

 The APROCCHSS trial  2   (N  =  1,241) examined the 
e� ect of 200   mg per day of hydrocortisone administered 
in divided doses, combined with oral � udrocortisone com-
pared with placebo in patients with severe septic shock and 
reported improved 90-day mortality in the steroid group 
(43.0%  vs.  49.1%), coupled with earlier shock reversal and 
liberation from mechanical ventilation. The two trials dif-
fered with respect to trial design, inclusion – exclusion cri-
teria, mode of administration of hydrocortisone (infusion 
 vs.  bolus), and use of � udrocortisone. Attention has focused 
on the inclusion criteria of the two trials and whether the 
di� erent treatment e� ect was because of a sicker cohort of 
patients in the APROCCHSS group. 

 We hypothesized that hydrocortisone may have bene� -
cial e� ects on mortality in the sicker cohort of patients with 
septic shock. We therefore conducted  post hoc  subgroup 
analyses of the ADRENAL trial to determine whether the 
application of the Sepsis-3 or the APROCCHSS inclusion 
criteria to the study population would have resulted in dif-
ferent treatment e� ects between the hydrocortisone and the 
placebo groups. 

  Materials and Methods 
  Study Design and Research 

 We conducted a  post hoc  analysis of the ADRENAL 
database to identify patient cohorts who met Sepsis-3 

criteria (ADRENAL – Sepsis-3) for septic shock or the 
APROCCHSS (ADRENAL – APROCCHSS) inclusion 
criteria. A detailed description of the study methods, out-
comes, statistical analysis, and the results for the ADRENAL 
trial has already been published.  5   In brief, the ADRENAL 
trial enrolled mechanically ventilated patients with septic 
shock who required a minimum duration of 4   h of vasopres-
sor therapy. The APROCCHSS trial enrolled patients with 
septic shock with organ failure criteria and who required a 
minimum duration of 6   h of vasopressor therapy and doses 
of norepinephrine of 0.25  μ g  ·  kg  − 1   ·  min  − 1 . The key aspects 
of and the di� erences in the inclusion – exclusion criteria 
and interventions for the ADRENAL and APROCCHSS 
trials are listed in Supplemental Digital Content 1 ( http://
links.lww.com/ALN/C48 ). To identify patients for inclu-
sion in the analyses, we performed two separate interroga-
tions of the ADRENAL database as outlined below.  
 ADRENAL – Sepsis-3 Analysis .    Patients were selected using 
the following criteria: subjects who had (1) a mean arterial 
pressure (MAP) of less than 65 mmHg in the 24   h preced-
ing randomization and (2) a plasma lactate concentration of 
more than 2 mmol.   
 ADRENAL – APROCCHSS Analysis .    Patients were selected using 
the following criteria: patients receiving (1) more than 0.25 
μg · kg −1  · min −1    of catecholamines at baseline and (2) any 
one of the following criteria for organ failure: partial pres-
sure of arterial oxygen tension/fraction of inspired oxygen 
concentration ratio less than 200, or platelets less than 50  ×  
10 9 /l, or bilirubin more than 102  μ mol/l, or creatinine of 
more than 300  μ mol/l.   

  Statistical Analysis and Outcome Measures 

 Of the original cohort of 3,800 patients, 1,950 met the 
Sepsis-3 criteria, and 905 met the APROCCHSS cri-
teria. We determined that a sample size of 1,950 in the 
ADRENAL – Sepsis-3 cohort provided 90% power to 
detect an absolute di� erence of 7% and 80% power to 
detect an absolute di� erence of 6%, assuming 35% mortality 
rate in control group. In the ADRENAL – APROCCHSS 
cohort, a sample size of 905 provided 90% power to detect 
an absolute di� erence of 11% and 80% power to detect an 
absolute di� erence of 9%, assuming a baseline mortality of 
45%. We applied the same statistical methods as described in 
the original ADRENAL trial and used the same set of pri-
mary and secondary outcomes. For the primary outcome 
of mortality at day 90, to account for strati� cation variables, 
the main analysis was performed using logistic regression 
with treatment allocation and admission type (medical or 
surgical) as � xed e� ects and trial site as a random e� ect. For 
secondary binary and continuous outcomes, logistic regres-
sion and linear regression were used, respectively, depending 
on the type of outcomes, including treatment allocation and 
admission type as � xed e� ect and site as a random e� ect. 
These were described in detail in a statistical analysis plan 
published before database lock of the ADRENAL trial.  5   All 

   Submitted for publication February 1, 2019. Accepted for publication July 16, 2019. 
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tests were conducted with statistical signi� cant level of 0.05 
(type 1 error), and signi� cant test results are hypothesis-
generating. No adjustments for multiplicity of testing were 
applied, but signi� cant test results were interpreted in light 
of the multiple comparisons made. 

 We also applied the analytical methods as reported in the 
APROCCHSS article  6   on the ADRENAL – APROCCHSS 
cohort to assess the treatment e� ect on the primary outcome, 
using relative risk without adjustment of strati� cation factor 
and trial site. We also performed survival analysis of time to 
death using same approach as described for the ADRENAL 
trial. Time to death was reported using Kaplan – Meier plots 
with di� erences in survival tested using a Cox proportional 
hazard model  7   including the randomized treatment arm, 
admission type, and a random-center e� ect. Proportional haz-
ard assumptions were tested by adding the interaction term 
between time and treatment in the Cox regression model. We 
used SAS Enterprise Guide 7.15 software for statistical analy-
sis (SAS institute, Australia).   

  Results 
 Of the original cohort of 3,800 patients in ADRENAL, there 
were 1,950 (51.3%) subjects who met the Sepsis-3 criteria: 
973 assigned to hydrocortisone and 977 assigned to placebo. 
Of these subjects, 905 (23.8%) patients met the APROCCHSS 
criteria: 455 assigned to hydrocortisone and 450 assigned to 
placebo. The patient � ow chart is shown in Supplemental 
Digital Content 2 ( http://links.lww.com/ALN/C49 ). 

 The baseline characteristics of all ADRENAL participants 
as well as the cohorts meeting Sepsis-3 and APROCCHSS 
criteria are reported in  table   1  . The three groups were sim-
ilar at baseline with respect to demographic characteristics, 
admission diagnoses, sources of sepsis, baseline interventions, 
and illness severity. Patients in the ADRENAL – Sepsis-3 
and ADRENAL – APROCCHSS cohorts had higher mean 
baseline plasma lactate concentration than the original 
ADRENAL cohort. There was higher proportion of medi-
cal admissions and more patients treated with renal replace-
ment therapy at baseline in the ADRENAL – APROCCHSS 
cohort than in the ADRENAL cohort.  

  Outcomes  

 Primary Outcome .    At 90 days after randomization, in the 
ADRENAL – Sepsis-3 cohort, 312 of 963 (32.4%) of the 
patients assigned to hydrocortisone and 337 of 958 (35.2%) 
of the patients assigned to placebo had died (odds ratio, 
0.86; 95% CI, 0.70 to 1.06;  P =  0.166;  table    2  ). The cor-
responding � gures for the ADRENAL – APROCCHSS 
cohorts were 187 of 453 (41.3%) and 200 of 445 (44.9%), 
respectively, for hydrocortisone and the placebo groups 
(odds ratio, 0.84; 95% CI, 0.60 to 1.17;  P =  0.303). We con-
ducted an additional  post hoc  analysis of the primary out-
come in the ADRENAL – APROCCHSS cohort who were 
randomized after 6   h of vasopressor therapy. Of the 905 

patients in the ADRENAL – APROCCHSS, 730 patients 
were randomized after 6   h of pressor therapy (365 in each 
group). The 90-day mortality rates were 42% (153 of 365) 
and 46.1% (168 of 365) in the hydrocortisone and placebo 
groups, respectively (odds ratio, 0.83; 95% CI, 0.60 to 1.16; 
 P =   0.306). When the original ADRENAL data and the 
ADRENAL – APROCCHSS cohorts were analyzed using 
the APROCCHSS approach as rate ratios, there were 
no statistically signi� cant di� erences in the primary out-
come between the treatment groups (Supplemental Digital 
Content 1,  http://links.lww.com/ALN/C48 ). There was 
no statistically signi� cant di� erence in the time to death 
between the groups during the 90days after randomization 
(hazard ratio = 0.87; 95% CI, 0.75 to 1.02;  P  = 0.082 for 
the ADRENAL – Sepsis-3 cohort; and hazard ratio = 0.86; 
95% CI, 0.71 to 1.06;  P   =  0.156 for the ADRENAL –
 APROCCHSS cohort;  � gs.   1   and 2).    

  Secondary Outcomes.  
 ADRENAL – Sepsis-3 .    There was a statistically signi� cant 
di� erence in day-28 mortality between the two groups 
26.7% (259 of 969)  versus  31% (300 of 968) in the hydro-
cortisone and placebo groups, respectively (odds ratio, 
0.80; 95% CI, 0.64 to 0.99;  P  = 0.042). Patients assigned 
to hydrocortisone had faster resolution of shock (median 
[interquartile range], 3 [2 to 6]  vs.  5 [3 to 12] days; hazard 
ratio = 1.36; 95% CI, 1.23 to 1.50;  P  <   0.0001), a higher 
frequency of recurrence of shock (22.1% [214 of 970] 
 vs.  17.4% [170 of 977]; odds ratio, 1.35; 95% CI, 1.08 to 
1.69;  P =  0.009), an increase in the number of days alive 
and free of mechanical ventilation (57.0  ±  37.2  vs.  53.7  ±  
38.2 days; 95% CI, 0.40 to 7.04;  P =  0.028), an increase 
in the number of days alive and free of renal replacement 
therapy (60.9  ±  38.2  vs.  57.2  ±  39.6 days; 95% CI, 0.57 
to 7.43;  P  =   0.022), and an increase in the number of 
days alive and free of the intensive care unit (54.3  ±  36.0 
 vs.  51.0  ±  37.1; 95% CI, 0.82 to 7.24;  P =  0.014). There 
were no signi� cant di� erences with respect to the devel-
opment of new onset bacteremia or fungemia, in the pro-
portions of patients requiring blood transfusions, in days 
alive and out of hospital, or in time to hospital discharge 
between the groups.   
 ADRENAL – APROCCHSS .    There was no statistically signif-
icant di� erence in day-28 mortality between the two 
groups (36.6% [166 of 454]  vs.  40.3% [181 of 449] in the 
hydrocortisone and placebo groups, respectively; odds ratio, 
0.84; 95% CI, 0.62 to 1.13;  P  = 0.251). Patients assigned 
to hydrocortisone had a faster resolution of shock (median 
[interquartile range], 4 [3 to 41]  vs.  7 [3 to unavailable value] 
days; hazard ratio = 1.27; 95% CI, 1.09 to 1.48;  P =  0.002) 
but a higher frequency of recurrence of shock (23.3% [106 
or 455]  vs.  16.2% [73 of 450]; odds ratio, 1.57; 95% CI, 1.12 
to 2.18;  P =  0.008). 

 There were no statistically signi� cant di� erences 
with respect to the number of days alive and free of 
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mechanical ventilation, the number of days alive and free of 
renal replacement therapy, the number of days alive and free 
of the intensive care unit, the development of new onset 
bacteremia or fungemia, in the proportions of patients 
requiring blood transfusions, the number of days alive and 
out of hospital, or the time to hospital discharge between 
the groups. A comparison of the secondary outcomes of the 
Sepsis-3 and the APROCCHSS cohorts with those of the 
original ADRENAL and the APROCCHSS trial partici-
pants is outlined in  table   3  .      

  Discussion 
 In the subsets of patients from the ADRENAL trial who 
met the Sepsis-3 or APROCCHSS inclusion criteria, there 
was a higher overall mortality rate at day 90, but the admin-
istration of hydrocortisone did not result in a signi� cantly 
lower mortality as compared with placebo. This is in line 
with the original trial results. 

 There was also concordance between the three cohorts 
in some of the secondary outcomes: earlier time to reversal 

 Table 2.      Primary Outcome Comparison: ADRENAL, ADRENAL – Sepsis-3 cohort, ADRENAL – APROCCHSS cohort, and 
APROCCHSS original  

      Hydrocortisone    Placebo   
 Odds or 

Rate Ratio    95% CI     P  Value   

 ADRENAL (original)  511/1,832 (27.9)  526/1,826 (28.8)  0.95  *    0.82 to 1.10  0.504 
 ADRENAL – Sepsis-3  312/963 (32.4)  337/958 (35.2)  0.86  *    0.70 to 1.06  0.166 
 ADRENAL – APROCCHSS  187/453 (41.3)  200/445 (44.9)  0.84  *    0.60 to 1.17  0.303 
 APROCCHSS (original)  264/614 (43.0)  308/627 (49.1)  0.88  †    0.78 to 0.99  0.03 

   The primary outcome was 90-day mortality (%) reported as odds ratios (using the statistical analytical methods described in the ADRENAL article 1,5 ). The proportions are presented as 
number of subjects/denominator (percentage). The analysis of mortality at day 90 reported in this table, adjusted for stratifi cation variables is a logistic regression including treatment 
and admission type as fi xed effects and study site as a random effect.  
    *  Odds ratios.   †  Rate ratios.   

 Fig. 1.      Adjunctive Glucocorticoid Therapy in Patients with Septic Shock (ADRENAL) Sepsis-3: Probability of survival and risk of death at 90 
days, according to subgroup. Shown are the Kaplan – Meier estimates of the probability of survival for patients receiving either hydrocortisone 
or placebo. The  P  value was calculated using a Cox proportional hazard model including the randomized treatment arm, admission type, and 
a random-center effect. HR, hazard ratio.    
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of shock with hydrocortisone, rate of recurrence of mechan-
ical ventilation, days alive and out of hospital, and the rate 
of new-onset bacteremia or fungemia. In contrast to the 
original trial, patients in both subsets who received hydro-
cortisone had a higher rate of recurrence of shock, but there 
was no di� erential treatment e� ect on the blood transfusion 
rates. In patients meeting the Sepsis-3 criteria, those assigned 
to hydrocortisone had reduced 28-day mortality, an increase 
in the number of days alive and free of mechanical ventila-
tion and renal replacement therapy, and an increase in the 
number of days alive and out of the intensive care unit. 

  Comparisons of Mortality among ADRENAL, 
ADRENAL – Sepsis-3, and ADRENAL – APROCCHSS 

 The day-90 mortality in the ADRENAL – Sepsis-3 cohort 
was 33.8% (about 4 percentage points higher than the 
original ADRENAL cohort) but substantially lower than 
that predicted by the task force.  4   Of note, all the patients in 
the ADRENAL – Sepsis-3 cohort were mechanically venti-
lated, suggesting a higher degree of organ failure. Although 
a number of  post hoc  analyses of randomized controlled 
trials and registry data report mortality rates greater than 
40% when Sepsis-3 criteria are applied,  8 – 10   other data sets 
have also found lower than predicted mortality rates when 
applying the Sepsis-3 criteria.  11 – 13  

 The mortality rates for day 90 were comparable between 
the ADRENAL – APROCCHSS cohort and the origi-
nal APROCCHSS cohort, although there was no di� erent 
treatment e� ect between hydrocortisone and placebo in 
the ADRENAL. The other major di� erence between the 
ADRENAL and APROCCHSS was the use of � udrocor-
tisone in the latter. It is unclear whether the use of � udro-
cortisone would be su�  cient to explain the di� erence in 
survival. The only trial comparing hydrocortisone alone  ver-
sus  hydrocortisone plus � udrocortisone lacked adequate sta-
tistical power to identify a di� erence in mortality. 14  There are 
several reasons to doubt that the addition of � udrocortisone 
to the treatment regime would confer any additional bene� t. 
Because the mineralocorticoid receptor has an equal a�  nity 
for both mineralocorticoids and glucocorticoids, a daily dose 
of 50   mg or more of hydrocortisone is equivalent to 0.1   mg 
of � udrocortisone.  15   Furthermore, the short plasma half-life 
(1.4   h) of � udrocortisone suggests that a single daily dose may 
not be optimal,  16   and there is evidence to suggest that its oral 
absorption is impaired in critically ill patients.  17   

 In both cohorts, similar to the original trial, shock 
reversal occurred earlier in the hydrocortisone group, 
but at variance with the original ADRENAL trial 
results was the observation that recurrence of shock was 
higher in the hydrocortisone group. This � nding was not 
reported in either of the primary studies, is an observation 

 Fig. 2.      Adjunctive Glucocorticoid Therapy in Patients with Septic Shock (ADRENAL) – Activated Protein C and Corticosteroids for Human Septic 
Shock (APROCCHSS): Probability of survival and risk of death at 90 days, according to subgroup. Shown are the Kaplan – Meier estimates of 
the probability of survival for patients receiving either hydrocortisone or placebo. The  P  value was calculated using a Cox proportional hazard 
model including the randomized treatment arm, admission type, and a random-center effect. HR, hazard ratio.    
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 Table 3.      Secondary Outcomes Comparison: ADRENAL, ADRENAL – Sepsis-3 Cohort, ADRENAL – APROCCHSS Cohort, and APROCCHSS Original  

      Hydrocortisone    Placebo   

 Odds Ratio, Hazard 
Ratio, Rate Ratio, or 
Absolute difference    95% CI     P  Value   

 28-day mortality                
    ADRENAL (original)  410/1,841 (22.3)  448/1,840 (24.3)  0.89  *    0.76 to 1.03  0.125 
    ADRENAL – Sepsis-3  259/969 (26.7%)  300/968 (31.0%)  0.80  *    0.64 to 0.99  0.042 
    ADRENAL – APROCCHSS  166/454 (36.6%)  181/449 (40.3%)  0.84  *    0.62 to 1.13  0.251 
    APROCCHSS (original)  207/614 (33.7)  244/627 (38.9)  0.87  0.75 to 1.01  0.06 
 Time to reversal of shock (days); median (IQR)                
    ADRENAL (original)  3 (2 – 5)  4 (2 – 9)  1.32  †    1.23 to 1.41   <  0.0001 
    ADRENAL – Sepsis-3  3 (2 – 6)  5 (3 – 12)  1.36  †    1.23 to 1.50   <  0.0001 
    ADRENAL – APROCCHSS  4.0 (3.0 to 41.0)  7.0 (3.0 to N/A)  1.27  †    1.09 to 1.48  0.002 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 Recurrence of shock                
    ADRENAL (original)  365/1,853 (19.7)  343/1,860 (18.4)  1.07  *    0.94 to 1.22  0.319 
    ADRENAL – Sepsis-3  214/970 (22.1%)  170/977 (17.4%)  1.35  1.08 to 1.69  0.009 
    ADRENAL – APROCCHSS  106/455 (23.3%)  73/450 (16.2%)  1.57  1.12 to 2.18  0.008 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 Days alive and free of ICU                
    ADRENAL (original)  58.2  ±  34.8  56.0  ±  35.4  2.26  ‡    0.04 to 4.49  0.047 
    ADRENAL – Sepsis-3  54.3  ±  36.0  51.0  ±  37.1  4.03  ‡    0.82 to 7.24  0.014 
    ADRENAL – APROCCHSS  45.9  ±  37.7  42.3  ±  37.7  4.20  ‡     − 0.66 to 9.07  0.090 
    APROCCHSS (original)  42  ±  38  38  ±  38  N/A  N/A  0.05 
 Days alive and free of hospital                
    ADRENAL (original)  40.0  ±  32.0  38.6  ±  32.4  1.45  ‡     − 0.59 to 3.49  0.164 
    ADRENAL – Sepsis-3  36.3  ±  31.9  34.8  ±  32.6  1.68   − 1.16 to 4.52  0.245 
    ADRENAL – APROCCHSS  31.6  ±  31.5  28.3  ±  31.1  3.67  ‡     − 0.36 to 7.70  0.074 
    APROCCHSS (original)  31  ±  33  29  ±  33  N/A  N/A  0.27 
 Days alive and free of mechanical ventilation                
    ADRENAL (original)  61.2  ±  35.6  59.1  ±  36.1  2.18  ‡     − 0.11 to 4.46  0.062 
    ADRENAL – Sepsis-3  57.0  ±  37.2  53.7  ±  38.2  3.72  ‡    0.40 to 7.04  0.028 
    ADRENAL – APROCCHSS  48.5  ±  39.2  45.4  ±  39.1  3.78  ‡     − 1.28 to 8.84  0.143 
    APROCCHSS (original)  45  ±  39  40  ±  39  N/A  N/A  0.04 
 Recurrence of mechanical ventilation                
    ADRENAL (original)  180/1,842 (9.8)  154/1,850 (8.3)  1.18  *    0.96 to 1.45  0.113 
    ADRENAL – Sepsis-3  93/967 (9.6%)  71/974 (7.3%)  1.36  *    0.98 to 1.88  0.063 
    ADRENAL – APROCCHSS  38/455 (8.4%)  31/447 (6.9%)  1.22  *    0.74 to 2.0  0.432 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 Days alive and free of RRT                
    ADRENAL (original)  42.6  ± 39.1  40.4  ±  38.5  2.37  ‡     − 2.00 to 6.75  0.294 
    ADRENAL – Sepsis-3  60.9  ±  38.2  57.2  ±  39.6  4.00  ‡    0.57 to 7.43  0.022 
    ADRENAL – APROCCHSS  51.5  ±  40.6  49.5  ±  40.9  2.54  ‡     − 2.73 to 7.82  0.344 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 Use of RRT                
    ADRENAL (original)  567/1,853 (30.6)  609/1,860 (32.7)  0.94  *    0.86 to 1.03  0.178 
    ADRENAL – Sepsis-3  350/969 (36.1%)  389/973 (40.0%)  0.83  *    0.69 to 1.00  0.049 
    ADRENAL – APROCCHSS  239/454 (52.6%)  217/447 (48.5%)  1.16  *    0.89 to 1.52  0.275 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 New bacteremia or fungemia                
    ADRENAL (original)  262/1,853 (14.1)  262/1,860 (14.1)  1.00  *    0.86 to 1.16  0.957 
    ADRENAL – Sepsis-3  143/969 (14.8%)  135/972 (13.9%)  1.07  *    0.82 to 1.39  0.616 
    ADRENAL – APROCCHSS  66/455 (14.5%)  60/448 (13.4%)  1.13  *    0.75 to 1.70  0.560 
    APROCCHSS (original)  49/614 (8.0%)  48/626 (7.7%)  1.04  0.71 to 1.53  0.86 
 Blood transfusion                
    ADRENAL (original)  683/1,848 (37.0)  773/1,855 (41.7)  0.82  *    0.72 to 0.94  0.004 
    ADRENAL – Sepsis-3  393/973 (40.4%)  424/977 (43.4%)  0.89  *    0.74 to 1.07  0.212 
    ADRENAL – APROCCHSS  224/455 (49.2%)  205/450 (45.6%)  1.17  *    0.90 to 1.52  0.246 
    APROCCHSS (original)  N/A  N/A  N/A  N/A  N/A 
 180-day mortality                
    ADRENAL (original)  571/1,812 (31.5%)  574/1,803 (31.8%)  0.99  *    0.86 to 1.13  0.834 
    ADRENAL – Sepsis-3  349/959 (36.4%)  367/952 (38.6%)  0.89  *    0.76 to 1.10  0.239 
    ADRENAL – APROCCHSS  199/448 (44.4%)  211/441 (47.8%)  0.84  *    0.64 to 1.11  0.220 
    APROCCHSS (original)  285/611 (46.6%)  328/625 (52.5%)  0.89  *    0.79 to 0.99  0.04 

   Plus – minus values represent means  ±  standard deviations. The proportions are presented as numbers of subjects/denominator (percentage). Median (IQR) values are presented for 
not normally distributed variables. The analysis of mortality at days 28 and 180 reported in this table, adjusted for stratifi cation variables, is a logistic regression including treatment 
and admission type as fi xed effects and study site as a random effect.  
    *  Odds ratios;   †  Hazard ratios.   ‡  Mean absolute differences.  
  ADRENAL, Adjunctive Glucocorticoid Therapy in Patients with Septic Shock trial; APROCHSS, Activated Protein C and Corticosteroids for Human Septic Shock trial; ICU, intensive care 
unit; IQR, interquartile range; N/A, not available (value not reported in the main article or in the Supplemental Digital Content 1 [http://links.lww.com/ALN/C48] of the APROCCHSS 
publication and hence not available); RRT, renal replacement therapy; Sepsis-3, third international consensus defi nitions for sepsis and septic shock.   
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originating from  post hoc  analyses, and may be regarded as 
hypothesis-generating.  

  Limitations 

 The Sepsis-3 task force stipulated three criteria for the 
diagnosis of septic shock: MAP of less than 65 mmHg, lac-
tate of more than 2 mmol/l, and absence of hypovolemia. 
Volume status is di�  cult to assess in critically ill patients. 
Baseline � lling pressures assessed by the central venous 
pressure was within normal limits in the Sepsis-3 cohort, 
and this was used as a surrogate for euvolemia. Our study 
was limited to patients who required a minimum of 4   h 
of vasopressor therapy and mechanical ventilator support, 
neither of which are required to meet the Sepsis-3 cri-
teria for septic shock. Therefore, the number of eligible 
patients who would have met Sepsis-3 criteria may have 
been underestimated. Because a number of patients who 
were deemed to be in danger of imminent death or in 
whom death was deemed inevitable during the admis-
sion were excluded (which were not exclusions in the 
original Sepsis-3 validation cohort), the mortality in our 
cohort of patients meeting Sepsis-3 criteria may have been 
underestimated. Matching of the ADRENAL trial partic-
ipants with the APROCCHSS cohort may not have been 
precise, because there were di� erent duration require-
ments for pressor therapy for entry into the study. The 
APROCCHSS trial used 6   h of pressor therapy, as opposed 
to only 4   h in the ADRENAL trial. However, this is miti-
gated by the baseline equivalence of patients between the 
ADRENAL – APROCCHSS and original APROCCHSS 
trials. Moreover, the analysis of primary outcome in the 
cohort of patients in the ADRENAL – APROCCHSS 
group who were randomized after 6   h did not reveal a 
treatment e� ect. Another key di� erence between the two 
trials was the exclusion of patients who had received eto-
midate, a known adrenal suppressant, in the ADRENAL 
trial. Although the impact of this exclusion criterion could 
not be evaluated in this analysis, it is well recognized that 
the use of etomidate was a signi� cant confounder in the 
interpretation of the results of two earlier trials of low dose 
steroids in septic shock.  18 , 19   The absolute risk reduction of 
3.6% in mortality in favor of hydrocortisone observed in 
the ADRENAL – APROCCHSS cohort may be consid-
ered as clinically signi� cant, especially in the context of a 
safe and an inexpensive intervention, but the interpretation 
is limited by the lack of statistical signi� cance, the  post hoc  
nature of the analysis, and the reduced power due to the 
smaller sample size.  

  Conclusions 

 In the ADRENAL trial participants who ful� lled either the 
Sepsis-3 or the APROCCHSS inclusion criteria, a contin-
uous infusion of hydrocortisone did not result in a signi� -
cantly lower 90-day mortality than placebo in septic shock.  
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 ABSTRACT 
  Background:     Sevofl urane with its antiinfl ammatory properties has shown 
to decrease mortality in animal models of sepsis. However, the underlying 
mechanism of its benefi cial effect in this infl ammatory scenario remains 
poorly understood. Macrophages play an important role in the early stage of 
sepsis as they are tasked with eliminating invading microbes and also attract-
ing other immune cells by the release of proinfl ammatory cytokines such as 
interleukin-1  β  , interleukin-6, and tumor necrosis factor-  α  . Thus, the authors 
hypothesized that sevofl urane mitigates the proinfl ammatory response of 
macrophages, while maintaining their bactericidal properties.  

  Methods:     Murine bone marrow – derived macrophages were stimulated  in 
vitro  with lipopolysaccharide in the presence and absence of 2% sevofl urane. 
Expression of cytokines and inducible NO synthase as well as uptake of fl uo-
rescently labeled  Escherichia coli (E. coli)  were measured. The  in vivo  endotox-
emia model consisted of an intraperitoneal lipopolysaccharide injection after 
anesthesia with either ketamine and xylazine or 4% sevofl urane. Male mice 
(n = 6 per group) were observed for a total of 20   h. During the last 30   min 
fl uorescently labeled  E. coli  were intraperitoneally injected. Peritoneal cells 
were extracted by peritoneal lavage and inducible NO synthase expression 
as well as  E. coli  uptake by peritoneal macrophages was determined using 
fl ow cytometry.  

  Results:      In vitro , sevofl urane enhanced lipopolysaccharide-induced induc-
ible NO synthase expression after 8   h by 466% and increased macrophage 
uptake of fl uorescently labeled  E. coli  by 70% compared with vehicle-treated 
controls. Inhibiting inducible NO synthase expression pharmacologically abol-
ished this increase in bacteria uptake.  In vivo,  inducible NO synthase expres-
sion was increased by 669% and phagocytosis of  E. coli  by 49% compared 
with the control group.  

  Conclusions:     Sevofl urane enhances phagocytosis of bacteria by lipopoly-
saccharide-challenged macrophages  in vitro  and  in vivo   via  an inducible NO 
synthase – dependent mechanism. Thus, sevofl urane potentiates bactericidal 
and antiinfl ammatory host-defense mechanisms in endotoxemia.   
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 Modern volatile anesthetics such as sevo� urane have 
been shown to be protective in scenarios of isch-

emia-reperfusion injury in various organs including the 
heart,  1   kidney,  2   and liver.  3   Furthermore, sevo� urane is 
known to have antiin� ammatory properties as it reduces the 
in� ammatory response associated with alveolar epithelial 
cells  4 , 5   and decreases the activation of nuclear factor-  κ  B.  6 – 12   

Nuclear factor-  κ  B, a well-known nuclear transcription 
factor, is seen as one of the key regulators for initiating 
an immune response toward in� ammation. Inhalation of 
sevo� urane also appears to be bene� cial during acute lung 
injury.  13 , 14   Less is known about the e� ects of sevo� urane 
on infectious in� ammation. Animal studies suggest favor-
able in� uences as sevo� urane improved survival in bacte-
rial sepsis.  15 , 16   This � nding is particularly interesting because 
propofol, another commonly used anesthetic agent, showed 
adverse e� ects in infectious conditions, as exposure to 

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Sevoflurane has antiinflammatory properties, but less is known 
about effects on infectious inflammation  

•   Sevoflurane effects on macrophage function in inflammation are 
not well understood    

  What This Article Tells Us That Is New  

•   In a lipopolysaccharide model of inflammation, sevoflurane 
increased mouse macrophage nitric oxide synthase activity and 
bacteria phagocytosis  in vitro  and  in vivo   

•   These effects were abolished by pharmacologically inhibiting nitric 
oxide synthase expression  

•   In endotoxemia in mice, sevoflurane had bactericidal effects     
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propofol increased bacterial burden of infected animals  17   and 
decreased survival in sepsis.  16   

 Sevo� urane interacts with immune cells like neutrophils 
and decreases their adhesion to the endothelium  18 , 19   as well 
as transmigration,  20   and reduces apoptosis.  21   Only a few 
studies have investigated the e� ects of sevo� urane on other 
immune cells. Macrophages, as part of the innate immune 
system, are among the � rst to interact with microbial 
invaders and defend the host against pathogens. They are 
recruited to the site of infection and attract other immune 
cells by releasing proin� ammatory cytokines such as inter-
leukin-1  β  , interleukin-6, and tumor necrosis factor-  α  .  22   
Invading microorganisms are eradicated when macrophages 
engulf them  via  phagocytosis, whereas bactericidal proteins 
such as inducible NO synthase are upregulated, leading to 
increased expression of NO.  22 , 23   Antigens from eradicated 
pathogens are then presented to the adaptive immune sys-
tem and a speci� c immune response can be initiated.  24 , 25   
Thus, macrophages play a pivotal role in restoring tissue 
homeostasis and overcoming in� ammation.  23   

 We hypothesized that sevo� urane prevents macrophages 
from eliciting an exaggerated immune response by atten-
uating the expression of nuclear factor-  κ  B – dependent 
gene products, thereby contributing to sevo� urane ’ s overall 
bene� cial e� ect in severe in� ammation. The � rst aim was 
thus to assess the in� ammatory response of murine macro-
phages on stimulation with bacterial lipopolysaccharide in 
the presence and absence of sevo� urane. The second aim 
was to evaluate macrophage function under the in� uence 
of sevo� urane  in vitro  as well as  in vivo  in a lipopolysaccha-
ride-induced endotoxemia model in mice. 

  Materials and Methods 

  Cell Culture 

 All cell culture procedures were conducted under sterile 
conditions in a laminar � ow cabinet, with reagents warmed 
to 37 ° C before use, if not stated otherwise. Abelson murine 
leukemia virus-transformed macrophages from BALB/c mice 
(RAW) 264.7 cells (ATCC TIB-71), were cultured under 
standard cell culture conditions (37 ° C, 80% relative humid-
ity and 5% carbon dioxide [CO 

2 
]) in Dulbecco’s Modi� ed 

Eagle’s Medium with 10% heat-inactivated fetal bovine serum 
(Gemini Bio-Products, USA), 1 U/ml penicillin, 100  μ M/ml 
streptomycin, and 1   mM sodium pyruvate (all from Thermo 
Fisher Scienti� c, USA). RAW 264.7 macrophages were used 
for nitrate measurement and degradation of nuclear factor-  κ  B 
inhibitor –   α  . All other  in vitro  experiments were conducted 
with murine bone marrow – derived macrophages.  

  Animals 

 After approval by the institutional ethical board, all animal 
procedures and experiments were conducted in accordance 
with the guidelines of the University of Illinois at Chicago 
Institutional Animal Care and Use Committee and O�  ce 

of Laboratory Animal Welfare (Chicago, Illinois). C57BL/6 
mice were purchased from Jackson Laboratory (USA) and 
used in all experiments. Male C57BL/6 mice, 8 – 12 weeks 
old with a target weight of 25 – 30   g, were used. We only 
used male animals because hormonal changes occurring 
during the menstrual cycle could possibly have an impact 
on the experimental setup. Four animals were housed per 
cage. Animals had free access to food and water and were 
subjected to a 12-hr day and night cycle. Experiments were 
performed in the animal facility at the University of Illinois 
at Chicago. Anesthesia was either induced with an intra-
peritoneal injection of ketamine (100   mg/kg bodyweight, 
Hospira Inc., USA) and xylazine (10   mg/kg bodyweight, 
AKORN Animal Health, USA) or with 4% sevo� urane 
(Baxter, USA), corresponding to a 1.2 minimum alveolar 
concentration (MAC) in mice.  15    

  Isolation of Murine Bone Marrow – derived Macrophages 

 Bone marrow – derived macrophages were isolated and dif-
ferentiated as previously described.  26   After induction of anes-
thesia with ketamine/xylazine, mice were euthanized  via  
exsanguination and removal of the heart. Thereafter, bone 
marrow cells from the femur and tibia were isolated and dif-
ferentiated for 5 – 7 days in Roswell Park Memorial Institute 
containing 10% heat-inactivated fetal bovine serum (Gemini 
Bio-Products, West Sacramento, USA), 1% (volume/volume) 
Antibiotic-Antimycotic, 1   mM sodium pyruvate (both from 
Thermo Fisher Scienti� c, USA), and 10 to 15% L929 condi-
tioned cell culture medium. For experimental procedures in 
six-well plates, macrophages were di� erentiated in the same 
plate. For experiments in other plates, bone marrow – derived 
macrophages were removed after 5 – 7 days with 5   mM EDTA 
(Sigma-Aldrich, USA) in Dulbecco ’ s phosphate bu� ered 
saline and reseeded into the appropriate cell culture dish.  

  Experimental Exposure  In Vitro  
 Cells were incubated with bacterial lipopolysaccharide from 
 Escherichia coli  ( E. coli ) serotype 055:B5 (Sigma-Aldrich, 
USA) at a concentration of 100   ng/ml for up to 24   h. 
Sevo� urane (Baxter, USA) was vaporized with a Penlon 
(USA) Sigma Elite vaporizer, and the cells were incubated 
in an airtight Oxoid chamber (Pratteln, Switzerland) for 
the entire time of lipopolysaccharide exposure. This time 
varied according to the endpoint (in� ammatory mediators 
interleukin-1   β   , interleukin-6, and tumor necrosis factor-   α   : 
mRNA 0-24   h, protein: 4 – 24   h; inducible NO synthase 
mRNA 0-24   h; inducible NO synthase protein 4 and 8   h; 
nitrite 24   h; nuclear factor-   κ   B inhibitor –    α    0-90   min; extra-
cellular signal-regulated kinase 8   h; bone marrow – derived 
macrophage  E. coli  uptake:  in vitro  8   h  in vivo  experiments 
20   h). A schematic illustration of the experimental setting is 
shown in  � gure   1  .  

 For inducible NO synthase inhibition, the selective 
inducible NO synthase inhibitor 1400W (Calbiochem, 
USA) was used at a � nal concentration of 1  μ M. Sevo� urane 
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concentration in the out� owing air from the airtight cham-
ber was measured with an E-CAiO gas analyzer and dis-
played on a CARESCAPE Monitor B650, both from GE 
Healthcare (USA). Sevo� urane was vaporized in synthetic 
air with 5% CO 

2 
 (21% O 

2 
, 74% N 

2, 
 and 5% CO 

2 
).  

  Quantitative Real-time Polymerase Chain Reaction Analysis 

 Total RNA was isolated from bone marrow – derived mac-
rophages with TRIzol reagent (Invitrogen, USA) following 
the manufacturer ’ s protocol. After RNA puri� cation, 1  μ g 
RNA was used to produce cDNA using the high-capac-
ity cDNA reverse transcription kit (Applied Biosystems, 
USA). Quantitative real-time polymerase chain reaction 
was performed with Fast SYBR green master mix (Applied 

Biosystems, USA) on a ViiA 7 real-time polymerase chain 
reaction system (Applied Biosystems). The following prim-
ers were used: interleukin-1  β   forward primer 5 ’ - ttc cca 
tta gac aac tgc act ac -3 ’  and reverse primer 5 ’ - gtc gtt 
gct tgg ttc tcc tt -3 ’ ; interleukin-6 forward primer 5 ’ -
 cac aag tcc gga gag gag ac -3 ’  and reverse primer 5 ’ - ttc 
tgc aag tgc atc atc gt -3 ’ ; glyceraldehyde 3-phosphate 
dehydrogenase forward primer 5 ’ - ggg tgt gaa cca cga 
gaa ata -3 ’  and reverse primer 5 ’ - gtc atg agc cct tcc 
aca at -3 ’ ; inducible NO synthase forward primer 5 ’ - cag 
ctg ggc tgt aca aac ctt -3 ’  and reverse primer 5 ’ - cat 
tgg aag tga agc gtt tcg -3 ’ ; tumor necrosis factor-  α   for-
ward primer 5 ’ - agt tct atg gcc cag acc ct -3 ’  and reverse 
primer 5 ’ - cac ttg gtg gtt tgc tac ga -3 ’ . Cycle threshold 

 Fig. 1.      Schematic illustration of the experimental setting. ( A ) Stimulation of bone marrow – derived macrophages (BMDM) with lipopolysac-
charide (LPS) in the presence and absence of 2% sevofl urane. ( B ) Experimental setup for degradation of nuclear factor-  κ      B inhibitor –   α   (I  κ  B  α  ). 
( C )  In vitro  update of fl uorescein isothiocyanate (FITC)-labeled  Escherichia coli (E. coli) . ( D )  In vivo  inducible NO synthase (iNOS) expression 
and uptake of FITC-labeled  E. coli  by murine peritoneal macrophages.    
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(Ct) values were transformed (2  − Ct ) and normalized to cor-
responding glyceraldehyde 3-phosphate dehydrogenase 
values for each sample. Graphs show fold the change com-
pared with controls at time point 0   min.  

  Enzyme-linked Immunosorbent Assay 

 The concentrations of murine interleukin-1  β   and interleu-
kin-6 were determined in the supernatant by enzyme-linked 
immunosorbent assay, according to the manufacturer ’ s man-
ual (ELISA DuoKits, R & D Systems, USA). Optical density at 
450   nm with a wavelength correction of 540   nm was measured 
on the Tecan (Switzerland) GENios Pro microplate reader.  

  Nitrite Measurement 

 NO release by macrophages was measured indirectly by 
determination of nitrite production. Nitrite level re� ects 
the total NO production as it forms immediately on oxi-
dation of NO, and also is more stable than NO which has 
a half-life of a few seconds.  27   RAW 264.7 cells (9  ×  10 5  
per well) were seeded into six-well plates and stimulated 
for 24   h. Nitrite concentrations in the supernatant were 
measured with the Griess reagent measurement kit (Cell 
Signaling, USA) according to the manufacturer ’ s protocol.  

  Western Blot 

 Cells were rinsed one time with ice-cold Dulbecco ’ s 
phosphate bu� ered saline (Cellgro, USA) and then lysed 
with RIPA bu� er (Boston Bioproducts, USA) containing 
phosphatase and proteinase inhibitors (both from Sigma-
Aldrich, USA). Thereafter, the lysate was scraped from the 
cell culture plate and left on ice for 30   min, followed by 
centrifugation at 4 ° C and 12,000 g  for 20   min. Total pro-
tein was measured using a detergent compatible protein 
assay (Bio-Rad, USA) using albumin as the protein stan-
dard (Thermo Fisher, USA). The supernatant was stored at 
 − 80 ° C until further analysis, at which time equal amounts 
of protein were diluted using Laemmli bu� er (Bio-Rad) 
plus beta-mercaptoethanol (Bio-Rad) and boiled for 5   min 
at 95 ° C. Proteins were separated by sodium dodecyl sul-
fate – polyacrylamide gel electrophoresis and transferred to a 
nitrocellulose membrane. After blocking for 1   h with either 
5% milk or 5% bovine serum albumin in tris-bu� ered saline 
with 0.1% Tween20, membranes were washed three times 
and probed with primary antibody overnight at 4 ° C. After 
washing with tris-bu� ered saline with 0.1% Tween20, mem-
branes were probed with a secondary antibody (KPL, USA) 
and chemiluminescent signal was detected using supersignal 
chemiluminescence substrate (Thermo Fisher, USA) and 
an Odyssey Fc imager (Li-cor, USA). Digital images were 
analyzed with ImageJ 1.49v software (National Institutes 
of Health, Bethesda, MD). For protein phosphorylation, 
membranes were exposed to stripping bu� er (100 mmol/l 
glycine, 1% sodium dodecyl sulfate, 0.1% NP-40, pH 2 in 
H 2 

O) and reprobed with antibodies as previously described. 

Glyceraldehyde 3-phosphate dehydrogenase or   β  -actin 
were used as loading controls. The following primary anti-
bodies were used:   β  -actin from BD Bioscience (USA); total 
and phosphorylated (pThr202/pTyr204) extracellular sig-
nal-regulated kinases from Cell Signaling (USA); glyceral-
dehyde 3-phosphate dehydrogenase and nuclear factor-  κ  B 
inhibitor –   α   from Santa Cruz Biotechnology (USA); induc-
ible NO synthase from EMD Millipore (USA).  

  Measurement of Uptake of Fluorescently Labeled  E. coli  
 Macrophage-mediated uptake of heat inactivated  E. coli  was 
performed as previously described.  28   Bone marrow – de-
rived macrophages (10 5  per well) were seeded in a black, 
clear-bottom 96-well plate (Corning, USA) and pretreated 
for 8   h with or without 100   ng/ml lipopolysaccharide in 
the presence or absence of 2% sevo� urane. Thereafter, the 
medium was removed and replaced with medium con-
taining approximately 10 8  � uorescein isothiocyanate-la-
beled heat-inactivated  E. coli  and incubated for 30   min. 
The � uorescent signal of extracellular  E. coli  was quenched 
with Trypan blue (Sigma-Aldrich, USA), as previously 
described,  28 – 30   and the cells were then � xed in 4% parafor-
maldehyde (Electron Microscopy Science, USA) and stained 
with 4’,6-diamidino-2-phenylindole (Molecular Probes, 
USA). The � uorescent signal from � uorescein isothiocy-
anate (  λ   

Excitation 
 494   nm/   λ   

Emission 
 518   nm) and 4’,6-diamid-

ino-2-phenylindole (  λ   
Excitation 

 364   nm/   λ   
Emission 

 454   nm) 
were obtained using a Synergy H4 � uorescent microplate 
reader (BioTek, USA). Uptake of heat-inactivated � u-
orescein isothiocyanate-labeled  E. coli  was calculated as: 
Uptake = (� uorescein isothiocyanate signal-background)/
(4’,6-diamidino-2-phenylindole signal). Uptake was nor-
malized to bone marrow – derived macrophages that were 
exposed to medium without additives.  

  Lipopolysaccharide-induced Endotoxemia Model 

 Animals were randomly assigned to the following groups: (1) 
Sham, (2) Sevo� urane/Sham, (3) lipopolysaccharide, and (4) 
Sevo� urane/lipopolysaccharide. Endotoxemia was induced 
by intraperitoneal injection of 5  μ g lipopolysaccharide, 
Serotype O111:B4 (Sigma-Aldrich, USA) in 200  μ l of sterile 
prewarmed saline.  31   Experiments were always initiated at the 
same time of day (start at 2  pm ). To ensure solubilization the 
suspension was sonicated for 10   min prior to injection. Mice 
were anesthetized either with ketamine/xylazine (Sham and 
lipopolysaccharide) or with sevo� urane (Sevo� urane/Sham 
and Sevo� urane/lipopolysaccharide). The goal was to reach 
a group size of six, resulting in a total of 24 animals based on 
previous experiments, respecting replacement, re� nement, 
or reduction of animals in research (3R) without sample size 
calculation. Animals were randomly assigned to one of the 
groups without blinding. Sevo� urane-treated animals were 
exposed to 4% sevo� urane for 2   h after injection of lipopoly-
saccharide. Sevo� urane concentration was used as previously 
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described.  15 , 32   For the last 30   min (at 19.5   h), 10 7  � uorescein 
isothiocyanate-labeled heat-inactivated  E. coli  in 500  μ l pre-
warmed phosphate-bu� ered saline were injected intraper-
itoneally. After a total of 20   h, the anesthetized mice were 
euthanized by cervical dislocation.  31   Subsequently, perito-
neal lavage with 6   ml ice-cold phosphate-bu� ered saline was 
performed.  33   The lavage was centrifuged for 5   min at 300 g  
and the cell pellet resuspended in 1   ml ice-cold FACS buf-
fer (phosphate-bu� ered saline and 0.5% bovine serum albu-
min). Before initiation of the experiments outcomes were 
de� ned. The primary outcome was uptake of  E. coli  by peri-
toneal macrophages; the secondary outcome was inducible 
NO synthase expression by peritoneal macrophages.  

  Flow Cytometry 

 Before staining, the cells were treated with anti-CD16/
CD32 monoclonal antibody (BD Bioscience, USA) accord-
ing to the manufacturer ’ s recommendation to block Fc  γ  RII/
III receptors. If not stated otherwise, all stainings were con-
ducted on ice and protected from light. First, surface staining 
with the following antibodies was performed for 30 min: 
PerCP Cy5-5 labeled Ly6C, Paci� c Blue labeled Ly6G, Apc 
Cy 7 labeled CD11b, Brillian Violet 510 labeled CD11c and 
PE labeled F4/80 (all from Biolegend, USA). Thereafter, the 
cell suspension was washed in phosphate-bu� ered saline and 

stained for dead cells with � xable viability dye eFluor 660 
(eBioscience, USA) for 15   min. To prepare the cells for the 
intracellular inducible NO synthase staining, they were � xed 
and permeabilized with a kit (eBioscience) according to the 
manufacturer ’ s protocol. This step was followed by intracel-
lular staining with PE Cy7 labeled inducible NO synthase 
antibody, which was performed for 20   min at room tem-
perature. For compensation, Ultracomp eBeads (Invitrogen, 
USA) were stained with 0.5  μ l of each dye for 20   min. The 
cells and beads were analyzed with a BD LSR Fortessa � ow 
cytometer. For analysis, FlowJo v10 (FlowJo, LCC, USA) 
software was used; � uorescence minus one controls were 
used to set the gates.  

  Statistical Analysis 

 Values are shown as means  ±  SD. Data analysis and graphical 
presentations were performed using GraphPad Prism ver-
sion 7.0 and 8.0 (GraphPad, USA). Normal distribution was 
visually analyzed using Q-Q plots. Comparisons between 
two groups were performed by an unpaired two-tailed  t  test, 
and for three or more groups using one-way ANOVA with 
Bonferroni ’ s  post hoc  comparison. In experiments with one 
single time point analysis, comparison of one-way ANOVA 
was used. To assess the e� ect of the treatment and time an 
ordinary two-way ANOVA (no repeated measures) with 

 Fig. 2.      mRNA cytokine expression in bone marrow – derived macrophages. Cells were exposed to lipopolysaccharide in the presence of 
absence of 2% sevofl urane (Sevo) for 0, 1, 2, 4, 8, and 24   h. RNA was extracted and quantitative real-time polymerase chain reaction was 
performed. mRNA expression of the proinfl ammatory mediators interleukin-1  β   (IL-1  β  ;  A ), interleukin-6 (IL-6;  B ) and tumor necrosis factor-  α   
(TNF-  α  ;  C ). Values represent means  ±  SD; n  ≥  3 – 6, two-way ANOVA (group and time interaction).  *  *  *  P =  0.0006.    
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Bonferroni ’ s  post hoc  test was used with time and treatment 
as factors to be evaluated. No statistical power analysis was 
conducted prior to the study. The sample size was based on 
previous experience with the experimental design(s). There 
was no exclusion of outliers. A  P  value of less than 0.05 was 
considered statistically signi� cant. All experimental proce-
dures were performed at least three times.  

  Sevofl urane Suppresses Lipopolysaccharide-induced 
Expression and Production of Proinfl ammatory 
Cytokines in Bone Marrow – derived Macrophages 

 Expression of the proin� ammatory cytokines interleu-
kin-1   β   , interleukin-6, and tumor necrosis factor –    α    in 
bone marrow – derived macrophages after lipopolysaccha-
ride stimulation was determined using quantitative real-
time polymerase chain reaction. As expected, we observed 
a time-dependent increase in the expression of proin-
� ammatory cytokines after stimulation with lipopoly-
saccharide as compared with control ( t  

0min 
;  � g.    2  , A – C). 

Lipopolysaccharide-induced interleukin-1   β    expression in 
bone marrow – derived macrophages was reduced by sevo-
� urane at 1   h ( P =  0.0006;  � g.   2A) , whereas no di� erence 
was observed in the expression of tumor necrosis factor –    α    
at any of the observed time points ( � g.   2C) .  

 To evaluate whether reduced interleukin-1   β    and 
interleukin-6 mRNA expression was associated with a 
decrease in protein level, the concentration of these cyto-
kines was measured in the supernatant from lipopolysac-
charide-treated bone marrow – derived macrophages using 
enzyme-linked immunosorbent assay. Stimulation with 
lipopolysaccharide increased the release of both interleu-
kin-1   β    and interleukin-6 at 4   h, 8   h, and 24   h ( � g.   3  , A and 
B). The release of interleukin-1   β    on lipopolysaccharide 
stimulation at 24   h (546  ±  346   ng/ml [mean  ±  SD]) was 
reduced in the presence of 2% sevo� urane to a value of 145 
 ±  155   ng/ml ( P  <   0.0001;  � g.   3A) . Similarly, after lipopoly-
saccharide stimulation there was a time-dependent increase 
in interleukin-6 protein concentration over time to a value 
of (9,006  ±  5,817   ng/ml) at 24   h, while sevo� urane reduced 
lipopolysaccharide-induced interleukin-6 release to 4,183 
 ±  2,797   ng/ml;  P  <   0.0001;  � g.   3B) .   

  Sevofl urane Differentially Modulates Inducible NO 
Synthase Expression on Lipopolysaccharide Stimulation 

 We also assessed the e� ect of sevo� urane on another clas-
sic nuclear factor-   κ   B – dependent in� ammatory mediator, 
namely inducible NO synthase. Lipopolysaccharide stimula-
tion promoted a time-dependent increase in inducible NO 
synthase mRNA expression, which peaked at 4   h ( � g.   4A)  . 
The e� ect of sevo� urane on lipopolysaccharide stimulated 
inducible NO synthase expression level, however, di� ered 
over the 24-hr time course as compared with other proin-
� ammatory cytokines. Sevo� urane increased inducible 
NO synthase gene expression at 4   h ( P  <   0.0001). At 8   h, 

inducible NO synthase expression did not di� er ( P =  0.099) 
in sevo� urane-treated cells compared with cells exposed to 
air only ( � g.    4A) . E� ects of sevo� urane on inducible NO 
synthase protein levels mirrored the changes observed by 
quantitative real-time polymerase chain reaction. At 4   h of 
lipopolysaccharide stimulation, sevo� urane reduced induc-
ible NO synthase expression by 41% compared with bone 
marrow – derived macrophages treated with lipopolysaccha-
ride alone ( P =  0.0005;  � g.   4B)  and sevo� urane increased 
inducible NO synthase expression by 466% at 8h compared 
with lipopolysaccharide alone ( P =  0.0012;  � g.   4C) .   

  Sevofl urane Enhances Nitrite Production during 
Lipopolysaccharide Stimulation 

 To assess whether the increase in inducible NO synthase pro-
tein resulted correspondingly in enhanced NO production, 
we measured nitrite concentration in the culture media. As 
expected, lipopolysaccharide stimulation led to an increase 
in nitrite production by macrophages compared with 

 Fig. 3.      Cytokine protein production in bone marrow – derived 
macrophages (BMDM). Cells were stimulation with lipopolysac-
charide in the presence or absence of 2% sevofl urane (Sevo) for 
4, 8, and 24   h. Interleukin-1  β   (IL-1  β  ;  A ) and interleukin-6 (IL-
6;  B ) were measured in the supernatant of cultured BMDM by 
enzyme-linked immunosorbent assay. Values represent means 
 ±  SD; n = 9 (treatment groups) and n = 6 (controls); two-way 
ANOVA (group and time interaction).  *  *  *  P  <   0.0001.    
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 Fig. 4.      Inducible NO synthase (iNOS) gene expression and NO production in bone marrow – derived macrophages. ( A ) Cells were exposed to 
lipopolysaccharide (LPS) in the presence and absence of 2% sevofl urane (Sevo) for 0, 1, 2, 4, 8, and 24   h. RNA was extracted and quantitative 
real-time PCR was performed to determine iNOS mRNA. Values represent means  ±  SD; n = 4, two-way ANOVA (group and time interaction). 
 *  *  *  P  <   0.0001. ( B and C ) Protein levels of iNOS were determined after 4   h   or 8   h   of LPS stimulation in the presence or absence of 2% sevofl u-
rane. Whole-cell lysates were used for Western blot analysis. Representative Western blots are shown    . Values     represent means  ±  SD; n = 3; 
unpaired two-tailed  t  test;  *  *  P =  0.0012,  *  *  *  P =  0.0005. ( D ) NO production in bone marrow – derived macrophages after 24-h stimulation with 
LPS in the presence or absence of 2% sevofl urane was measured indirectly by determination of nitrite production using Griess reagent. To inhibit 
iNOS production 1400W was added for the entire incubation. Values represent means  ±  SD; n = 15 samples without 1400W, n = 6 samples with 
1400W; one-way ANOVA; LPS  versus  Sevo/LPS  *  *  P =  0.009,         Sevo/LPS  versus  Sevo/LPS/1400W  *  *  *  P =  0.0005.    
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unstimulated controls ( P  <   0.0001;  � g.   4D) . The nitrite pro-
duction after 24   h of lipopolysaccharide stimulation (5.5  ±  2.9 
 μ M [mean  ±  SD]) was enhanced when cells were coexposed 
to sevo� urane (8.8  ±  4.3  μ M;  P =  0.009). Furthermore, lipo-
polysaccharide-induced increase in nitrite concentration was 
completely abolished in cells treated with the inducible NO 
synthase speci� c inhibitor 1400W (1 μ M; lipopolysaccharide 
 vs.  lipopolysaccharide 1400W,  P =  0.0007; Sevo� urane/lipo-
polysaccharide  vs.  Sevo� urane/lipopolysaccharide/1400W,  P 
=  0.0005), con� rming increased nitrate level is promoted by 
inducible NO synthase activation.  

  Sevofl urane Decreases Lipopolysaccharide-induced 
Extracellular Signal-regulated Kinase Phosphorylation 
Whereas Nuclear Factor-  κ  B Inhibitor –   α   Degradation Is 
Not Altered 

 As proin� ammatory genes in macrophages were observed 
to be di� erentially modulated by sevo� urane, we next 
assessed potential molecular mechanisms by interrogating 

signaling proteins associated with the various in� amma-
tory pathways. As the data indicated sevo� urane promotes 
a decrease in the expression of nuclear factor-   κ   B – de-
pendent genes, such as proin� ammatory cytokines inter-
leukin-1   β    and interleukin-6, we next assessed whether 
degradation of nuclear factor-   κ   B inhibitor –    α   , which 
suppresses nuclear factor-   κ   B activation, would play a role 
in the reduced expression of interleukin-1   β    and interleu-
kin-6. Because this step is found at the very beginning of 
the in� ammatory cascade, early time points (0, 5, 20, 30, 
60, and 90   min) were chosen.  34   Lipopolysaccharide led to 
a time-dependent degradation of nuclear factor-   κ   B inhib-
itor –    α   , which peaked at 20   min ( P =  0.004 compared with 
medium), which was still reduced at 30   min ( P =  0.002 
compared with medium), and � nally returned to baseline 
at 60   min ( P   >  0.999 compared with controls). In the pres-
ence of sevo� urane, lipopolysaccharide-induced degrada-
tion of nuclear factor-   κ   B inhibitor –    α    was not a� ected ( P  
 >  0.999;  � g.   5  , A and B).  

 Fig. 5.      Degradation of the nuclear factor-  κ  B inhibitor I  κ  B  α   in bone marrow – derived macrophages. ( A ) Cells were exposed to lipopolysac-
charide (LPS) in the presence and absence of 2% sevofl urane (Sevo) for 0, 5, 20, 30, 60, and 90   min, followed by Western blot analysis. Scatter 
plot with actual values and the connecting line representing the mean; n = 3, two-way ANOVA (group and time interaction). ( B ) Representative 
Western blots.    
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 Next, mitogen-activated protein kinase pathways were 
explored. Extracellular signal-regulated kinase, which is 
part of the mitogen-activated protein kinase pathway, is 
activated by phosphorylation at Thr202/Tyr204 by MEK1. 
Phosphorylated extracellular signal-regulated kinase then 
in� uences the activity of several transcription factors. After 8   h of 
lipopolysaccharide stimulation, extracellular signal-regulated 
kinase phosphorylation increased (control  vs.  lipopolysaccha-
ride,  P   >  0.0001; control  vs.  Sevo� urane/lipopolysaccharide 
 P =  0.0004) and sevo� urane decreased lipopolysaccharide-in-
duced extracellular signal-regulated kinase phosphorylation 
( P  = 0.036) compared with lipopolysaccharide alone ( � g.   6)  .   

  Sevofl urane Increases Uptake of Fluorescently 
Labeled Heat-inactivated  E. coli  by Macrophages 
 In Vitro  and  In Vivo  
 To test whether enhanced inducible NO synthase expres-
sion a� ects phagocytosis by macrophages, following 
exposure to medium alone, lipopolysaccharide or lipopoly-
saccharide and sevo� urane for 8   h, bone marrow – derived 
macrophages were incubated with � uorescein isothiocya-
nate-labeled heat-inactivated  E. coli  for 30   min. All samples 
were normalized to bone marrow – derived macrophages 
pretreated with medium without additional additives. There 
was no di� erence between bone marrow – derived macro-
phages pretreated with medium (100%  ±  32.4% [mean  ±  
SD]) and lipopolysaccharide (99.8%  ±  29.6%;  P   >  0.999). 

However, in lipopolysaccharide/Sevo� urane treated bone 
marrow – derived macrophages, we observed a statistically 
signi� cant increase in the uptake of � uorescein isothiocya-
nate-labeled  E. coli  (169.9%  ±  79.2%,  P =  0.004). In addi-
tion, in the presence of the inducible NO synthase inhibitor 
1400W, the increase in  E. coli  uptake induced by sevo� u-
rane was abolished ( � g.    7A)  , indicating  E. coli  uptake in 
the presence of sevo� urane was mediated by inducible NO 
synthase.  

 Finally, we assessed whether results obtained  in vitro  can 
be observed  in vivo . Six animals per group were evaluated of 
a total number of 31 animals included. In each group, cell 
count or assessment was not possible in two animals (in the 
sham group only one animal) because of severe blood con-
tamination of the lavage or technical di�  culties when per-
forming cell harvest and analysis. The average weight was 
27.4   g. Using the lipopolysaccharide model of endotoxemia, 
macrophage inducible NO synthase expression and  E. coli  
uptake in the peritoneal cavity was determined. Macrophages 
were identi� ed as CD11c  −   CD11b  +   F4/80  +   cells.  31 , 35   Data 
showed that inducible NO synthase expression was very low 
in all three control groups (Sham mean � uorescence intensity 
equals 1,813, lipopolysaccharide mean � uorescence intensity 
equals 6,736, Sevo� urane/Sham mean � uorescence intensity 
equals 6,757). In the Sevo� urane/lipopolysaccharide group, 
inducible NO synthase expression was markedly increased by 
669% (mean � uorescence intensity equals 51,768) compared 
with the lipopolysaccharide group ( P =  0.0003;  � g.   7B) . To 
quantify the number of bacteria internalized by macrophages, 
we analyzed the mean � uorescence intensity of � uorescein 
isothiocyanate-labeled  E. coli . Consistent with results of our  in 
vitro  study, we detected an increase in  E. coli  uptake by 49% in 
the Sevo� urane/lipopolysaccharide treated group compared 
with lipopolysaccharide alone (lipopolysaccharide mean � u-
orescence intensity equals 6,756, Sevo� urane/lipopolysaccha-
ride mean � uorescence intensity equals 10,068;  P =  0.006; 
 � g.   7C) , demonstrating that the increased uptake of  E. coli  by 
macrophages after exposure to sevo� urane is also occurring 
 in vivo .   

  Discussion 
 The present � ndings demonstrate that sevo� urane di� er-
entially modulates proin� ammatory genes in murine mac-
rophages. Whereas sevo� urane suppressed the expression of 
proin� ammatory cytokines, it enhanced the expression of 
inducible NO synthase. Furthermore, sevo� urane increased 
the uptake of  E. coli  in an inducible NO synthase – dependent 
manner  in vitro  and  in vivo . 

 This study demonstrates that endotoxin-induced release 
of proin� ammatory cytokines in murine macrophage can 
be reduced by sevo� urane, as shown previously in other 
cell types.  4 , 5 , 10 , 36 , 37   Because nuclear factor-  κ  B is the primary 
mechanism associated with the regulation of proin� amma-
tory genes, we assumed that sevo� urane would reduce the 
activation of nuclear factor-  κ  B in bone marrow – derived 

 Fig. 6.      Expression of extracellular signal-regulated kinase (ERK) 
phosphorylation (p-ERK) in bone marrow – derived macrophages 
normalized by total ERK (t-ERK). Cells were stimulated for 8   h with 
lipopolysaccharide (LPS) in the presence or absence of 2% sevo-
fl urane (Sevo), followed by Western blot analysis. Representative 
Western blots are shown below. Values represent means  ±  SD; n 
= 7, one-way ANOVA).  *  P =  0.036.    
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macrophages, as described in other cells.  6 – 12   As we did not 
observe a di� erence in the degradation of nuclear factor-  κ  B 
inhibitor –   α   in presence of sevo� urane, we concluded that 
sevo� urane might be interacting directly with nuclear fac-
tor-  κ  B. Boost  et al.   6   postulated that sevo� urane decreases 
nuclear factor-  κ  B inhibitor –   α   degradation on tumor 
necrosis factor –   α   stimulation, but because lipopolysaccha-
ride stimulates Toll-like receptor 4 we concluded that it 
a� ects the Toll-like receptor 4 pathway di� erently than the 
tumor necrosis factor –   α   pathway, the latter with involve-
ment of tumor necrosis factor receptors, tumor necrosis 
factor receptor type 1 – associated death domain and tumor 
necrosis factor receptor – associated factor 2. 

 Interestingly, we observed that sevo� urane a� ected 
lipopolysaccharide-induced expression of nuclear fac-
tor-  κ  B – dependent genes di� erentially. Sevo� urane pro-
moted the expression of inducible NO synthase, which 
is in agreement with previous � ndings.  3 , 5   Because sevo-
� urane di� erentially modulates proin� ammatory genes in 
murine macrophages, we concluded that di� erent in� am-
matory pathways may be involved. Our data showed that 
sevo� urane a� ected the mitogen-activated protein kinase 
pathway by decreasing extracellular signal-regulated kinase 
phosphorylation. This may be a potential mechanism 
by which sevo� urane promotes inducible NO synthase 
expression in murine macrophages. Further, other groups 
reported decreased levels of extracellular signal-regulated 
kinase phosphorylation in the presence of sevo� urane  38 – 40   
and that inhibition of extracellular signal-regulated kinase 
phosphorylation was associated with enhanced inducible 

NO synthase expression.  41   Because reduced extracellular 
signal-regulated phosphorylation was observed at later time 
points, and decreased expression of nuclear factor-kB-de-
pendent genes was found as early as 1 h of stimulation, 
we postulate that sevo� urane-induced downregulation 
of inducible NO synthase at the early time point may be 
attributable to decreased activation of nuclear factor-kB 
during the initial phase.             A question remains: Which tran-
scription factor is involved in the increase in inducible 
NO synthase expression? A possible explanation is that 
reduced extracellular signal-regulated kinase phosphoryla-
tion leads to increased nuclear factor-  κ  B activation. Bhatt 
 et al.  showed reduced extracellular signal-regulated kinase 
phosphorylation on stimulation of the Toll-like receptor 2 
pathway enhances nuclear factor-  κ  B activation.  41   However, 
it remains unclear whether the same mechanism occurs 
with the Toll-like receptor 4 pathway or whether a di� erent 
transcription factor is involved. 

 This is the � rst study to investigate the e� ect of sevo-
� urane on uptake of heat-inactivated  E. coli  by murine 
macrophages. We observed increased uptake of  E. coli  
after exposure to sevo� urane, and the mechanism appears 
to be linked to the activity of inducible NO synthase as 
enhanced uptake was abolished when inducible NO syn-
thase was pharmacologically inhibited. It has been shown 
that NO donors increase phagocytosis  42   and that inhibit-
ing NO release with L-N 

G 
-Nitroarginine methyl ester 

reduces bacterial uptake and bacterial killing.  43   However, 
the role of inducible NO synthase in bacterial clearance 
remains controversial, as there is a report showing higher 

 Fig. 7.      ( A ) Bone marrow – derived macrophages: uptake of fl uorescein isothiocyanate (FITC)-labeled heat-inactivated  Escherichia coli  ( E. 
coli).  Cells were exposed to lipopolysaccharide (LPS) in the presence or absence of 2% sevofl urane (Sevo) for 8   h. Thereafter, the cells 
were exposed to  E. coli  for an additional 30   min. Fluorescence was determined using a fl uorescence microplate reader. The same exper-
iments were performed in the presence or absence of 1400W, an inhibitor of the inducible NO synthase (iNOS), which was added for the 
entire incubation. Values represent means  ±  SD; n = 15 samples without 1400W and n = 9 samples with 1400W; one-way ANOVA; LPS 
 versus  Sevo/LPS  *  *  P =  0.004, Sevo/LPS  versus  Sevo/LPS/1400W  *  *  P =  0.009. ( B ) Mice were exposed to intraperitoneally applied LPS 
for a total of 20   h. Mice in the sevofl urane group received 2-hr anesthesia with 4% sevofl urane, whereas control animals were anesthe-
tized with ketamine/xylazine. Thirty minutes before collection of peritoneal macrophages for analysis, FITC-labeled  E. coli  were injected 
intraperitoneally. Mean fl uorescence intensity (MFI) of iNOS, after staining with fl uorescently-labeled antibody, was measured using fl ow 
cytometry. ( C ) MFI of FITC-labeled  E. coli  using fl ow cytometry. Exposition as just described. For  B , and  C , values represent means  ±  SD; 
n = 6, one-way ANOVA >   *  *  P =  0.006 LPS  versus  Sevo/LPS,  *  *  *  P =  0.0003 LPS  versus  Sevo/LPS.    
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bacterial clearance and resistance to bacterial meningitis in 
inducible NO synthase – de� cient newborn mice.  44   These 
� ndings are in contrast with the current data. Furthermore, 
various groups have observed that inducible NO synthase 
knockout animals exhibit an increase in mortality induced 
by di� erent sepsis models,  26 , 45 – 48   consistent with the idea 
that reactive nitrogen species play a signi� cant role in host 
defense against microbes.  49 , 50   

 Inducible NO synthase is an important mediator in the 
in� ammatory response to lipopolysaccharide stimulation. 
Although inducible NO synthase protein levels are decreased 
in the Sevo� urane/lipopolysaccharide group compared 
with lipopolysaccharide alone shortly after initiating endo-
toxin stimulation, inducible NO synthase expression in the 
Sevo� urane/lipopolysaccharide group exceeds the lipopoly-
saccharide values at later time points. With regard to induc-
ible NO synthase expression, sevo� urane appears to be most 
likely interacting with at least two di� erent in� ammatory 
pathways, with opposed e� ects on inducible NO synthase 
expression. This is consistent with the � ndings that exposure 
to sevo� urane leads to decreased proin� ammatory cytokine 
expression while enhancing bactericidal properties. 

 Obviously, the e� ect of sevo� urane upregulating induc-
ible NO synthase can be evoked by using varying expo-
sure times to sevo� urane. This becomes evident when 
comparing  in vitro  with  in vivo  results ( in vitro : 8   h,  in vivo : 
2   h). However,  in vitro  scenarios are for sure not compara-
ble with  in vivo  experimental setups, the latter being more 
complex with many di� erent cell types over time involved. 
Moreover, it is known from previous studies that sevo� u-
rane preconditioning increases nitric oxide release,  51   and 
that conditioning with a volatile anesthetic for a short time 
provides long-term protection.  3 , 15 , 52 – 54   

 We observed markedly increased inducible NO synthase 
expression on lipopolysaccharide stimulation when animals 
were exposed to sevo� urane. Additionally, we demonstrated 
that exposure to sevo� urane increased the uptake of  E. coli  
by peritoneal macrophages  in vivo  in mice. However, because 
the impact of sex on inducible NO synthase expression and 
uptake of  E. coli  was not evaluated, conclusions have to be 
drawn in a careful way. 

 Erol  et al.   55   reported that the phagocytic function of 
human polymorphonuclear leukocytes was not altered by 
sevo� urane when compared with des� urane and propofol, 
whereas another study showed reduced phagocytic func-
tion of human granulocytes after exposure to sevo� urane.  56   
Interestingly, this reduction was observed for granulocytes 
but not in monocytes,  56   implying that the e� ects of sevo-
� urane on phagocytic function may be di� erent between 
granulocytes and cells of monocyte-macrophage lineage. 

 Considering these data, we provide a possible mecha-
nism by which sevo� urane increases bacterial uptake and 
survival in animal models of endotoxemia/sepsis  15 , 16   ( � g.   8)  . 
Stimulation of the Toll-like receptor 4 pathway with lipo-
polysaccharide leads to a well-understood in� ammatory 

response. After stimulation of Toll-like receptor 4 in the 
plasma membrane, a signal transduction cascade is initiated 
which culminates in the phosphorylation of nuclear fac-
tor-   κ   B inhibitor –    α   . Once nuclear factor-   κ   B inhibitor –    α    is 
phosphorylated, it is degraded and nuclear factor-   κ   B is no 
longer inhibited, enabling it to translocate to the nucleus to 
increase transcription of dependent genes. Because sevo-
� urane did not a� ect lipopolysaccharide-induced nuclear 
factor-   κ   B inhibitor –    α    degradation, we assume that sevo� u-
rane may directly interact with the translocation of nuclear 
factor-   κ   B into the nucleus or reduce transcription of 
nuclear factor-   κ   B – dependent genes as highlighted in  � g-
ure   8 . At later time points, sevo� urane reduced extracellular 
signal-regulated kinase phosphorylation, and this e� ect may 
be associated with an increase in inducible NO synthase 
expression through a mechanism that is not yet understood.  

 This study demonstrates that sevo� urane di� erentially 
modulates proin� ammatory genes in murine bone mar-
row – derived macrophages. Whereas sevo� urane reduced 
lipopolysaccharide-induced release of proin� ammatory 
cytokines, it enhanced the production of anti-microbial 
inducible NO synthase. Sevo� urane also increased macro-
phage uptake of heat-inactivated  E. coli  by a mechanism 
that seems to be linked to the activity of inducible NO syn-
thase. These observations made  in vitro  were corroborated 
by  in vivo  studies that demonstrated sevo� urane promotes 
inducible NO synthase expression and bacterial uptake by 
peritoneal macrophages in the murine model of endotox-
emia. These results provide an explanation, at least in part, 
for increased survival of septic rodents exposed to sevo-
� urane.  15 , 16   It remains unclear whether results observed in 
rodents will hold true in higher mammals such as humans. 
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 ABSTRACT 
  Background:     Interscalene brachial plexus block of the C5 – C6 roots pro-
vides highly effective postoperative analgesia after shoulder surgery but usu-
ally results in hemidiaphragmatic paresis. Injection around the superior trunk 
of the brachial plexus is an alternative technique that may reduce this risk. 
The authors hypothesized that the superior trunk block would provide noninfe-
rior postoperative analgesia compared with the interscalene block and reduce 
hemidiaphragmatic paresis.  

  Methods:     Eighty patients undergoing arthroscopic shoulder surgery were 
randomized to receive a preoperative injection of 15   ml of 0.5% ropivacaine 
and 5  μ g  ·  ml  − 1  epinephrine around either (1) the C5 – C6 nerve roots (inter-
scalene block group) or (2) the superior trunk (superior trunk block group). 
The primary outcome was pain intensity 24   h after surgery measured on an 
11-point numerical rating score; the prespecifi ed noninferiority limit was 1. 
Diaphragmatic function was assessed using both ultrasonographic measure-
ment of excursion and incentive spirometry by a blinded investigator before 
and 30   min after block completion.  

  Results:     Seventy-eight patients completed the study. The pain score 24   h 
postoperatively (means  ±  SDs) was 1.4  ±  1.0  versus  1.2  ±  1.0 in the supe-
rior trunk block (n = 38) and interscalene block (n = 40) groups, respec-
tively. The mean difference in pain scores was 0.1 (95% CI,  − 0.3 to 0.6), and 
the upper limit of the 95% CI was lower than the prespecifi ed noninferiority 
limit. Analgesic requirements and all other pain measurements were simi-
lar between groups. Hemidiaphragmatic paresis was observed in 97.5% of 
the interscalene block group  versus  76.3% of the superior trunk block group 
( P  = 0.006); paresis was complete in 72.5%  versus  5.3% of the patients, 
respectively. The decrease in spirometry values from baseline was signifi -
cantly greater in the interscalene block group.  

  Conclusions:     The superior trunk block provided noninferior analgesia com-
pared with interscalene brachial plexus block for up to 24   h after arthroscopic 
shoulder surgery and resulted in signifi cantly less hemidiaphragmatic paresis.   

 (ANESTHESIOLOGY  2019 ;  131 : 1316 – 26 )   
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 The conventional ultrasound-guided interscalene brachial 
plexus block involves injection directly around the C5 

and C6 nerve roots. Although it provides highly e� ective 
postoperative analgesia after arthroscopic shoulder surgery,  1 , 2   
it almost always results in hemidiaphragmatic paresis.  3 , 4   Other 

concerns include the risk of intraneural injection into the rel-
atively unprotected roots  5 , 6   and injury to the dorsal scapular 
nerve or long thoracic nerve.  7 , 8   The superior trunk block was 
described by Burckett-St. Laurent  et al .  9   as a re� nement of the 
conventional interscalene block technique that addresses these 
limitations. The superior trunk is formed by the fusion of C5 
and C6 nerve roots, and therefore local anesthetic injection 
around the superior trunk should produce similar analgesia 
of the shoulder because all the terminal nerves innervating 
the shoulder arise distal to the superior trunk. Moreover, the 
site of injection is further away from the phrenic nerve, and 
this should theoretically reduce the risk of hemidiaphragmatic 

                                   

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Interscalene nerve block is commonly used for shoulder surgery for 
anesthesia and postoperative analgesia  

•   Unfortunately, interscalene blocks commonly result in hemidia-
phragmatic paralysis    

  What This Article Tells Us That Is New  

•   When interscalene block was compared with superior trunk block, 
less frequent hemidiaphragmatic paralysis was seen in the superior 
trunk block group  

•   Superior trunk block was noninferior to interscalene block in terms 
of pain scores for up to 24   h postoperatively, and superior trunk 
block patients were no less satisfied     
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paresis. However, the analgesic e�  cacy of the superior trunk 
block and the associated incidence of hemidiaphragmatic 
paresis have yet to be systematically investigated in clinical 
trials. We therefore designed the present randomized, dou-
ble-blinded, noninferiority clinical trial to test the hypothe-
sis that the superior trunk block would provide noninferior 
postoperative analgesia to the interscalene brachial plexus 
block while reducing hemidiaphragmatic paresis in patients 
undergoing arthroscopic shoulder surgery. 

  Materials and Methods 
  Study Participants 

 After receiving approval by the Samsung Medical Center 
Research Ethics Board (Seoul, Korea; SMC 2018-02-006-
001), this trial was prospectively registered on the Clinical 
Trial Registry of Korea (Seoul, Korea; KCT0002802 with 
principal investigator Justin Sangwook Ko) on April 16, 
2018. Written informed consent was obtained from all 
participants. We enrolled 80 adult patients with American 
Society of Anesthesiologists (ASA) Physical Status classi� -
cation I to III scheduled for elective unilateral arthroscopic 
shoulder surgery between April 16, 2018 to September 1, 
2018 at Samsung Medical Center, Seoul, Korea. All opera-
tions were performed by a single surgeon. Eligible patients 
were identi� ed from the surgeon ’ s operating list and con-
tacted the day before their surgery to inform them of the 
study protocol. We excluded patients who refused to par-
ticipate in the study and those with a history of cardiac, 
renal, or hepatic disease; preexisting neurologic de� cits or 
neuropathy a� ecting the brachial plexus; contraindications 
to peripheral nerve block; preexisting operative respiratory 
dysfunction; or allergy to local anesthetics. Patients under-
going revision, planned open, or irrigation and debride-
ment procedures were also excluded.  

  Randomization and Blinding 

 A member of the Samsung Medical Center who was not 
otherwise involved in the study performed computer-gen-
erated block randomization in a 1:1 ratio to an intersca-
lene brachial plexus block group (n = 40) and a superior 
trunk block group (n = 40). Allocation of patients to each 
study group was concealed in an opaque envelope, which 
was only opened by the block practitioner just before block 
performance. To eliminate performance bias, all blocks were 
performed by a single experienced regional anesthesiologist 
(J.S.K.) together with a single assistant nurse. They were not 
involved in any other aspect of the conduct of the study. 
All other research personnel, outcome assessors, and care-
givers were blinded to group allocation. Patient blinding 
was maintained by standardizing the perceptible elements 
of block performance between both groups: positioning, 
ultrasound probe placement, needle insertion site, use of 
neurostimulation, and local anesthetic injection volume.  

  Brachial Plexus Block Performance 

 Patients received no premedication before arrival in a ded-
icated block room, where the brachial plexus block was 
performed. After applying standard ASA monitoring and 
supplemental oxygen, IV midazolam (1 to 1.5   mg) was 
administered for anxiolysis. Before performing the block, 
a prescan was performed to identify the presence of long 
thoracic and dorsal scapular nerves and blood vessels around 
the brachial plexus, using a 6 to 15 MHz high-frequency 
linear array transducer (X-Porte, Sonosite, USA). The C5 
and C6 nerve roots were located within the interscalene 
groove and traced distally to where they coalesced into 
the superior trunk. After sterile skin preparation and skin 
in� ltration with 1   ml of 1% lidocaine, an ultrasound-guided 
interscalene block or superior trunk block was performed 
according to group allocation using a 22-gauge 50-mm 
insulated stimulating needle (UniPlex Nanoline, Pajunk, 
Germany). The interscalene block was performed using the 
posterior in-plane extraplexus approach.  1   Brie� y, the block 
needle was advanced in-plane to the ultrasound beam at the 
level of the cricoid cartilage in a lateral-to-medial direc-
tion through the middle scalene muscle. The dorsal scapular 
nerve and long thoracic nerve were identi� ed within the 
middle scalene muscle and avoided, using a combination 
of ultrasonographic visualization and neurostimulation with 
an initial current of 2.0 mA, pulse width of 100   ms, and a 
frequency of 2 Hz. Once the needle tip was in proxim-
ity to the brachial plexus, the current was decreased to 0.5 
mA, and a contraction of the biceps or deltoid was sought.  7   
The � nal needle tip position was immediately lateral to the 
brachial plexus sheath and adjacent to C5 and C6 nerve 
roots,  10   whereupon 15   ml of 0.5% ropivacaine with 5  μ g  ·  
ml  − 1  epinephrine was injected. 

 The superior trunk block was performed according to 
the method described by Burckett-St. Laurent  et al .  9   The 
superior trunk was visualized distal to the convergence of 
the C5 and C6 nerve roots but proximal to the take-o�  of 
the suprascapular nerve.  9   The block needle was advanced 
in-plane to the ultrasound beam in a lateral-to-medial 
direction under the deep cervical fascia and super� cial to 
the middle scalene muscle, until the needle tip was imme-
diately adjacent to the lateral border of the superior trunk 
( � g.   1)  .  11   The same neurostimulation protocol was used to 
maintain patient blinding, and an identical volume and con-
centration of local anesthetic was injected.  

 After block completion, sensory and motor blockade 
was assessed every 5   min for 30   min. Motor block was eval-
uated by asking the patient to make a � st and squeeze the 
assessor ’ s � ngers. Motor function was graded on a three-
point scale (2 = normal; 1 = weakness; and 0 = complete 
loss of power). Sensory block was evaluated in the C5 and 
C6 dermatomes, and the extent of sensory loss was graded 
on a three-point scale (2 = normal; 1 = loss of sensation to 
pinprick; and 0 = loss of sensation to light touch). Block 
success was de� ned as a sensory score of 0 within 30   min 
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of local anesthetic injection. The block was also considered 
a failure if the resting pain score equaled or exceeded the 
threshold for intense pain, de� ned as 6 of 10 on an 11-point 
numerical rating scale (0 = no pain; and 10 = worst pain 
imaginable), within 3   h after initiation of block.  

  Assessment of Diaphragmatic Movement and 
Pulmonary Function 

 Ipsilateral diaphragmatic excursion was assessed using ultra-
sound imaging before (baseline) and 30   min after block 
completion in all patients by a single anesthesiologist 
(R.A.K.) who was experienced in the technique  12   and who 
was blinded to group allocation. Diaphragmatic excur-
sion was assessed using M-mode ultrasonography with the 
patient in the sitting position.  4   A 5 to 2 MHz curvilinear 
transducer (X-Porte, Sonosite) was placed under the lowest 
rib at the anterior or midaxillary line, and the liver or spleen 
was used as an acoustic window. Diaphragmatic excursion 
between full inspiration and expiration was measured in 
centimeters. Each test was performed three times, and the 
values were averaged. The severity of hemidiaphragmatic 
paresis was measured by the decrease in diaphragmatic 
excursion (calculated as a percentage di� erence) between 
baseline and 30   min after block completion ( � g.    2)  . 
Complete hemidiaphragmatic paresis was de� ned as a 75 to 
100% decrease or the occurrence of paradoxical movement. 
Partial and absent hemidiaphragmatic paresis were de� ned 
as 25 to 75% decrease and a less than 25% decrease in dia-
phragmatic excursion, respectively.  13   Overall, we considered 

hemidiaphragmatic paresis to be present if partial or com-
plete paresis occurred.  12   Pulmonary function was evaluated 
before and 30   min after block completion using a bedside 
spirometer (COPd-6, Vitalograph, Ireland) with the patient 
in the sitting position. The forced expiratory volume at 1   s 
and forced expiratory volume at 6   s were measured three 
times, and the values were averaged. We used forced expira-
tory volume at 6   s as a surrogate for forced vital capacity.  14     

  Intraoperative Management 

 After completion of postblock assessments, all patients 
underwent general anesthesia with tracheal intubation 
using IV propofol (1.5 to 2.0   mg  ·  kg  − 1 ), rocuronium (0.6 
to 0.8   mg  ·  kg  − 1 ), and IV remifentanil (0.05 to 0.1  μ g  ·  kg  − 1  
 ·  min  − 1 ). Anesthesia was maintained with sevo� urane in an 
air – oxygen mixture. A continuous infusion of remifentanil 
(0.01 to 0.1  μ g  ·  kg  − 1   ·  min  − 1 ) was used as needed to main-
tain the heart rate and mean blood pressure within 20% of 
preinduction values. No additional intraoperative analgesics 
were given.  

  Postoperative Management 

 After surgery, all patients were transferred to the postanes-
thesia care unit, where they remained until they met the 
discharge criteria.  15   Patients were then transferred to the 
surgical ward for further care. Pain in the shoulder at rest 
was measured using an 11-point numerical rating scale. 
Postoperative supplemental analgesia was standardized as 
follows. At the � rst report of pain at the surgical site (pain 
score of higher than 0 of 10), in either the postanesthesia 
care unit or the surgical ward, IV patient-controlled anal-
gesia (PCA) with fentanyl was initiated by a nurse who was 
blinded to group allocation. The IV fentanyl PCA pump 
was programmed to deliver a continuous infusion of 15  μ g 
 ·  h  − 1  and a bolus dose of 15  μ g on demand with a lockout 
interval of 15   min. Both the start time of the IV PCA and 
cumulative fentanyl dose were recorded automatically by the 
pump (Gemster, Hospira, Inc., USA), and these data were 
later downloaded for analysis. Once oral intake was toler-
ated, all patients received multimodal analgesia consisting of 
oral acetaminophen 650   mg every 8   h, oral celecoxib 200   mg 
every 12   h, and oral Targin (oxycodone hydrochloride 
10   mg/naloxone hydrochloride 5   mg; Mundipharma, Korea) 
1 tablet every 12   h. Patients with persistent pain scores of 
higher than 4 of 10 despite this regimen received rescue 
analgesia with either IV morphine 10   mg (if not tolerating 
oral intake) or oral oxycodone 5   mg. The IV PCA was dis-
continued on postoperative day 2. All patients remained in 
the hospital for 3 days after surgery and were followed up at 
the outpatient clinic on postoperative day 14.  

  Outcome Measures 

 The primary outcome was the pain score at rest 24   h post-
operatively. Secondary outcomes included resting pain 

 Fig. 1.      Ultrasonographic image of the superior trunk block. At 
the level of the superior trunk, the suprascapular nerve (SSN, 
 arrow ) is visible in this individual on the lateral side of the 
superior trunk. The block needle was advanced in-plane in the 
lateral-to-medial direction until the needle tip was just adjacent 
to the lateral boarder of the superior trunk. Local anesthetic ( * ) 
was injected around the superior trunk. ASM, anterior scalene 
muscle; MSM, middle scalene muscle; ST, superior trunk.  White 
down-pointing triangles  indicate the deep cervical fascia.    
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scores at 6, 12, and 18   h, area under the 24-h pain curve, 
maximum pain score during the � rst 24   h, the incidence 
and severity of hemidiaphragmatic paresis, cumulative 
postoperative opioid consumption at 24   h postoperatively 
(reported as IV morphine equivalents  16  ), duration of anal-
gesia (time between block completion and initiation of IV 
PCA) and motor block (time between block completion 
and return to presurgical hand grip strength), patient sat-
isfaction with analgesia at 24   h, and quality of sleep on the 
� rst night. Patient satisfaction at 24   h, and quality of sleep 
were measured using a Likert scale (1 = very dissatis� ed, 2 = 

dissatis� ed, 3 = neutral, 4 = satis� ed, and 5 = very satis� ed). 
Residual block-related neurologic symptoms (persistent 
numbness, paresthesia, or weakness) were also measured 
at 24   h, 48   h, and 14 days postoperatively. All assessments 
and data collection were performed by research personnel 
blinded to group allocation.  

  Sample Size Considerations 
 The sample size was calculated based on the primary end-
point according to the noninferiority hypothesis.  17   The pre-
determined noninferiority limit (  δ  ) was set to 1 point on 

 Fig. 2.      Curvilinear transducer ultrasound image of the right diaphragm using the liver as an acoustic window in two-dimensional B-mode 
and M-mode. ( A ) Preblock (baseline) diaphragmatic excursion was checked on deep breathing in M-mode (2.49   cm). ( B ) Postblock assess-
ment of diaphragmatic excursion. Reduced diaphragmatic excursion was seen in M-mode (1.18   cm); the decrease in diaphragmatic excur-
sion was 52.6%, indicating partial hemidiaphragmatic paresis.    
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the 11-point visual analogue score scale.  18   Based on a pre-
liminary analysis (unpublished), an SD of 1.48 was assumed 
for the pain scores distribution. With   α   = 0.05 and power 
of 90%, 38 patients were required in each group. Assuming a 
5% dropout rate, we decided to enroll 40 patients per group. 
Primary outcome was analyzed according to the nonin-
feriority approach.  19   The noninferiority hypothesis for the 
primary outcome was tested using the one-sided  t  test (null 
hypothesis that the di� erence in pain scores was at least 1 
point  vs.  the alternative hypothesis that the di� erence in 
pain scores was less than 1 point) under a signi� cance level 
of 2.5%. The two-sided 95% CI values,  20   the upper limit of 
which was equivalent to the upper limit of the one-sided 
97.5% CI of the mean di� erence in pain scores by treat-
ment, are presented in relation to the prede� ned noninferi-
ority limit and null e� ect.  

  Statistical Analysis 

 After con� rming the normality of data distribution using 
the Shapiro – Wilk test, descriptive statistics and other sec-
ondary outcome variables were compared using the  t  test 

or Mann – Whitney test for continuous variables and the 
chi-square test or Fisher exact test for categorical variables. 
Continuous variables are presented as means  ±  SDs with 
95% CI or median and interquartile range as appropriate. 
Categorical variables are presented as numbers and percent-
ages. Two-sided tests were used, except for the one-sided  t  
test of noninferiority. Comparison of area under the curve 
for pain data to assess cumulative or average pain within the 
� rst 24   h used linear interpolation between time points. A 
Bonferroni correction was used for multiple comparisons. 
Data analysis was performed using SPSS software (version 
25.0, SPSS Inc., USA). For all analyses,  P   <  0.05 was taken 
to indicate signi� cance. The full trial protocol used during 
this study is available from the corresponding author on 
request.   

  Results 
 From April 16, 2018 to September 1, 2018, 133 patients 
scheduled for arthroscopic shoulder surgery were assessed for 
eligibility, and 53 patients who did not meet the inclusion 
criteria were excluded ( � g.   3)  . All enrolled patients (n = 80) 

 Fig. 3.      Consolidated Standards of Reporting Trials fl ow diagram showing patient progress through the study phases.    
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were randomly assigned to one of the two treatment groups 
(n = 40 each). Two patients allocated to the superior trunk 
block group were excluded after the preblock ultrasound scan 
revealed the transverse cervical artery overlying the superior 
trunk in one patient, and the suprascapular nerve could not 
be identi� ed branching o�  from the C5 nerve root in the 
other patient. Both these patients received interscalene bra-
chial plexus block and did not participate further in the study. 
A total of 78 patients (interscalene block group [n = 40] and 
superior trunk block group [n = 38]) completed the study 
and were included in the � nal analysis. The baseline patient 
and surgical characteristics are shown in  table    1  . All blocks 
met the criteria for success at 30   min after block completion, 
and none of the patients required supplemental analgesia or 
IV PCA initiation in the postanesthesia care unit.   

 The mean pain score at 24   h postoperatively was 1.4  ±  
1.0 in the superior trunk block group (95% CI, 1.0 to 1.7) 
and 1.2  ±  1.0 in the interscalene block group (95% CI, 
0.9 to 1.5). The mean treatment di� erence (superior trunk 
block group − interscalene block group) in the pain score 
at 24   h between the two groups was 0.1 (95% CI,  − 0.3 
to 0.6). Because the upper limit of the 95% CI was lower 
than the prespeci� ed noninferiority margin (   δ    = 1), non-
inferiority was established ( P   <  0.001;  � g.   4)  . There was no 
signi� cant di� erence in the 24-h area under the curve for 
pain scores between the two groups (superior trunk block 
group  vs.  interscalene block group; 2.1  ±  1.0  vs.  2.1  ±  1.1; 
 P  = 0.963). Pain scores at each time point 6, 12, 18, or 24   h 
postoperatively were also similar between both groups ( P  
 >  0.522;  � g.   5)  . There was no signi� cant di� erence in the 
reported maximum pain score during the � rst 24   h postop-
eratively (superior trunk block group  vs.  interscalene block 
group; 4.7  ±  1.9  vs.  4.8  ±  1.8;  P =  0.361). Duration of anal-
gesia, duration of motor block, incidence of need for rescue 
analgesics, and cumulative opioid consumption at 24   h were 
similar between both groups ( table   2  ). There were no sig-
ni� cant di� erences between groups in the quality of sleep 

on the � rst postoperative night or satisfaction with analgesia 
at 24   h ( table   2 ).    

 Baseline diaphragmatic excursion on deep breathing was 
similar in both groups before block performance ( table   3  ). 
At 30   min after block completion, the mean reduction in 
diaphragmatic excursion was signi� cantly less in the supe-
rior trunk block group compared with interscalene block 
group (42.2  ±  21.9%  vs.  79.5  ±  21.1%,  P  <   0.001). The 
incidence of complete or partial hemidiaphragmatic paresis 
was signi� cantly lower in the superior trunk block group 
than in the interscalene block group (29 [76.3%]  vs.  39 
[97.5%] patients;  P  = 0.006). There were signi� cantly more 
patients with complete hemidiaphragmatic paresis in the 
interscalene block group (2 [5.3%]  vs.  29 [72.5%] patients; 
 P   <  0.001). Twenty-seven patients (71.1%) in the superior 
trunk block group and ten patients (25%) in the intersca-
lene block group showed partial hemidiaphragmatic pare-
sis. There was no evidence of hemidiaphragmatic paresis at 
30   min after the blockade in nine patients (23.7%) and one 
patient (2.5%) in the superior trunk block and interscalene 
block groups, respectively. The superior trunk block group 
had smaller mean reductions in forced expiratory volume at 
1   s and forced expiratory volume at 6   s compared with the 
interscalene group ( table   3 ).  

 One patient in each of the treatment groups developed 
symptomatic dyspnea without desaturation after surgery in 
the postanesthetic care unit. After reassuring the patients, 
we assessed the diaphragmatic excursion with ultrasound 
and obtained chest radiographs to exclude pneumothorax. 
Both patients had complete hemidiaphragmatic paresis. 
Their symptoms subsided with administration of oxygen in 
the sitting position and resolved within 12   h. Two and four 
patients in the interscalene block group and superior trunk 
block group, respectively, reported numbness in the distal 
� ngers at 24   h, but this resolved spontaneously within 48   h. 
Four patients in the interscalene block group reported per-
sistent weakness of hand grip at 24   h that resolved within 
48   h. None of the patients in the superior trunk block 

 Table 1.      Patient Characteristics  

  Parameter   
 Interscalene Block Group 

(n = 40)   
 Superior Trunk Block Group 

(n = 38)   

 Age, yr  59 [44 – 64]  56 [42 – 62] 
 Sex, male/female  20/20  23/15 
 Body mass index, kg  ·  m  − 2   25.7  ±  3.5  25.5  ±  3.3 
 ASA status, I/II/III  22/18/0  20/17/1 
 Duration of surgery, min  81 [70 – 98]  78 [68 – 89] 
 Surgical procedure       
    Arthroscopy  +  rotator cuff repair  28  30 
    Arthroscopy  +  Bankart repair  5  3 
    Arthroscopy  +  superior labrum from anterior to posterior repair  3  3 
    Arthroscopy  +  Latarjet  4  2 

   The values are means  ±  SDs, median [interquartile range], or number as appropriate.  
  ASA, American Society of Anesthesiologists.   
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group reported motor weakness at 24   h. No other signi� -
cant adverse events occurred in either group.  

  Discussion 
 The ultrasound-guided superior trunk block has only been 
described in two case reports,  9 , 21   and this study is the � rst 
randomized controlled trial to evaluate the technique in 
comparison with the conventional ultrasound-guided 
interscalene brachial plexus block. In this noninferiority 
clinical trial, we demonstrated that the superior trunk block 
provided postoperative shoulder analgesia equivalent to that 
of the interscalene brachial plexus block, as demonstrated 
by similar pain scores and area under the pain curve up 
to 24   h postoperatively. In addition, the duration of analge-
sia and 24-h opioid consumption were similar with both 
techniques. 

 It is notable that patients who received a superior trunk 
block had less deterioration in diaphragmatic excursion 
and respiratory function compared with interscalene bra-
chial plexus block. The � rst report on superior trunk block 
described e� ective shoulder analgesia without hemidia-
phragmatic paresis, and this was attributed to the more dis-
tal site of injection.  9   The phrenic nerve and C5 nerve root 
are anatomically separated by a distance of 1.8 to 2.0   mm in 
adults at the level of the cricoid cartilage, and the distance 
between them increases by an additional 3   mm for every 
centimeter as the phrenic nerve courses more medially into 
the root of the neck.  22   The likelihood of local anesthetic 
spread to the phrenic nerve or its origins from the C3 – C5 
roots is therefore reduced with the superior trunk block, 
and this hypothesis is supported by our results. Although 
healthy individuals with transient hemidiaphragmatic 
paresis are usually asymptomatic,  4   our � ndings may have 
important implications for the choice of regional anesthe-
sia technique in patients with compromised respiratory 
function undergoing shoulder surgery. The incidence of 
hemidiaphragmatic paresis after conventional interscalene 
brachial plexus block is as high as 100% with local anes-
thetic volumes of 20   ml or more.  3 , 23   Although this incidence 
can be reduced up to 45% by decreasing local anesthetic 
volume to 5 to 10   ml,  3 , 24   this is accompanied by a clini-
cally signi� cant reduction in the duration and potency of 
perioperative analgesia  25   and may also carry a signi� cant 
risk of block failure in less-experienced hands. For this rea-
son, it is standard practice in our institution to use 15   ml 
of 0.5% ropivacaine for interscalene brachial plexus block-
ade in patients undergoing arthroscopic shoulder surgery.  1 , 2   
This is also consistent with the reported practice in other 
centers.  26   We believe the signi� cance and generalizability 
of our � ndings are strengthened by the use of a pragmatic 
local anesthetic dose in both treatment groups. 

 There are other potential advantages of the superior 
trunk block that we did not formally evaluate in this study. 
The aim in regional anesthesia of the shoulder is to block 
the nerves derived from the C5 and C6 nerve roots. The 
ultrasound-guided interscalene brachial plexus block is 
therefore generally performed at the level of the cricoid 
cartilage, where the C5 and C6 roots are located within 
the groove between the anterior and middle scalene mus-
cles.  9   However, this technique can sometimes be tech-
nically challenging. The enveloping fascial layer around 
the hypoechoic C5 and C6 roots is very thin, which not 
only makes it di�  cult to discern the boundaries of the 
hypoechoic C5 and C6 roots but also increases the risk 
of subepineurial injection and injury from needle – nerve 
contact.  6   Anatomical variation in the course of the C5 
and C6 roots is common and can further contribute to 
di�  culties with identi� cation. For example, the C5 nerve 
root may be found within the anterior scalene muscle 
rather than the interscalene groove,  27   and the C6 nerve 
root almost always splits into two hypoechoic rootlets that 

 Fig. 4.      Noninferiority diagram of numerical rating scale pain 
score differences in superior trunk block group and interscalene 
block group at 24   h postoperatively. The  solid line  indicates a 
noninferiority margin (  δ  ) of 1.  Squares  indicate mean pain score 
differences, and  error bars  indicate the 95% CIs of the differ-
ence between groups.  P   <  0.05 was taken to indicate statistical 
signifi cance.    

 Fig. 5.      The numerical rating scale pain scores at rest during 
the fi rst 24   h after surgery.  Symbols  indicate the means, and 
 whiskers  indicate SDs. The individual  P  values result from a 
Bonferroni correction for multiple comparisons.  P   <  0.05 was 
taken to indicate statistical signifi cance.    
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can be mistaken for two separate roots (C6 and C7), lead-
ing to unintended intraneural injection.  5   However, the C5 
root and C6 nerve rootlets inevitably unite to form the 
superior trunk regardless of the variations in root anat-
omy proximal to this point, and thus anatomical varia-
tion is inconsequential to the superior trunk block.  9 , 21   In 
addition, unlike the C5 and C6 roots, the superior trunk 
is surrounded by a clearly visible and well de� ned con-
nective sheath. This not only facilitates target visualiza-
tion and identi� cation but also enhances resilience to 
needle – nerve contact.  5   Injury to the dorsal scapular 
nerve and long thoracic nerves is another concern with 
the posterior in-plane approach to conventional ultra-
sound-guided interscalene brachial plexus block, because 
these two nerves run within the middle scalene muscle 

and thus lie within the needle path.  7 , 8 , 28   However, the 
needle path in superior trunk block does not traverse the 
middle scalene muscle, instead passing between the deep 
cervical fascia and middle scalene muscle, thus minimizing 
the risk of inadvertent needle trauma to these nerves.  9   

 There are two points we would like to highlight regard-
ing technical performance of the superior trunk block. First, 
it is important to perform the block at a level proximal to 
the take-o�  of the suprascapular nerve. This can usually 
be identi� ed as a small hypoechoic circle at the most lat-
eral aspect of the superior trunk, which separates and runs 
laterally under the omohyoid muscle in the supraclavicu-
lar region.  29   In the present study we excluded one patient 
in the superior trunk block group because we could not 
con� dently identify the suprascapular nerve, which may 

 Table 2.      Postoperative Clinical Parameters between the Interscalene Block Group and Superior Trunk Block Group  

  Outcomes   
 Interscalene Block Group 

(n = 40)   
 Superior Trunk Block Group 

(n = 38)     P  Value *    

 Duration of analgesia: Time to fi rst pain at surgical site, h  10  ±  3  9  ±  2  0.321 
 Duration of motor blockade, h  14  ±  4  13  ±  5  0.136 
 Cumulative opioid consumption at 24   h, mg  60.9  ±  10.2  58.5  ±  9.1  0.281 
 Patients who received rescue analgesics, n (%)  26 (65)  11 (28.9)  0.488 
 Quality of sleep on the fi rst night (Likert scale; 1 to 5  †  )  2 [2 – 2]  2 [1 – 2]  0.911 
 Patient satisfaction with pain relief at 24   h (Likert scale; 1 to 5  †  )  3 [2 – 3]  3 [2 – 3]  0.697 
 Complications          
    Symptomatic dyspnea at postanesthesia care unit/24 h  1/0  1/0   >  0.999 
    Numbness at fi ngers at 24   h/48   h/14 days  2/0/0  4/0/0  0.425 
    Motor weakness at 24   h/48   h/14 days  4/0/0  0/0/0  0.116 

   The values are means  ±  SDs, median [interquartile range], or number (percentages) as appropriate.  
   * The  P  value for the  t  test, Mann – Whitney U test, and Fisher exact test is set at 0.05.   †  Likert scale where 1 = very dissatisfi ed, 2 = dissatisfi ed, 3 = neutral, 4 = satisfi ed, and 5 = 
very satisfi ed.   

 Table 3.      Outcomes of Diaphragmatic Movement and Pulmonary Function between the Interscalene Block Group and Superior Trunk 
Block Group  

  Outcomes   
 Interscalene Block Group 

(n = 40)   
 Superior Trunk Block Group 

(n = 38)     P  Value *    

 Incidence of hemidiaphragmatic paresis, n (%)  39 (97.5)  29 (76.3)  0.006 
 Absent/partial/complete paresis, n  1/10/29  9/27/2   <  0.001 
 Diaphragmatic excursions, cm          
    At baseline  4.1  ±  1.5  4.0  ±  1.3  0.835 
    At 30   min after blockade  0.8  ±  0.7  2.4  ±  1.1   <  0.001 
 Decrease in diaphragmatic excursion, %  79.5  ±  21.1  42.2  ±  21.9   <  0.001 
 Pulmonary function test          
  FEV 

1  at baseline, l  2.4  ±  0.9  2.2  ±  0.9  0.327 
  FEV 1  at 30   min after blockade, l  1.3  ±  0.8  1.4  ±  0.9  0.496 
  Decreases in FEV 1 , %  44.7  ±  22.8  33.2  ±  20.5  0.021 
  Forced expiratory volume at 6   s at baseline, l  2.8  ±  1.0  2.7  ±  1.2  0.570 
  Forced expiratory volume at 6   s at 30   min after blockade, l  1.7  ±  1.0  2.0  ±  1.1  0.166 
  Decreases in forced expiratory volume at 6   s, %  41.5  ±  23.0  24.9  ±  16.6   <  0.001 

   The values are means  ±  SDs or number (percentages) as appropriate.  
   * The  P  value for the  t  test and the Fisher exact test is set at 0.05.  
  FEV 1 , forced expiratory volume at 1   s.   
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have been due to anatomical variation in the size and loca-
tion of the suprascapular nerve or the presence of several 
suprascapular nerves.  29 , 30   This was mandated by our study 
protocol; however, it is not a signi� cant issue in clinical 
practice, because local anesthetic can simply be injected 
at the point where the C5 and C6 roots coalesce into the 
superior trunk, which will reliably anesthetize the supras-
capular nerve without the need to speci� cally identify it. 
Second, the practitioner must be aware that the transverse 
cervical artery and dorsal scapular artery cross over the 
brachial plexus and can overlie the superior trunk.  31   The 
transverse cervical artery and dorsal scapular arteries are 
usually readily identi� ed by careful observation for pulsa-
tile hypoechoic structures and the use of color Doppler. In 
the present study, we excluded one patient in the superior 
trunk block group because of the presence of a transverse 
cervical artery in the planned needle trajectory. However, 
in practice, it is usually possible to select a transverse plane 
for needle advancement that avoids these vessels. 

 The main limitation of our study was that we de� ned 
our primary outcome as the pain score at 24   h postopera-
tively. On hindsight, this may not re� ect the true e� ect of 
each technique because the block would, in all probability, 
have worn o�  by then. Nevertheless, the other analge-
sic outcomes, including the 24-h area under the curve 
for pain, time to � rst analgesic request, and cumulative 
opioid requirements, strongly support analgesic equiva-
lence of the superior trunk block and interscalene bra-
chial plexus block. Another limitation is that all blocks 
were performed by a single experienced anesthesiologist 
in one center. Although this reduces performance bias and 
increases study validity, it does limit the generalizability 
of our � ndings. Based on our experience as clinicians and 
educators, however, we believe the superior trunk block 
is no more di�  cult to perform than the interscalene bra-
chial plexus block and may in fact be easier for the rea-
sons outlined above. Additional studies would be needed 
to con� rm this. Research is also warranted to determine 
whether lower volumes of local anesthetic may further 
decrease the incidence and severity of hemidiaphragmatic 
paresis with the superior trunk block and whether this 
has any impact on analgesic e� ect and duration. Finally, 
in this study, the superior trunk block was administered 
for perioperative analgesia and not surgical anesthesia. 
Although in theory it should work as well as an intersca-
lene block with appropriate local anesthetic dosing, this 
has yet to be formally proven. 

 In conclusion, the results of our noninferiority trial 
demonstrated that the superior trunk block provides 
similar postoperative shoulder analgesia to conventional 
interscalene brachial plexus block in patients undergo-
ing arthroscopic shoulder surgery. Moreover, the superior 
trunk block was superior in preserving diaphragmatic and 
respiratory function. Based on these � ndings, the superior 
trunk block may be considered a viable alternative to the 

interscalene block, especially in patients at high risk of 
respiratory complications. 
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 Dr. E. W. Remsberg ’ s Anesthetic as the  “ Safest … Brought 
to Light ” : Somnoforme                 

 As a 1903 dental graduate of the University of Maryland, Elmer W. Remsberg, D.D.S. (1889 to 1936), had to 
compete with more established dentists after arriving in Newville, Pennsylvania. Rather than administering 
 “ chloroform … cocaine or some other dangerous medium ”  of anesthetic, Dr. Remsberg advertised his use 
of  “ Somnoforme, ”  a volatile French mixture of ethyl chloride, methyl chloride, and ethyl bromide. Touting 
Somnoforme on his ca. 1907 trade card ( above ) as  “ the Ideal Anaesthetic, ”  the dentist reminded Newville ’ s 
citizens that he had  “ recently installed electric light ”  and that, day or night, they no longer needed to travel 
the 11 miles to Carlisle or the 38 miles to Harrisburg for  “ modern anesthesia. ”  (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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 ABSTRACT 
  Background:     There is an ongoing need for potent opioids with less adverse 
effects than commonly used opioids. R-dihydroetorphine is a full opioid recep-
tor agonist with relatively high affi nity at the  μ -,   δ  - and   κ  -opioid receptors and 
low affi nity at the nociception/orphanin FQ receptor. The authors quantifi ed 
its antinociceptive and respiratory effects in healthy volunteers. The authors 
hypothesized that given its receptor profi le, R-dihydroetorphine will exhibit an 
apparent plateau in respiratory depression, but not in antinociception.  

  Methods:     The authors performed a population pharmacokinetic – pharma-
codynamic study (Eudract registration No. 2009-010880-17). Four intrave-
nous R-dihydroetorphine doses were studied: 12.5, 75, 125, and 150   ng/kg 
(infused more than 10   min) in 4 of 4, 6 of 6, 6 of 6, and 4 of 4 male subjects in 
pain and respiratory studies, respectively. The authors measured isohypercap-
nic ventilation, pain threshold, and tolerance responses to electrical noxious 
stimulation and arterial blood samples for pharmacokinetic analysis.  

  Results:     R-dihydroetorphine displayed a dose-dependent increase in peak 
plasma concentrations at the end of the infusion. Concentration-effect relation-
ships differed signifi cantly between endpoints. R-dihydroetorphine produced 
respiratory depression best described by a sigmoid E 

MAX 
-model. A 50% reduc-

tion in ventilation in between baseline and minimum ventilation was observed 
at an R-dihydroetorphine concentration of 17  ±  4 pg/ml (median  ±  standard 
error of the estimate). The maximum reduction in ventilation observed was at 
33% of baseline. In contrast, over the dose range studied, R-dihydroetorphine 
produced dose-dependent analgesia best described by a linear model. A 50% 
increase in stimulus intensity was observed at 34  ±  11 pg/ml.  

  Conclusions:     Over the dose range studied, R-dihydroetorphine exhibited 
a plateau in respiratory depression, but not in analgesia. Whether these 
experimental advantages extrapolate to the clinical setting and whether 
analgesia has no plateau at higher concentrations than investigated requires 
further studies.   

 (ANESTHESIOLOGY  2019 ;  131 : 1327 – 39 )   

 Analgesic and Respiratory 
Depressant Effects of 
R-dihydroetorphine    
 A Pharmacokinetic – Pharmacodynamic 
Analysis in Healthy Male Volunteers      
    Erik     Olofsen    ,   Ph.D.    ,       Merel     Boom    ,   M.D., Ph.D.    ,   
    Elise     Sarton    ,   M.D., Ph.D.    ,       Monique     van Velzen    ,   Ph.D.    ,   
    Paul     Baily    ,   B.Sc.    ,       Kevin J.     Smith    ,   Ph.D.    ,   
    Alexander     Oksche    ,   M.D., Ph.D.    ,   
    Albert     Dahan    ,   M.D., Ph.D.    ,       Marieke     Niesters    ,   M.D., Ph.D.      
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 Despite their many side e� ects, opioids are the cor-
nerstone of contemporary treatment of moderate 

to severe pain in patients with cancer and perioperative 
patients.  1   Respiratory depression is one of the more serious 

opioid side e� ects. Commonly used opioids, such as mor-
phine and fentanyl, produce respiratory depression  via  
activation of  μ -opioid receptors expressed on pontine 
respiratory neurons with the cessation of breathing activity 
(apnea) at high doses.  2 , 3   Until recently, few studies addressed 
the (positive or negative) contribution of the other opioid 
receptors, such as   κ  - and   δ  -opioid receptors, to respira-
tory depression. We previously showed both in rodents and 
humans that buprenorphine, a partial agonist at the  μ -opi-
oid receptor, antagonist at   κ  -opioid receptor, and agonist at 
the nociception/orphanin FQ receptor, produces an appar-
ent maximum in respiratory e� ect, even at full  μ -opioid 
receptor occupancy.  4 , 5   This may be a major advantage over 
other opioids and suggests some protective e� ect at high 
dose. The molecular mechanism of this phenomenon (also 

 EDITOR ’ S PERSPECTIVE 

  What We Already Know about This Topic  

•   Opioid agonists acting at the nociception/orphanin FQ,   δ  -opioid, 
and   κ  -opioid receptors may counteract respiratory depression 
induced by activation of the  µ -opioid receptor  

•   R-dihydroetorphine is an opioid with full agonism and high affinity 
for the  µ -opioid,   κ  -opioid, and   δ  -opioid receptors and low affinity 
for the nociception/orphanin FQ receptor    

  What This Article Tells Us That Is New  

•   The effects of four R-dihydroetorphine doses (12.5, 75, 125, and 
150   ng/kg) on isohypercapnic ventilation and antinociception were 
studied in 40 healthy male volunteers  

•   Over the dose range tested, an apparent maximum in respiratory 
depression to 33% of baseline ventilation was identified, but a max-
imum in antinociception was not reached  

•   At an R-dihydroetorphine effect-site concentration of 20 pg/ml, the 
probability of analgesia was 60%, while the probability of analgesia 
without respiratory depression was 45%  

•   The probability of analgesia increased to 95% at 100 pg/ml, but the 
probability of analgesia without respiratory depression was reduced 
to 20%     
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called  “ ceiling ”  or  “ plateau ”  e� ect) has not yet been eluci-
dated. Animal data suggest that apart from partial agonism 
at the  μ -opioid receptor, the apparent maximum in respi-
ratory depression may be related to the activation of the 
nociception/orphanin FQ receptor.  6   On the other hand, 
there are data to suggest that activation of   δ  -opioid and/or 
  κ  -opioid receptors has some respiratory protective e� ect.  7   
For example, DPI-125, a mixed agonist acting at  μ -opioid, 
  δ  -opioid, and   κ  -opioid receptors, has a high respiratory 
safety pro� le in rodents (as measured by the ratio carbon 
dioxide concentration increase/ED50, where ED50 is the 
dose causing an increase in antinociception by 50%), which 
is attributed to high   δ  -opioid receptor potency;  8   and the 
  κ  -opioid receptor agonist U50,488H antagonizes  μ -opioid 
receptor – induced respiratory depression in the rat.  9   These 
� ndings suggest that opioid agonists acting at nociception/
orphanin FQ,   δ  -opioid, and   κ  -opioid receptors may coun-
teract, at least in part, the respiratory depression induced by 
the activation of the  μ -opioid receptor. 

 In this study in healthy volunteers, we assessed the 
respiratory and analgesic e� ects of R-7,8-dihydro-7   α   -[1-
( R )-hydroxy-1-methylbutyl]-6,14- endo -ethanotetrahydro-
oripavine (R-dihydroetorphine;  � g.   1)  , an opioid with full 
agonism and high a�  nity for the  μ -opioid (Ki 0.10   nM), 
   κ   -opioid (Ki 0.74   nM), and    δ   -opioid receptors (Ki 1.5   nM), 
and low a�  nity for the nociception/orphanin FQ recep-
tor (Ki 120   nM; Mundipharma Research Ltd., unpublished 
observation).  10   We performed a population pharmacoki-
netic – pharmacodynamic modeling study, which allowed 
us to construct concentration-e� ect relationships for the 
wanted and adverse e� ects of the drug and construct safety 
or utility surfaces, which give information on the probabil-
ity of drug harm in the light of its bene� t.  11 – 13   Given the 
R-dihydroetorphine receptor a�  nity pro� le, we hypothe-
size that R-dihydroetorphine has an apparent maximum in 
respiratory e� ect and a favorable utility surface compared 
to full  μ -opioid receptor agonists, such as fentanyl.  11 – 13   
Although R-dihydroetorphine is currently not available 
in the western world for human clinical use, this speci� c 
opioid may serve as an example of the in� uence of com-
bined  μ -opioid,    κ   -opioid, and    δ   -opioid receptor agonism 

on ventilatory control. Additionally, it may become available 
in the near future given its possible advantageous over other 
 “ classical ”  opioids.  

  Materials and Methods 
  Ethics 

 This study was performed in the Anesthesia and Pain 
Research Unit of the Department of Anesthesiology of the 
Leiden University Medical Center (Leiden, The Netherlands) 
from March 2011 until November 2011. The protocol was 
approved by the Institutional Review Board (Commissie 
Medische Ethiek) and the Central Committee on Research 
Involving Human Subjects in The Hague. The study was reg-
istered at the EU Clinical Trials register identi� cation No. 
2009-010880-17 on January 25, 2010. Before enrollment 
and after being informed about the study, all participants 
gave written informed consent. All study procedures were 
conducted according to good clinical practice guidelines and 
adhered to the tenets of the Declaration of Helsinki. The study 
protocol consisted of experiments on R-dihydroetorphine, 
fentanyl, and placebo, and was performed in 92 volunteers. 
The descriptive results of the complete data set have been 
published before without disclosure of the nature of the opi-
oid.  14   Here, we present the R-dihydroetorphine pharmaco-
kinetic – pharmacodynamic analysis.   

  Subjects 

 Forty healthy male volunteers successfully completed the 
R-dihydroetorphine part of the study. Inclusion criteria 
were: age, 18 to 45 yr; weight, 60 to 100   kg; body mass 
index, 18 to 30   kg/m 2 ; forced expired lung volume in 1   s, 
greater than 85% of predicted; and no history of major 
medical disease, alcohol abuse, or illicit drug use. The use of 
medication was not allowed in the 7 days before the study 
(including vitamins); the use of opioids was not allowed in 
the 3 months before the study. The volunteers were asked 
to fast for 8   h before drug administration. The volunteers 
were recruited by the study team using � yers distributed 
on the university campus. Subjects were enrolled after pass-
ing a physical examination performed by an independent 
physician. Following screening (and passing the physical 
examination), all subjects were familiarized with the exper-
imental setup and some test runs were performed.  

  Study Design 

 After arrival in the research unit at 8:00  am , the subject 
received a venous line in the arm or hand (for drug infu-
sion) and an arterial line in the radial artery of the non-
dominant arm (for blood sampling). Twenty subjects 
participated in the respiratory part of the study, twenty 
others in the analgesia part. Each subject participated 
once in the study in which he received one of four pos-
sible R-dihydroetorphine (Mundipharma Research Ltd., 

 Fig. 1.      The chemical structure of dihydroetorphine with a chiral 
center at C19.    
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Cambridge, United Kingdom) doses: 12.5   ng/kg (n = 4 
in the respiratory study, 4 others in the analgesia study), 
75   ng/kg (n = 6 and 6 others), 125   ng/kg (n = 6 and 6), 
and 150   ng/kg (n = 4 and 4). After obtaining baseline data, 
R-dihydroetorphine was infused during 10   min using a 
syringe pump (Beckton Dickinson, St. Etienne, France). 
   Randomization and Allocation.    The study was randomized 
and double blind. Randomization was done by the pharmacy 
using a computer-generated randomization list. The subjects 
were randomized 4:6:6:4 (R-dihydroetorphine dose 12.5, 
75, 125, and 150   ng/kg) and allocated on the day before the 
experiment. The pharmacy prepared the study medication. 
On the morning of the experiment, the study team received 
a 50-ml syringe with the study drug that was marked with 
just the subject randomization number. All study personnel 
and data analysts remained blinded until the data collection 
was complete and an independent monitor indicated that 
all data entries were correct and complete.  
   Ventilation Measurements.     In 20 subjects, isohypercapnic 
ventilation was measured from 5 to 10   min before and 
for 70   min after the start of the 10-min drug infusion. 
To maintain isohypercapnia and collect ventilation 
data, we used the dynamic end-tidal forcing technique, 
which is described in detail elsewhere.  15 , 16   In brief, 
subjects breathed through a facemask that was attached 
to a pneumotachograph and pressure transducer system 
( # 4813; Hans Rudolph Inc., USA) and to a set of mass 
� ow controllers (Bronkhorst High Tech, The Netherlands) 
for the delivery of oxygen, carbon dioxide, and nitrogen. 
The mass � ow controllers were controlled by a computer 
running RESREG/ACQ software (Leiden University 
Medical Center, The Netherlands) that steers end-tidal gas 
concentrations by varying the inspired concentrations and 
captures ventilatory data. The inspired and expired oxygen 
and carbon dioxide concentrations were measured at the 
mouth using a capnograph (Datex Capnomac, Finland); 
arterial oxygen saturation was measured by pulse oximetry 
(Masimo Corporation, USA). In the pharmacokinetic –
 pharmacodynamic analysis, we used 1-min ventilation 
averages.  
   Pain Measurements .   In 20 subjects, the response to 
activation of cutaneous nociceptors was measured.  11 , 17   
Using a computer-controlled constant current stimulator 
(Leiden University Medical Center), a 0.1-ms stimulus at 
20 Hz was applied to the skin over the tibial bone. The 
stimulus train increased by 0.5 mA per second from 0 mA 
to a maximum of 128 mA. The subject was instructed to 
press a button on a control box at the � rst sensation of pain 
( i.e.,  pain threshold) and end the stimulus train by pressing 
another button when pain reached the level of tolerance 
( i.e.,  pain tolerance). Four pain threshold and tolerance 
values were obtained in the 30   min prior to drug infusion. 
These values were averaged and served as baseline value. 
Further measurements were obtained at t = 10, 15, 30, 45, 
60, 75, 90, 105, 120, 150, 180, 210, 240, 300, 360, 420, and 

480   min after the start of drug infusion (t = 0 is the start of 
drug infusion; t = 10   min is end of infusion).   

  Blood Sampling and R-dihydroetorphine Assay 

 Before (baseline sample), during, and after drug infusion 
(drug infusion from 0 to 10   min), 2 to 3   ml blood were drawn 
from the arterial line for measurement of R-dihydroetorphine 
concentrations in plasma. In the � rst hour, samples were 
obtained at t = 2, 5, 8, 10, 12, 15, 18, 20 25, 30, 40, and 60   min, 
followed in the subsequent hours by samples obtained at t 
= 1.5, 2, 3, 4, 5, 12, and 24   h. Plasma was separated within 
30   min of blood collection and stored at  − 20 o C until analy-
sis. Concentrations of R-dihydroetorphine were determined 
in human plasma samples using a validated analytical meth-
odology by LGC Ltd. (Fordham, United Kingdom) by liq-
uid chromatography or tandem mass spectrometric method, 
with stable isotope labeled internal standard incorporat-
ing deuterium atoms to distinguish the standard by mass. 
Chromatographic separation was by ultrahigh performance 
liquid chromatography using a reverse phase analytical col-
umn (100   mm  ×  2.1   mm, 1.7  µ m internal diameter, C18) with 
a gradient elution using 0.1% (volume/volume %) acetic acid 
in acetonitrile and water. Samples were analyzed, following 
precipitation with acetonitrile, using a Sciex API 5000 triple 
quadrupole mass spectrometer (Sciex, USA) using electro-
spray ionization. Single speci� c multiple reaction transitions 
were monitored for both R-dihydroetorphine and internal 
standard. The validated analytical range of this assay was 5.00 
to 2500 pg/ml with 5.00 pg/ml being the lowest limit of 
quanti� cation. The interassay precision, as measured by coef-
� cient of variation, at 5.00 pg/ml, 15.0 pg/mL, 100 pg/ml, 
and 2000 pg/ml was 10.5%, 5.2%, 5.3%, and 6.1%, respec-
tively. The intra-assay accuracy, as measured by relative error, 
was less than 2.4% and the interassay accuracy was less than 
8.8%.  

 Pharmacokinetic – Pharmacodynamic Analysis    
 The pharmacokinetic – pharmacodynamic data were ana-
lyzed with the mixed-e� ects modeling software package 
NONMEM VII (Nonlinear Mixed E� ects Modeling; ICON 
Development Solutions, USA) using a population approach. 
A two-stage analysis was chosen. From the � rst stage (phar-
macokinetic analysis), individual empirical Bayesian esti-
mates of the pharmacokinetic parameters were obtained 
and were applied in the second stage (pharmacodynamic 
analysis; analgesic and respiratory data were analyzed sepa-
rately). To eliminate the hysteresis between the estimated 
R-dihydroetorphine concentrations and e� ect, an e� ect 
compartment was postulated. This e� ect compartment equil-
ibrates with the plasma compartment with rate constant k 

e0 
. 

To obtain the  “ best ”  pharmacokinetic model, two and three 
compartment models were � tted to the R-dihydroetorphine 
pharmacokinetic data. The number of compartments in the 
model was determined by the magnitude of the decrease 
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in the minimum objective function value (  χ   2 -test,  P   <  0.01 
considered signi� cant). Weight and body mass index were 
considered as covariates.  
   V entilation Data.   The 1-min ventilation averages were 
modeled as follows:  11 , 12   

  

Ventilation t  = V + V  V Ce t /C       [( )

      

B MIN B 50( ) [ ] ( )× ×− γ

                      ( ) ]1+ Ce t /C + TR t    50
-1( )  ×

γ

   

(1)

 where V 
B 
 is (predrug) baseline ventilation, V 

MIN 
 minimum 

ventilation, Ce(t) R-dihydroetorphine e� ect-site concen-
tration, and C 

50 
 the e� ect-site or steady-state concentration 

causing 50% of the e� ect between V 
B 
 and minimum ventila-

tion (an estimated value of zero for minimum ventilation indi-
cates that at high drug concentrations apnea will occur).   γ   is a 
shape parameter and TR a linear trend term. The trend term 
describes a possible increase in ventilation over time. Such 
an increase has been observed previously by several research 
groups and is related to the presence of isohypercapnia.  15 , 18 , 19   
For example, Dahan  et al .  15   observed a trend of 30 to 100   ml/
min  2   during 15 to 20   min of isohypercapnia. This e� ect is 
most prominent during the � rst hour of isohypercapnia after 
which no further increase in ventilation is observed.  18   The 
rise in ventilation is possibly related to slow central neuronal 
dynamics in response to central chemoreceptor activation.  19   
Most  μ -opioid receptor agonists tend to inactive central neu-
ronal dynamics with no need for incorporating a trend term 
when modeling their e� ect on ventilation.  5 , 11   However, in the 
current study we did observe a trend in the ventilation data, 
and indication that R-dihydroetorphine does not impair cen-
tral neuronal dynamics.  

   P ain Data.     The threshold and pain responses were analyzed 
simultaneously as follows:  11 , 12       

Pain Response t  = Baseline 1+ 0.5 Ce t /C50[ ( ) ]( ) ( )× × γ
 

(2)

 where Pain Response (t) is the stimulus intensity at which 
the subjects pressed the control button to indicate his pain 
threshold or tolerance, Baseline is the predrug stimulus inten-
sity at which pain threshold and tolerance were reported, 
Ce(t) the R-dihydroetorphine e� ect-site concentration, 
C 

50 
 the e� ect-site or steady-state concentration at which a 

50% increase in stimulus intensity results in a response (pain 
threshold or tolerance), and   γ   is a shape parameter. 

 Model parameters were assumed to be log-normally 
distributed, except V 

B 
, minimum ventilation and C, which 

were assumed to be normally distributed. Residual error 
was assumed to have both an additive and a relative error 
for concentrations and only an additive error for all e� ect 
parameters. Covariance between random e� ects (   η   ’  s) for 
the three pharmacodynamic end-points were explored 
using  $ OMEGA BLOCKs.  P  values less than 0.01 were 
considered signi� cant. 

 To allow a visual predictive check of the � nal pharma-
cokinetic or pharmacodynamic models, we estimated the 

normalized prediction discrepancies in NONMEM. 20,21        To 
that end, we performed 300 Monte Carlo simulations that 
were based on the � nal model considering the distribu-
tions of the � xed and random e� ects. Next, we counted the 
number of times an observation is greater than the model 
prediction. The normalized prediction discrepancies are the 
counts divided by 300, transformed  via  the inverse normal 
distribution. Under the null hypothesis that the model is 
correct, the normalized prediction discrepancies should 
have a normal distribution. It was visually checked that the 
normalized prediction discrepancies  versus  time showed no 
trends, heteroscedasticity, or both.  

   Utility Surface .   For a detailed explanation of the step-
by-step construction of the utility surfaces, see Boom 
 et al.  11   and Roozekrans  et al . 12   In brief, we developed 
utility surfaces that give information on four possible 
conditions: (1) probability of adequate analgesia without 
serious respiratory depression, (2) probability of serious 
respiratory depression without analgesia, (3) probability of 
absence of respiratory depression and absence of adequate 
analgesia, and (4) probability of adequate analgesia with 
serious respiratory depression. The threshold values for 
adequate analgesia was  P (A)  >  0.25 and  P (A)  >  0.5, or 
the probability of a 25% (A + ) or 50% (A +  + ) increase in 
tolerated electrical current, and for serious respiratory 
depression  P (R)  >  0.5 or a reduction in minute ventilation 
by more than 50% (R + ). Additionally, we calculated the 
probability of less than 25% analgesia (A − , or no analgesia) 
and less than 50% respiratory depression (R − , no respiratory 
depression). To obtain these surfaces, we simulated 10,000 
pharmacodynamic pro� les as function of time (for doses 
12.5, 75, 125, and 150   ng/kg) and steady-state or e� ect-
site concentration (from 0 to 100 pg/ml), according to the 
typical model parameter estimates and the interindividual 
variances (  ω   2 ), as derived from the � nal pharmacokinetic –
 pharmacodynamic analyses. Probabilities were calculated 
from the distribution of occurrence of speci� c conditions 
(    1 to 4). This process yields iso-utility lines that describe 
the conditions 1 to 4. By giving speci� c colors to these 
four conditions (for example, dark red for the least 
desirable condition [condition 2] and green for most 
desirable condition [condition 1]), transitions in-between 
conditions are depicted by transitions between colors and 
result in a continuum of probabilities.    

  Results 
 The 40 subjects were 23  ±  2 (mean  ±  SD; range, 18 to 44) 
yr old, had a body weight of 78  ±  8 (65 to 98) kg, and a 
body mass index of 23  ±  2 (19 to 23) kg/m 2 . All subjects 
completed the protocol without serious or unexpected 
adverse e� ects. All reported side e� ects are given in  table   1  .  

 We observed a dose-dependent increase in (mean  ±  SD) 
plasma R-dihydroetorphine concentrations with peak con-
centrations (occurring at the end of the 10-min infusion) 
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of 44.8  ±  5.7, 214.2  ±  20.1, 371.1  ±  30.7, and 454.4  ±  
42.1 pg/ml at doses 12.5, 75, 125, and 150   ng/kg, respec-
tively ( � g.    2)  . After the termination of the infusion the 
plasma concentrations dropped rapidly, with a more than 
50% decrease in plasma concentrations within 2   min. The 
� nal pharmacokinetic model consisted of a conventional 
three-compartment model with one central (V 

1 
) and two 

peripheral compartments (V 
2 
 and V 

3 
) that was superior to 

a two-compartment model with just one peripheral com-
partment (minimum objective function value = 3,120.368 
 vs.  3,314.316,  P   <  0.001). No e� ect of weight or body mass 
index was observed on any of the model parameters, most 
probably due to the fact that we had a homogenous sample 
of healthy young males weighing 78  ±  8   kg with a body 
mass index of 23  ±  2   kg/m 2 . Best, median and worst � ts 
are given in  � gure   3   and goodness of � t plots in  � gure   4  . 
Inspection of the data � ts and all three diagnostic plots 
(individual predicted  vs.  measured data, individual weighted 
residuals  vs.  time, and normalized prediction discrepan-
cies) indicate that the three-compartment pharmacokinetic 
model adequately described the data. The pharmacokinetic 
parameter estimates, given in  table    2  , show the relatively 
small value of V 

1 
 (7.7 l), the large clearance from com-

partment 1 (68 l/h) and equally large intercompartmen-
tal clearances. There were signi� cant covariances between 
clearances 1 and 2 (   ω    2   ±  standard error of the estimate = 
0.05  ±  0.3), 1 and 3 (0.09  ±  0.03), and 2 and 3 (0.14  ±  
0.06).     

 The ventilation and pain responses were adequately � t-
ted by the pharmacodynamic model (see  � gs.   3  and  4  for 
best, medium and worst � ts and three goodness-of-� t plots, 
and  table   2  for model parameter estimates). Over the dose 
range tested, an apparent maximum in respiratory depression 
greater than zero was identi� ed (minimum ventilation = 6.5 
l/min or 33% of baseline ventilation). The pharmacodynamic 

model with an apparent maximum in ventilation was sta-
tistically superior to the model with maximum e� ect at 
apnea (minimum ventilation = 0 l/min) with minimum 
objective function values of 2,243.965  versus  2,354.407 
( P   <  0.001), respectively. 

 In contrast, a maximum in antinociception was not 
reached at the maximum R-dihydroetorphine dose tested. 
However, the pharmacodynamic model with and without 
an apparent maximum did not di� er in terms of mini-
mum objective function values (values of model without 
an apparent maximum 1,969.526 and with an apparent 
maximum 1,967.408,  P  = 0.150), indicative that we cannot 
exclude that at higher doses than tested by us an apparent 
maximum in the analgesic response may occur. 

 Table 1.      Adverse Effects Observed during and after R-dihydroetorphine Dosing  

  Symptoms      

 R-dihydroetorphine Dose 

 12.5   ng/kg (n = 8)    75   ng/kg (n = 12)    125   ng/kg (n = 12)    150   ng/kg (n = 8)   

 Sedation  2 (25%)  7 (58%)  4 (33%)  4 (50%) 
 Headache  3 (38%)  2 (17%)  2 (17%)  3 (38%) 
 Nystagmus  0  1 (8%)  3 (25%)  0 
 Blurred vision  0  0  3 (25%)  4 (50%) 
 Nausea  0  3 (25%)  0  2 (25%) 
 Vomiting  0  2 (17%)  0  0 
 Euphoria  0  2 (17%)  3 (25%)  3 (38%) 
 Dysphoria  0  0  0  0 
 Pruritis  0  0  1 (8%)  3 (38%) 
 Hiccups  0  0  0  1 (13%) 
 Chest heaviness  0  0  1 (8%)  1 (13%) 
 Flushing  0  1 (8%)  0  5 (63%) 
 Total events  5  18  17  26 

   Events per subject ( n , %) and total events counted.   

 Fig. 2.      Plasma R-dihydroetorphine (R-DHE) concentrations fol-
lowing 12.5 ( blue  symbol), 75 ( red ), 125 ( green ) and 150 ( orange ) 
ng/kg. The drug was infused more than 10   min. Error bars in the 
insert are 95% CI.    
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 The delay between plasma concentration and e� ect 
(t 

 ½  
k 

e0 
) di� ered between the two end-points by a fac-

tor of 2 (ventilation 0.95  ±  0.20   h  vs.  pain relief 2.19 
 ±  0.49   h). The ventilation potency parameter (C 

50,V 
) or 

the e� ect-site or steady-state concentration causing 50% 
of the e� ect between baseline ventilation and minimum 
ventilation was 17  ±  4 pg/ml (at this R-dihydroetorphine 
concentration the ventilation level was 67% of baseline 
ventilation; the R-dihydroetorphine concentration caus-
ing 50% decrease of baseline ventilation was 40% higher, 
 i.e.,  27 pg/ml). The analgesia potency parameter (C 

50,A 
) 

was 34  ±  11 pg/ml; at this concentration the pain thresh-
old and tolerance responses occurred at a 50% increase 
relative to pre-drug baseline values. We observed a sig-
ni� cant covariance between pain threshold and tolerance 
with    ω 2  = 0.08  ±  0.04. The steady-state relationships 

between R-dihydroetorphine plasma concentration and 
e� ects are given in  � gure    5   (ventilation red line; pain 
relief blue line).  

 The constructed utility surfaces or the continuum of 
probabilities of R-dihydroetorphine analgesia in the pres-
ence or absence of respiratory depression are shown in 
 � gures   6   and  7  . In  � gure   6A  the probabilities are plotted 
as function of R-dihydroetorphine e� ect-site concentra-
tion (with the iso-utility lines in  � g.    6B) . The di� erent 
conditions that may co-exist are depicted by colors that 
correspond with analgesia and respiratory thresholds. The 
colors range from deep green (A +  + /R −  or at least 50% 
analgesia/no respiratory depression) to green (A + /R −  or 
at least 25% analgesia/no respiratory depression), to yellow 
(A − /R −  or no analgesia/no respiratory depression), and 
from deep red (A − /R +  or no analgesia/serious respiratory 

 Fig. 3.      Best, median and worst data fi ts as determined by  R  2 . ( A  to  C ) Pharmacokinetic data. ( D  to  F ) Ventilation data. ( G  to  I)  Pain responses 
(the tolerance and threshold data were fi tted simultaneously; pain tolerance,  closed circles , pain threshold,  open circles ).  Symbols  are the 
measured data, the  lines  the predicted data.    
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depression) to dark orange (A + /R +  or at least 25% anal-
gesia/serious respiratory depression) and to orange (A +  + /
R +  or at least 50% analgesia/serious respiratory depres-
sion). At an R-dihydroetorphine e� ect-site concentration 
of 20 pg/ml, the probability of analgesia was 60%, while 
the probability analgesia  without  respiratory depression was 
45%. At increasing R-dihydroetorphine e� ect-site con-
centrations the probability of analgesia increased toward 
95% at 100 pg/ml, but the probability of analgesia without 
respiratory depression was reduced to 20%. The probabili-
ties as function of time for the four doses administered in 
the study (12.5, 75, 125, and 150   ng/kg; simulated infusion 
duration is 90   s, enabling comparison with earlier stud-
ies)  11 , 12   are given in  � gure    6 . At all doses, the probability 
of respiratory depression without analgesia was 5 to 10% 
(dark red surfaces). The ratio between green and orange 
surfaces decreased at increasing R-dihydroetorphine 
doses: 12.5   ng/kg 469%, 75   ng/kg 205%, 125   ng/kg 151%, 
and 150   ng/kg 133%.    

  Discussion 
 Dihydroetorphine is a six-ring semisynthetic opioid alka-
loid ( � g.    1) , � rst synthesized in 1967 by Reckitt and 
Sons Ltd. in England.  22   It is a derivative of thebaine like 
morphine, hydromorphone, and oxycodone (all � ve-ring 
opioid molecules), but like buprenorphine it is a six-ring 
opioid due to a 6,14-endo-ethano-bridge. In etorphine, 
another six-ring opioid, the 6,14-endo-ethano-bridge is 
oxidized to a 6,14-endo-etheno-bridge. Six-ring opioids 
are characterized by high a�  nity to opioid receptors (K 

i 
 

in the nanomolar range).  23   Importantly, the dihydroetor-
phine molecule has a chiral center at C19 and consequently 
exists in R −  and S-con� gurations.  23   Studies in the rabbit 
show that R-dihydroetorphine is a potent analgesic, about 
6,000 to 12,000 times more potent than morphine when 
administered parenterally and with an improved respira-
tory depression/analgesia ratio compared to morphine.  24   
Also, human studies indicate that R-dihydroetorphine has 
high analgesic potency with only mild side e� ects.  10   Since 

 Fig. 4.      Goodness of fi t plots. ( A  to  C ) Measured data  versus  individual predicted (Ipred) data. ( D  to  F ) Individual weighted residuals (IWRES) 
 versus  time. A smoothed line is plotted through the data points ( red line ). ( G  to  I)  Normalized predicted discrepancies (NPD)  versus    time. The 
 grey lines  are the medians, the  red dotted lines  are 95% CI. Pharmacokinetic data are  orange  ( A, D,  and  G ), ventilation data is  blue  ( B, E,  and 
 H ), and pain responses are  green  ( C, F,  and  I ).    
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1992, R-dihydroetorphine is registered in mainland China 
for the treatment of severe pain, including labor pain, and 
anesthesia induction,  10 , 25   but it is not used clinically in the 
Western world. To better understand its respiratory e� ects 
in relation to its analgesic e� ects, we studied the e� ect of 
four R-dihydroetorphine doses on isohypercapnic ventila-
tion and antinociception in healthy volunteers. 

 Over the dose range tested (12.5 to 150   ng/kg), we 
observed an apparent plateau in respiratory depression but 
not in analgesia. This suggests that R-dihydroetorphine 
has advantages over other opioids that do not display any 
plateau in respiratory depression and produce respiratory 
instability or apnea at high dose ( e.g.,  morphine, fentanyl). 
However, this is a � rst and relatively small (n = 40) study on 
R-dihydroetorphine performed in healthy volunteers under 
highly-controlled experimental conditions. Whether the 
apparent plateau is also sustained at higher doses (greater than 
150   ng/kg), is present in speci� c patient populations with a 
high risk of opioid-induced respiratory depression, or occurs 
at more intense clinical pain requires further testing. The 
plateau e� ect observed at the current R-dihydroetorphine 
doses is similar to that of other opioids, such as buprenor-
phine, that shares certain pharmacologic characteristics with 
R-dihydroetorphine (see two paragraphs below).  4 , 5   

 In order to determine the respiratory e� ect of 
R-dihydroetorphine relative to its analgesic e� ect, we con-
structed utility surfaces ( � gs.   6  and  7 ) rather than calculating 
the therapeutic ratio (which assumes a similar dose-response 
relationship with just di� erences in potency between end-
points).  11 – 13 , 26   Since our analysis shows that the two end-
points di� er in their concentration-e� ect curves and C 

50 
s 

( � g.   5) , our approach is more suitable to integrate wanted 
and unwanted end-points into one function.  26 , 27   The util-
ity surfaces are based on utility functions that describe the 
opioids e� ect in terms of probability of bene� t (analge-
sia) and probability of harm (respiratory depression). For 
R-dihydroetorphine, we showed a larger probability of 
analgesia without respiratory depression (green surfaces) 
than the phenylpiperidines that we tested previously using 
the same experimental paradigm.  11 – 13   Based on the utility 
surfaces that we constructed, R-dihydroetorphine seems an 
opioid analgesic with a greater bene� t than harm, although 
this has to be considered in light of the current experi-
mental paradigm and requires replication in clinical studies. 
Still, we argue that it is important to obtain a library of 
utility surfaces for all clinically available opioids and deter-
mine whether such characterizations correlate with clini-
cal observations of opioid-induced respiratory depression 
and opioid-related fatalities. Our current approach of con-
structing utility functions is complex as it requires popu-
lation pharmacokinetic and pharmacodynamic analyses. To 

 Table 2.      Pharmacokinetic and Pharmacodynamic Parameter 
Estimates  

  Parameter    Typical Value  ±  SEE      ω   2   ±  SEE   

 Pharmacokinetics 
    V 1  (l)  7.68  ±  0.70  0.17  ±  0.08 
    V 2  (l)  19.7  ±  1.35   —  
    V 3  (l)  61.3  ±  4.81   —  
    CL 1  (l/h)  67.9  ±  2.89  0.07  ±  0.01 
    CL 2  (l/h)  76.3  ±  6.09  0.14  ±  0.05 
    CL 3  (l/h)  33.2  ±  3.27  0.25  ±  0.07 
      σ   (pg/ml)  0.18  ±  0.01    
 Ventilation 
    V 

B  (l/min)  19.6  ±  0.63  7.0  ±  1.9 
    V MIN  (l/min)  6.9  ±  1.1  11.7  ±  3.7 
    C 50,V  (pg/ml)  16.9  ±  4.1  0.26  ±  0.10 
    t  ½  k e0,V  (h)  0.95  ±  0.20   —  
      γ   V   2.5  ±  0.29   —  
    TR (ml/min 2 )  88  ±  12  93  ±  22 
      σ   (pg/ml)  1.2  ±  0.1    
 Pain Responses 
    Baseline threshold (mA)  11.5  ±  0.90  0.10  ±  0.05 
    Baseline tolerance (mA)  17.0  ±  1.21  0.10  ±  0.04 
    C 

50,A  (pg/ml)  34.0  ±  11.2  1.08  ±  0.62 
    t  ½  k e0,A  (h)  2.19  ±  0.49  0.30  ±  0.17 
      γ    Fixed to 1  1.06  ±  0.44 
      σ   threshold (pg/ml)  1.90  ±  0.24    
      σ   tolerance (pg/ml)  1.99  ±  0.42    

    — , not estimable;    γ    ,  a shape parameter;    σ   , SD of the residual error;    ω    2  the vari-
ance of the model parameter across the population (in the log domain); C 50,A , 
effect-site plasma R-dihydroetorphine concentration causing a 50% increase in 
pain response; C 50,V , effect-site R-dihydroetorphine concentration causing a 50% 
reduction in ventilation in between V B  and V MIN ; CL, clearance; t  ½  k e0,V  and t  ½  k e0,A , the 
blood-effect site equilibration half-life for ventilation and pain response, respec-
tively; SEE, standard error of the estimate; TR, trend term; V, volume; V B , baseline 
ventilation; V MIN , estimated minimum ventilation.   

 Fig. 5.      Steady-state relationship between R-dihydroetorphine 
plasma or effect-site concentration  (conc.) and effect (effect = 
1 is pre-drug baseline effect). Pain relief:  blue line ; ventilation: 
 red line . The  red  and  blue dots  are the C 50  values: C 50,V  is the 
R-dihydroetorphine concentration causing a 50% reduction in ven-
tilation in between baseline ventilation and the apparent minimum 
ventilation (V MIN ,  grey line ), and C 50,A  the R-dihydroetorphine concen-
tration causing a 50% increase in current intensity at which a pain 
response is reported. The  yellow line  the concentration-ventilation 
response curve modeled by equation 1 (in the Pharmacokinetic-
pharmacodynamic Analysis section) without trend term C.    
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simplify matters, we recently proposed a more pragmatic 
method that enables the construction of utility surfaces 
without the need for pharmacokinetic data.  13   

 Our protocol was not designed to clarify the mechanism 
of the apparent respiratory plateau. However, we believe 
that this is an important issue that deserves some discussion, 
and the receptor pro� le of R-dihydroetorphine, in com-
parison to that of other opioids ( e.g.,  buprenorphine), may 
help us identify possible mechanisms. For buprenorphine, 
the apparent plateau in ventilatory depression is considered 
related to partial agonism at the  μ -opioid receptor (restrict-
ing respiratory e� ect despite full receptors occupancy) and/
or full agonism at the nociception/orphanin FQ receptor 
(with nociception/orphanin FQ receptor activity reducing 
the respiratory e� ect from  μ -opioid receptor activation).  4 – 6 , 28   
Since R-dihydroetorphine is a full agonist at the  μ -opioid 
receptor, the � rst mechanism seems highly improbable. The 
nociception/orphanin FQ receptor activation may be a 
possible mechanism for the reduced R-dihydroetorphine 
respiratory e� ect at high dose (see for example, Dahan  et al.  
and Linz  et al.  on the combined  μ -opioid and nociception/
orphanin FQ receptor agonist cebranopadol).  29 ,30    However, 
although R-dihydroetorphine has some a�  nity for the noci-
ception/orphanin FQ receptor, its a�  nity is much lower than 
for the  μ -opioid receptor (Ki 0.1   nM  vs.  120   nM). Whether 
such low nociception/orphanin FQ receptor a�  nity is 
su�  cient to cause profound respiratory protection is ques-
tionable. Another possible mechanism may be related to the 
relatively high a�  nity of R-dihydroetorphine for the   κ  -opi-
oid and   δ  -opioid receptors. Notably, when assessing func-
tional activity of  μ -opioid ,   κ  -opioid and   δ  -opioid receptors, 
following R-dihydroetorphine receptor activation,  μ -opi-
oid and   κ  -opioid receptors have essentially similar IC 

50 
-

values for inhibition of cyclic adenosine monophosphate 

formation, while the IC 
50 

-value for   δ  -opioid receptors is 
one tenth of that for the  μ -opioid receptor (Mundipharma 
Research Ltd., unpublished observation). There is evidence 
that   κ  -opioid and   δ  -opioid receptor agonists may selectively 
antagonize  μ -opioid receptor agonistic e� ects, including 
respiratory depression.  7 – 9   Finally, other proposed mecha-
nisms involve the intracellular regulatory protein   β  -arrestin 
or o� -target activity, such as activation of toll-like receptor 
4 or the   σ   

1 
-receptor.  31 – 34   Opioid receptors belong to the 

7-transmembrane G-protein-coupled receptors that, upon 
activation, bind to intracellular G-proteins and   β  -arrestin 
proteins.  31 , 32   Based on prolonged morphine-induced anal-
gesia in   β  -arrestin-2 knockout mice, it was suggested that 
analgesic e�  cacy is driven by G-protein activation and side 
e� ects such as constipation and tolerance are mediated by 
  β  -arrestin.  35 , 36   However, the   β  -arrestin e� ect was limited 
to morphine and was not observed for fentanyl.  36   Further, 
R-dihydroetorphine is biased toward the   β  -arrestin path-
way; this contradicts the notion that   β  -arrestin bias results 
in increased adverse e� ects such as respiratory depression 
(Mundipharma Research Ltd., unpublished observation). 
As mentioned, some opioid side e� ects could be mediated 
by o� -target e� ects such as toll-like receptor 4 activation, 
which has been described for several opioids, including mor-
phine, fentanyl, buprenorphine, and oxycodone.  33   For exam-
ple, remifentanil-induced hyperalgesia depends on toll-like 
receptor 4 in mice, and toll-like receptor 4 antagonist TAK-
242 attenuated morphine-induced suppression of colonic 
motility in mice.  37 , 38   In summary, the mechanisms involved 
in compound-related di� erences of tolerability and (respira-
tory) safety still remain elusive, but appear to be mediated by 
several factors such as   β  -arrestin bias, opioid receptor pro-
� le and o� -target activity. Identifying compounds that show 

 Fig. 6.      R-dihydroetorphine response surface; continuum of probabilities of R-dihydroetorphine-induced analgesia and respiratory depres-
sion as function of R-dihydroetorphine effect-site concentration ( A  and  B ). The color shading ( green  to  yellow  and  red  to  orange ) represents 
the context dependency of the utility functions on the postulated threshold for analgesia. The iso-utility lines in  B  represent the border in 
between areas of at least 50% analgesia (A +  + ), at least 25% analgesia (A + ), no analgesia (A − ), at least 50% respiratory depression (R + ), 
and no respiratory depression (R − ). At 20 pg/ml, the probability of analgesia without any respiratory depression ( green  surface) is about 40% 
as depicted by the  dotted line  (A + /R − ), while at 60 pg/ml and higher concentrations, this same probability remains steady at 20%. This then 
indicates that at 20 pg/ml, the probability of respiratory depression (irrespective of the presence of analgesia) is 60%, while at concentration 
greater than 60 pg/ml, this probability remains steady at 80% (as depicted by the area above the dotted line A + /R − ).    
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improved safety and tolerability pro� le will require care-
ful testing of di� erent end-points (such as gastrointestinal 
motility, immune cells activation and respiratory depression) 
and assess a favorable utility based on analgesic activity. 

 We included a trend term in the pharmacodynamic 
model to account for the observation that at 12.5   ng/kg, 
R-dihydroetorphine some respiratory stimulation during 
the 70    min measurement period occurred.     As stated in the 
Methods section, sustained hypercapnia may activate cen-
tral neuronal dynamics causing some respiratory stimula-
tion.  15 , 18 , 19   Due to the inclusion of the trend term, we may 
have underestimated the respiratory protective e� ects of 
R-dihydroetorphine somewhat. Analysis without parameter 
C is given in  � gure   6  ( yellow line ) and yielded a C 

50,V 
 of 35 

pg/ml and minimum ventilation of 8.9 l/min (44% of base-
line), albeit at a signi� cantly higher objective function than 
the model with trend term.   κ  -opioid receptor agonists have 
been associated with dysphoria.  39   Interestingly, in our study, 
during a 24-h observation period, no signi� cant dysphoric 
e� ects were observed from R-dihydroetorphine ( table   1 ). We 
tested only men in the current study. Since men and women 
quantitatively di� er in their opioid analgesic and respiratory 
depressive e� ects,  40 – 43   future studies should compare the 
R-dihydroetorphine e� ects in women and men. 

 The � nal question that remains is whether our experimen-
tal observations can be extrapolated to the clinical setting, and 
whether the use of R-dihydroetorphine would lead to less 
respiratory events in treated patients compared to other com-
monly used opioids. This is a highly relevant topic as there has 
been a recent increase in the number of fatalities from misuse or 
abuse of legally prescribed opioids. While a reduced respiratory 
e� ect (especially at high dose) and favorable utility surface are 
certainly advantages over other opioids that lack such a pro� le, 
it is important to realize that in real life comedication, under-
lying respiratory, cardiac and/or renal disease, genetics, over-
dosing, sex, and age, among others, play an important role as 
well.  44   Still, our observation that R-dihydroetorphine (greater 
than the dose-range tested) has favorable pharmacodynamics 
and utility surface gives this analgesic an advantage over other 
commonly used analgesics such as fentanyl. For example, when 
comparing the utility surfaces of R-dihydroetorphine ( � g.   6A)  
and fentanyl ( � g.   8)  ,  12   it is obvious that R-dihydroetorphine has 
a much greater green surface, indicative of a high probability of 
analgesia without respiratory depression, even at high e� ect-
site concentrations. In future studies, we will quantify opioid 
respiratory and antinociceptive e� ects in individuals with iden-
ti� ed risk factors for respiratory depression. Given the above, it 
is imperative not to infer clinical utility from our results. The 

 Fig. 7.      R-dihydroetorphine response surface; continuum of probabilities of R-dihydroetorphine – induced analgesia and respiratory depression 
as function of time after 12.5   ng/kg ( A ), 75   ng/kg ( B ), 125   ng/kg ( C ), and 150   ng/kg ( D ) R-dihydroetorphine. The color shading ( green  to  yellow  
and  red  to  orange ) represents the context dependency of the utility functions on the postulated threshold for analgesia:  deep green  equals 
A +  + /R −  or at least 50% analgesia/no respiratory depression;  green  equals A + /R −  or at least 25% analgesia/no respiratory depression;  yellow  
equals A − /R −  or no analgesia/no respiratory depression;  deep red  equals A − /R +  or no analgesia/serious respiratory depression);  dark orange  
equals A + /R +  or at least 25% analgesia/serious respiratory depression;  orange  equals A +  + /R +  or at least 50% analgesia/serious respiratory 
depression. The ratio between  green  and  orange  surfaces is 469% (12.5   ng/kg), 205% (75   ng/kg), 151% (125   ng/kg), and 133% (150   ng/kg).    
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utility function is an experimental tool that is developed to 
compare opioids under arti� cial study conditions, with preset 
de� nitions of pain and respiratory depression. In future studies, 
we plan to validate the clinical use of the utility functions.  

 In conclusion, over the dose-range tested, 
R-dihydroetorphine exhibited an apparent plateau in respi-
ratory depression but not in analgesia.  
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 Insuring Rheta Wynekoop ’ s Gunshot Demise: Telltale 
Chloroform Burns from Her Murderous Mother-in-Law                 

 Police o�  cer Charles Thomas ( left ) examines an Esmarch chloroform mask (similar to the museum example, 
 right ) found in November of 1933 alongside the dead body of Chicagoan Rheta Wynekoop. As the latter ’ s 
philandering husband rode a train out of town, his cash-strapped mother, physician Alice Wynekoop (1871 to 
1955), con� rmed that she had already taken out extra life insurance on Rheta. When Rheta complained of 
abdominal pain, her mother-in-law chloroformed her  “ for the examination. ”  Panicking when Rheta appeared 
to have dropped dead, Dr. Wynekoop tried to cover up the medical mishap by shooting her daughter-in-law 
in the back to stage a  “ murder by intruder. ”  However, spilled chloroform had already burned Rheta ’ s face 
and that led to a 25-yr jail sentence for the murderous mother-in-law. (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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 Holodiastolic Flow Reversal in Descending Aorta with 
Right Coronary Artery to Coronary Sinus Fistula    
     Zahid     Merchant   ,   M.D.,            Andrej     Alfirevic   ,   M.D.                         

 Apulsed-wave Doppler spectral pro� le can be used as 
a modality to objectively assess � ows in the descend-

ing thoracic aorta.  1   The normal pro� le reveals systolic 
antegrade � ow; however, a small amount of retrograde 
diastolic � ow is physiologic and increases with age and 
decreasing aortic compliance. The image on the  left  reveals 
holodiastolic � ow reversal and increased end-diastolic 
velocity, as seen with the   yellow arrow  and  asterisk , reveal-
ing continuous retrograde � ow in the descending thoracic 
aorta. Both increased velocities and holodiastolic reversal 
correlate with increasing severity of aortic insu�  ciency, 
large arteriovenous � stula, patent ductus arteriosus, and 
systemic to pulmonary artery communications such as 
Blalock – Taussig shunt.  1   A computed tomographic angi-
ography scan,  right image,  reveals a markedly dilated right 
coronary artery (RCA) extending in a serpiginous fashion 
laterally and along the undersurface of the heart. In this 
plane, the right coronary artery is cut along its short axis 
revealing a severely dilated coronary sinus (CS) commu-
nicating with the right coronary artery  via  � stula, marked 
by the  red arrow . The continuous pressure gradient from 
the arterial (high pressure) to venous (low pressure) system 
explains the � ow reversal pattern in the descending aorta 
while hemodynamically responsible for the decreased dia-
stolic forward � ow and left-to-right shunting. The con-
sequences of a signi� cantly increased shunt-� ow include 

volume overload, pulmonary hypertension, and heart fail-
ure.  2   The � stulous communication with the venous sys-
tem is responsible for diverting oxygenated blood, leading 
to myocardial ischemia. Anesthetic management includes 
avoiding hemodynamic � uctuations as anesthesia-induced 
hypotension decreases coronary perfusion and potentiates 
myocardial ischemia while hypertension increases the risk 
of rupturing a dilated coronary artery.  3      
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 Spinal Epidural Hematoma after Interlaminar Cervical 
Epidural Steroid Injection    
    Ratan K.     Banik    ,   M.D., Ph.D.    ,       Clark C.     Chen Chen    ,   M.D., Ph.D.                         

 The exact incidence of spinal epidural hematoma after 
cervical epidural steroid injection is unknown, but 

the incidence of epidural hematoma after epidural block 
in obstetric patients is estimated to be ~1:200,000.  1   The 
computed tomography images above demonstrate an epi-
dural hematoma in an 80-yr-old woman after C7 – T1 
epidural injection performed under moderate sedation. 
Thirty minutes after the procedure, she developed acute 
onset of neck pain, which progressed shortly to numbness 
down to her mid-sternum, 0/5 strengths in the bilateral 
elbows, wrists, and lower extremities, and loss of patellar-
re� exes. The image was taken ~3   h after the onset of symp-
toms. Image A is a sagittal computed tomography image, 
which is notable for hyperdense collection of blood 
within the spinal canal extending from C2 – T4. Image B 
is a cross-sectional view at the level of C7, which shows a 
biconvex-shaped hyperdense lesion within the spinal canal 
suggestive of epidural hematoma. The patient ’ s localized 
neck pain, quadriplegia, loss of re� exes, numbness, sudden 
onset of symptoms, and computed tomography � ndings are 
characteristic of acute cord compression. 

 Surgical laminectomy and decompression is the 
standard intervention for epidural hematoma, and early 
detection and intervention are necessary to prevent 
permanent deficits. A previous study has shown that 

patients with the same preoperative neurologic sta-
tus (measured with numerical Frankel-grade: 1 equals 
complete motor and sensory loss, 5 equals no motor 
or sensory abnormalities) taken to surgery less than 
12   h from the onset of symptoms had higher complete 
recovery rates than those taken to surgery more than 
12   h from the onset of symptoms.  2   In stable patients, 
magnetic resonance imaging is the diagnostic modal-
ity of choice. The risk factors for bleeding in this case 
included trazodone  3   (selective serotonin reuptake 
inhibitors have been associated with bleeding) and 
older age.  4      
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 Drug Label Ribbons to Improve Patient Safety in 
Low-resource Environments    
    Meghan     Prin    ,   M.D., M.S.    ,       Clare Evans     Algeo    ,   M.D.    ,       Lucy     Kalonga    ,   C.O.    ,       Christophe     Mkwezalamba    ,   C.O  .                           

 These images demonstrate the operating room medi-
cation labeling system of a public referral hospital in 

Malawi ( left image ) and a new system being piloted by the 
authors in a district hospital of Malawi ( right image ). 

 Many systems have been developed to prevent medica-
tion administration errors, including standardized color-coded 
labels, two-person veri� cation, operating room pharmacists, 
and adverse event reporting systems.  1   However, very few of 
these are feasible in low-resource settings. Even color-coded 
tape is often unavailable or una� ordable. As demonstrated 
in the far-right of the  left image , the underlying tray labels 
are often relied on and the syringes themselves may remain 
unlabeled. In most low-income countries, adverse event 
reporting systems are absent, which limits the ability to 
monitor errors. A recent meta-analysis of medication errors 
in anesthesia practice in sub-Saharan Africa found only 
� ve case reports and seven studies.  2   Most reported errors 
are substitution errors, and the most common causes are 
syringe swapping or mislabeled syringes.  1 , 3   

 Although the actual number of adverse events related to 
syringe labeling is unknown in the index hospital, we none-
theless pursued quality improvement e� orts. We sought to 
develop a medication labeling system that is a� ordable, easy 
to apply, and sustainable in low-resource settings. Color-
coded ribbon labels can be made at low cost in almost any 
setting and can be reused to limit expense. Since January 

2019, we have found these ribbons to be an easy, durable, 
and e� ective tool, and we are working toward widespread 
implementation and evaluation of this concept.    
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 Seeing Double 
 The Clinical Conundrum of the Double-barrel Coronary Sinus    
   Samuel               J.     Hankins   ,   M.D.                         

 The accompanying modi� ed mid-esophageal 
four-chamber transesophageal echocardiography 

image shows two coronary sinuses emptying into the 
right atrium where normally there is one. As shown in 
 panel A , both sinuses run parallel in the AV groove infe-
rior to the left atrium (Supplemental Digital Content, 
 https://links.lww.com/ALN /C43). This rare anomaly, 
referred to as  “ double-barrel coronary sinus, ”  was dis-
covered during a coronary artery bypass graft procedure 
in which retrograde cardioplegia was planned. Double-
barrel coronary sinus arises when the great cardiac vein 
fails to combine with the left horn of the sinus venosus 
during the 10th week of development, and is described 
in full elsewhere.  1 – 3   Despite the obvious perils of cannu-
lating the  “ false ”  sinus, criteria for determining the  “ true ”  
coronary sinus by transesophageal echocardiography have 
not yet been published.  2   

  Panel B  shows both sinuses  en face  from the right atrium, 
with the cephalad sinus ( red arrow ) appearing slit-like, 
as described previously.  2   The caudad sinus ( green arrow ) 
appeared larger in diameter, and its color Doppler � ow was 
greater. Because the  “ true ”  coronary sinus should drain a 
larger myocardial territory and thus have the larger caliber 
and � ow, the retrograde cardioplegia catheter was guided 

into the caudad sinus with good result. In cases of dou-
ble-barrel coronary sinus, the authors suggest larger vessel 
caliber (preferably assessed by three-dimensional imaging in 
an  en face  view) and greater Doppler � ow to be important 
determinants of the  “ true ”  sinus.    
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 ABSTRACT 
 Commercial applications of artificial intelligence and machine 
learning have made remarkable progress recently, particularly 
in areas such as image recognition, natural speech processing, 
language translation, textual analysis, and self-learning. Progress 
had historically languished in these areas, such that these skills 
had come to seem ineffably bound to intelligence. However, these 
commercial advances have performed best at single-task appli-
cations in which imperfect outputs and occasional frank errors 
can be tolerated. 

The practice of anesthesiology is different. It embodies a 
requirement for high reliability, and a pressured cycle of interpreta-
tion, physical action, and response rather than any single cognitive 
act. This review covers the basics of what is meant by artificial 
intelligence and machine learning for the practicing anesthesiolo-
gist, describing how decision-making behaviors can emerge from 
simple equations. Relevant clinical questions are introduced to 
illustrate how machine learning might help solve them — perhaps 
bringing anesthesiology into an era of machine-assisted discovery.  

 (ANESTHESIOLOGY  2019 ;  131 : 1346 – 59 ) 

 Artifi cial Intelligence 
and Machine Learning in 
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     The human mind excels at estimating the motion and 
interaction of objects in the physical world, at inferring 

cause and e� ect from a limited number of examples, and at 
extrapolating those examples to determine plans of action 
to cover previously unencountered circumstances. This 
ability to reason is backed by an extraordinary memory that 
subconsciously sifts events into those experiences that are 
pertinent and those that are not, and is also capable of per-
sisting those memories even in the face of signi� cant phys-
ical damage. The associative nature of memory means that 
the aspects of past experiences that are most pertinent to 
the current circumstance can be almost e� ortlessly recalled 
to conscious thought. However, set against these remarkable 
cerebral talents are fatigability, a cognitive laziness that pres-
ents as a tendency to short-cut mental work, and a detailed 
short-term working memory that is tiny in scope. The 
human mind is slow and error-prone at performing even 
straightforward arithmetic or logical reasoning.  1   

 In contrast, an unremarkable desktop computer in 
2019 can rapidly retrieve and process data from 32 giga-
bytes of internal memory — a quarter of a trillion discrete 
bits of information — with absolute � delity and tireless-
ness, given an appropriately constructed program to exe-
cute. The greatest progress in arti� cial intelligence has 
historically been in those realms that can most easily be 
represented by the manipulation of logic and that can be 
rigorously de� ned and structured, known as classical or 
symbolic arti� cial intelligence. Such problems are quite 
unlike the vagaries of the interactions of objects in the 
physical world. Computers are not good at coming to 
decisions — indeed, the formal de� nition of the modern 
computer arose from the proof that certain propositions 

are logically undecidable  2   — and classical approaches to 
arti� cial intelligence do not easily capture the idea of a 
 “ good enough ”  solution. 

 For most of human history, the practice of medicine has 
been predominantly heuristic and anecdotal. Traditionally, 
quantitative patient data would be relatively sparse, decision 
making would be based on clinical impression, and outcomes 
would be di�  cult to relate with much certainty to the qual-
ity of the decisions made. The transition to evidence-based 
practice  3   and Big Data is a relatively recent occurrence. In 
contrast, anesthesiologists have long relied on personalized 
streams of quanti� ed data to care for their unconscious 
patients, and advances in monitoring and the richness of 
that data have underpinned the dramatic improvements in 
patient safety in the specialty.  4   Anesthesiologists also prac-
tice at the sharper end of cause and e� ect: decisions usu-
ally cannot be postponed, and errors in judgment are often 
promptly and starkly apparent. 

 The general question of arti� cial intelligence and 
machine learning in anesthesiology can be stated as follows:  

  1.   There is some outcome that should be either attained or 
avoided.  

  2.   It is not certain what factors lead to that outcome, or 
a clinical test that predicts that outcome cannot be 
designed.  
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  3.   Nevertheless, a body of patient data is available that 
provides at least circumstantial evidence as to whether 
the outcome will occur. The data are plausibly, but not 
de� nitively, related.  

  4.   The signal, if it is present in the patient data, is too dif-
fuse across the data set for it to be learned reliably from 
the number of cases that an anesthesiologist might per-
sonally encounter, or the clinical decision-making relies 
upon a subconscious judgment that the anesthesiologist 
cannot elucidate.  

  5.   Can an algorithm, derived from the given data and out-
comes, provide insight in order to improve patient man-
agement and the decision-making process?   

 This form of machine learning might be termed machine-
assisted discovery. 

 This article takes the form of an integrative review,  5   
de� ned as  “ a review method that summarizes past empir-
ical or theoretical literature to provide a more compre-
hensive understanding of a particular phenomenon or 
healthcare problem. ”  The article therefore introduces the 
theory underlying classical and modern approaches to 
arti� cial intelligence and machine learning, and surveys 
current empirical and clinical areas to which these tech-
niques are being applied. Concepts in the fundamentals of 
arti� cial intelligence and machine learning are introduced 
incrementally:  

  1.   Beginning with classical or symbolic arti� cial intelli-
gence, a logical representation of the problem is crafted 
and then searched for an optimal solution.  

  2.   Model � tting of physiologic parameters to an established 
physiologic model is shown as an extension of search.  

  3.   Augmented linear regression is shown to allow certain 
nonlinear relationships between outcomes and physio-
logic variables to be discerned, even in the absence of a 
de� ned physiologic model. It requires su�  cient exper-
tise about which combinations of nonphysiologic trans-
formations of the variables might be informative.  

  4.   Neural networks are shown to provide a mechanism to 
establish a relationship between input variables and an 
output without de� ning a logical representation of the 
problem or de� ning transformations of the inputs in 
advance. However, this � exibility comes at considerable 
computational cost and a � nal model with a behavior 
that may be hard to comprehend.   

 Numerous other theoretical and computational approaches 
do exist, and these may have practical advantages depend-
ing on the nature of the problem and the structure of the 
desired outputs.  6   

 The literature search for an integrative review should 
be transparent and reproducible, comprehensive but focused 
and purposive. A literature search was performed using 
PubMed for articles published since 2000 using the fol-
lowing terms:  “ arti� cial intelligence anesthesiology ”  (543 
matches),  “ computerized analysis anesthesiology ”  (353 

matches),  “ machine learning anesthesiology ”  (91 matches), 
and  “ convolutional neural network anesthesiology ”  
(1 match). Matches were reviewed for suitability, and aug-
mented with references of historical signi� cance. The spe-
cialty of anesthesiology features a broad history of attempts 
to apply computational algorithms, arti� cial intelligence, 
and machine learning to tasks in an attempt to improve 
patient safety and anesthesia outcomes ( table   1  ). Recent sig-
ni� cant and informative empirical advances are reviewed 
more closely.    

 Classical Artifi cial Intelligence and Searching 
 Creating a classical arti� cial intelligence algorithm begins 
with the three concepts of a bounded solution space, an 
e�  cient search, and termination criteria. 

 First, using what is known about the problem, a set of 
possible solutions that the algorithm can produce is de� ned. 
The algorithm will be allowed to choose one of these pos-
sible solutions, and so the solution set must be created in 
such a way that it is reasonably certain that the best possible 
solution is among the choices available. The algorithm will 
never be able to think outside of this  “ box, ”  and in that 
sense the solution space is bounded. In the game of tic-tac-
toe, for example, the set of solutions is those squares that 
have not yet been taken. The best solution is the one that 
most diminishes the opponent ’ s ability to win, ideally until 
victory is achieved ( i.e. , minimax).  7   In real life problems, 
however, it can be di�  cult to de� ne a bounded set of solu-
tions or even say explicitly what  “ best ”  means. 

 Second, the possible solutions are progressively evaluated 
and searched, trying to � nd the best one. In designing and 
programming the search strategy, anything else of worth 
that is known about the problem should be incorporated, 
such as how to value one solution  versus  another, ways to 
search e�  ciently by focusing on areas of the solution space 
that are more likely to be productive,  8   and intermediate 
results that might allow certain subsets of the solution 
space to be excluded from further evaluation ( i.e ., prun-
ing). Sometimes the knowledge and understanding of the 
underlying problem might be quite weak, and then in the 
worst case it may be necessary to fall back on an exhaustive 
and computationally intensive brute-force search of all the 
possible solutions. 

 Third, the algorithm must terminate and present a result. 
Given enough time, eventually the algorithm should ideally 
� nd and select the optimum solution. Depending on the 
structure of the problem and the search algorithm, it may be 
possible to guarantee through theory that the algorithm will 
terminate with the optimal solution within a constrained 
amount of time. A weaker theoretical guarantee would be 
that the algorithm will at least improve its solution with 
each search iteration. However, in the general case and if no 
such theoretical guarantee is possible, the algorithm might 
only select the best good-enough solution found within an 
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allowed time limit, or perhaps issue an error message that no 
su�  ciently satisfactory solutions were identi� ed. 

 Search-based classical arti� cial intelligence has obvious 
applications to practical problems such as way� nding on 
road maps, in which a route must be chosen that is con-
nected by legal driving maneuvers and arrives in the short-
est time. Less obviously, this same logic can be applied to 
real-world problems such as locating a lost child in a super-
market. According to the order of operations above, the � rst 
step is to create a bounded solution set: by covering the exit, 
the location of the child is reasonably bounded to be some-
where within the supermarket. Second, a search is begun. A 
naive approach might be to walk up and down every aisle 
in turn until the child is found but, from insight, far better 
search strategies for this problem can be easily identi� ed. 
The most e�  cient search strategy is clearly to walk along 
the ends of the aisles: this allows whole aisles to be scanned 
and excluded ( i.e ., pruned) rapidly. Third, the search termi-
nates either on � nding the child, or on determining that 
additional resources must be employed if the child cannot 
be found within a certain time. 

 Designing classical arti� cial intelligence algorithms is 
not a turnkey mathematical task; it is heavily dependent 
on the human expertise of the designer. In classical arti� -
cial intelligence, the role of the computer is to contribute 
its immense power of calculation to evaluate the relative 
merits of a large number of possible solutions, which the 
designer provides. This division of labor can be dated back 
to Ada Lovelace ’ s 1843 description of the conception of the 
modern computer:  “ The Analytical Engine has no preten-
sions whatever to originate anything. It can do whatever 
we know how to order it to perform. It can follow analysis; 
but it has no power of anticipating any analytical relations 
or truths. Its province is to assist us in making available what 
we are already acquainted with. ”   9   

 In 1997, the IBM supercomputer Deep Blue defeated 
the then world champion, Garry Kasparov, at chess. It had 
been a longstanding goal for a machine to be able to play 
chess at levels unattainable by humans.  10   The rules of chess 
are clear and unambiguous, and the actions take place within 
the con� nes of the board. The state of play is completely 
apparent and known to both players. It is possible to list all 
the available legal moves, all responses to those moves, all 
responses to those responses, and so on — the solution space 
is bounded. In principle, it is not even particularly di�  cult 
to write a program that can play chess � awlessly. The pro-
gram simply tries out ( i.e ., searches) all possible moves and 
all possible responses until the game is either won or lost. 
However, a computer program that tried to evaluate every 
possible move and all of its consequences would not be able 
to make its � rst move, so immense is the search space.  11   
Deep Blue ’ s success rested on two pillars. First, its search 
algorithm possessed an evaluation function to approximate 
the relative value of a position. This function was crafted 
from the distilled, programed, strategic wisdom of human 

chess experts, and allowed the search algorithm to ignore 
choices that were likely to be unproductive. Second, this 
search algorithm was supported by brute-force computing 
power capable of evaluating two hundred million moves per 
second. These techniques proved su�  cient for Deep Blue to 
achieve superhuman mastery of a game with approximately 
10 47  possible board positions — an immense but bounded 
space. In many ways, however, mastery of chess was classical 
arti� cial intelligence ’ s triumph but also its swansong. The 
division of labor remains the same as in Lovelace ’ s original 
description, and the human strategic understanding of the 
game was not outdone but instead overwhelmed by the 
indefatigability of the machine ’ s tactical evaluation of mil-
lions and millions of positions. The computer did what it 
was told, but it did not learn. 

 In anesthesiology practice, the closest example is open-
loop target-controlled infusion. Pharmacokinetic models 
describe the forwards relationship from a drug adminis-
tration schedule  D ( t ) to an e� ect site concentration  e ( t ). 
However, it is the inverse solution that is required: for a 
requested  e ( t ), some  D ( t ) should be produced, perhaps 
subject to limits on administration rate or plasma concen-
tration.  12   An open-loop target-controlled infusion pump 
will perform a search for a drug administration schedule 
that brings the predicted concentration of the medication 
within the body toward this goal, subject to the given con-
straints. The underlying equations are concise and e� ec-
tive,  13   but the device cannot become more pro� cient at its 
task. It follows the algorithms that it is given.   

 Model Fitting as a Form of Searching 
 Anesthesiologists take particular interest in objective patient 
outcomes, and whether these good or bad outcomes can 
be predicted from the data that are available. Lacking a 
direct test for the desired outcome (in which case prognosis 
would be straightforward), the research question becomes 
whether the patient ’ s outcome is in some way imprinted 
upon and foreshadowed by the imperfectly informative data 
that are available. An approach is to seek to � t models to the 
data in order to try to make more reliable predictions, and 
therefore potentially discover previously unappreciated but 
useful relationships within the data. This approach requires a 
large enough body of data and patient outcomes on which 
model � tting can be performed, and this large body of data 
cannot reasonably be analyzed by hand. 

 A model is created using an example set for which the data 
and outcomes are known —  i.e ., the training data. The essence 
of a useful model is that it should be able to make useful 
predictions about data it has not previously seen,  i.e ., that it 
is generalizable. An overly complicated model may become 
over� t to its training data, such that its predictions are not 
generalizable.  Figure    1   shows examples of this. Each � gure 
shows a population of green circles, representing notionally 
favorable outcomes, and red crosses, representing notionally 
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unfavorable outcomes. The question is whether the two 
available items of data, Feature X and Feature Y, can predict 
the outcome. Three models are � t to the exact same training 
data, to produce a black line (known as the discriminant) 
that separates the � gure into prediction regions, shaded either 
green or red, accordingly. An item of training data is correctly 
classi� ed when its symbol falls in a region that is shaded the 
same color, and is misclassi� ed when it does not ( i.e ., when it 
lies on the wrong side of the discriminant).  

  Figure   1A  shows a model that is under� t. Although most 
of the symbols are correctly classi� ed, there are several mis-
classi� ed red crosses on the left of the � gure, and the simple 
linear discriminant has no way to capture these. A decision 
algorithm based on this model would have high speci� city 
(green circles are almost all correctly classi� ed), but a lower 
sensitivity (several bad outcomes are erroneously predicted 
as good). The decision performance is therefore somewhat 
reminiscent of the Mallampati test,  14   which also demon-
strates high speci� city but low sensitivity.  15   The discrimi-
nant in  � gure   1A  would function better if it could assume a 
more complex form.  Figure   1B , in contrast, shows a model 
that is over� t. Although all the training data are correctly 
classi� ed, the unwieldy discriminant is governed too much 
by the satisfaction of individual data points rather than the 
overall structure of the problem. This model is unlikely 
to generalize well to new data, as it is overly elaborate. 
 Figure    1C  shows a model that is appropriately � t to the 
data (indeed, the data were created to illustrate this point). 
The discriminant is complex enough to capture the dis-
tribution of the outcomes, but it is also parsimonious in 
that the shape of the discriminant is described by only a 
few parameters. In practice, of course, the true underlying 

distribution is not known in advance, so the performance 
of the discriminant must be tested statistically. The discrim-
inant in  � gure   1C  has fewer degrees of freedom than the 
discriminant in  � gure   1B , so its performance is statistically 
more likely to represent the true nature of the underlying 
process even though it has more misclassi� cations than the 
over� t discriminant. Model � tting is therefore a form of 
search in which the choices are the parameters admitted to 
the model and their relative weights, in order to � nd models 
that are statistically most likely to represent the underlying 
process based upon the training data that are available.   

 Discovering Nonlinear Relationships in Clinical 
Medicine 
 Many judgments in anesthesiology are based on absolute 
thresholds or linear combinations of variables. A patient 
with a heart rate above 100 is tachycardic, and one with a 
temperature above 38 ° C is febrile. A man whose ECG fea-
tures an R wave in lead aVL and an S wave in lead V 

3 
 that 

combined exceed 28   mm has left-ventricular hypertrophy.  16   
 Logistic regression is useful when � tting a weighted 

combination of variables to an outcome. Logistic regres-
sion de� nes an error function that measures the extent to 
which the current weighted combination of variables tends 
to misclassify outcomes. These weights are subsequently 
modi� ed in order to improve the classi� cation rate. The 
regression algorithm determines the changes in the weight-
ings that would most improve the current classi� cation, 
and then repeats the process until an optimum weighting 
is settled upon. The regression algorithm therefore per-
forms a gradient descent on the error function; one can 

A B C

 Fig. 1.      Examples of model fi tting to data. The data are synthetic, for the purposes of illustration only. ( A ) An underfi t representation of the 
data. Although the linear discriminator captures most of the  green circles , numerous  red crosses  are misclassifi ed. The linear model is too 
simple. ( B ) The discriminator is overfi t to the data. Although there are no classifi cation errors for the example data, the model will not gener-
alize well when applied to new data that arrives. ( C ) A parabola discriminates the data appropriately with only a few errors. This is the best 
parsimonious classifi cation.    
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picture an imaginary ball rolling down a landscape de� ned 
by the error function until a lowest, optimum point is 
reached such that the best linear combination of the input 
variables is determined. Logistic regression is a powerful 
machine-learning technique that works quickly and is also 
convex, meaning essentially that the  “ ball ”  can roll down to 
the optimum solution from any starting point (for almost all 
well-posed problems). However, many outcome problems 
in anesthesiology and critical care clearly do not depend on 
linear criteria. For example, intensive care unit outcomes 
that may depend on a patient ’ s potassium level, or glucose 
level, or airway positive end-expiratory pressure are more 
likely to be Goldilocks problems: the best outcomes require 
an amount that is neither too big, nor too small, but just 
right.  Figure    2A   illustrates such a situation, in which the 
good outcomes are clustered around a point in the feature 
space, and deviations from that point result in poor out-
comes. As a clinical correlate, one might imagine that the 
outcomes are timely intensive care unit discharges,  17   and 
the data K and G represent well-controlled levels of potas-
sium and glucose, although the data shown here are purely 
arti� cial and created solely for this example. The data show 
a clear clustering of the outcomes, but an algorithm that is 
only capable of producing a discriminant based on a linear 
combination of K and G would not be able to capture that 
separation. Rather than performing a nonlinear regression 

over the two variables K and G, a solution lies in trans-
forming the data by calculating the squares of K and G ( i.e ., 
K 2 , G 2 ) and their cross-term KG, and then performing an 
augmented linear logistic regression over the � ve variables 
K, G, K 2 , G 2 , and KG.  

 As shown in  � gure   2B , a linear discriminant in the K 2 , 
G 2  plane will perfectly separate the outcomes. This discrim-
inant, given by (K 2 )  +  (G 2 )  –  9 = 0, is exactly the same as a 
circle of radius 3 in  � gure   2A , demonstrating that nonlinear 
boundaries can be discovered. Although it may seem clin-
ically bizarre to talk about the squared value of the serum 
potassium (K 2 ), it is easy to write a quadratic function that has 
clinical meaning. For example, the function 35  –  17K  –  2K 2  
is positive if the value of K lies between 3.5 and 5.0, but 
turns negative for any more hypokalemic or hyperkalemic 
value outside that range. This simple example underscores 
the ways in which the outputs from machine-learning algo-
rithms can seem inscrutable or black box. To a computer, 
the two de� nitions are essentially equivalent: one is no more 
meaningful or better than the other. It takes human e� ort 
to explain numerical results in a clinically meaningful way.  18   

 Augmenting the variable space with quadratic terms 
allows a linear algorithm to de� ne nonlinear features like 
islands (as in  � g.   2A)  and open curves (as in  � g.   1B) , but the 
technique can be extended further by using higher poly-
nomial terms. Augmentation can also be performed with 

A B

 Fig. 2.      Examples of model fi tting using augmented variables. The data are synthetic, for the purposes of illustration only. ( A ) An example of a 
model-fi tting problem in which desirable outcomes (represented by  green circles ) are clustered around a mean point, and adverse outcomes 
(represented by  red crosses ) are associated with deviations from that point. For clinical correlation, one might imagine that the data represent 
favorable or unfavorable intensive care unit outcomes based on rigorous control of potassium (Feature K) and glucose (Feature G). ( B ) Rather 
than attempting to fi t outcomes solely to the variables K and G, the variable space can be augmented by also fi tting to K 2  and G 2 . This example 
demonstrates that the fi tting of a perimeter around a mean value is easily accomplished by a linear fi tting within the augmented space of K 2  
and G 2 . The linear discriminant of (K 2 )  +  (G 2 )  –  9 = 0 as shown produces a circular boundary of radius 3 in the K,G space.    
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reciprocal powers such as K -1  ( i.e ., 1/K), which would in 
principle allow the machine-learning algorithm to discern 
useful relationships based on ratios. Common such clinical 
examples include the following:  

   •    The Shock Index  19   (heart rate / systolic blood pressure), 
which rises in response to the combined increase in 
heart rate and decrease in blood pressure associated with 
hypovolemia.  

   •    The Rapid Shallow Breathing Index  20   (respiratory fre-
quency / tidal volume) which rises in response to the 
fast, small, panting breaths associated with respiratory 
failure.  

   •    The Body Mass Index (weight / height 2 ), which rep-
resents obesity as excess weight distributed over an 
insu�  ciently sized physical frame.   

 A downside to augmenting the variable space is that the 
number of input variables can increase dramatically, which 
can overwhelm the size of the available training data and 
lead to a signi� cant risk of over� tting. One challenge is that 
the input variables and the augmented combinations that 
are to be considered must be fully de� ned in advance. Only 
nonlinear relationships that can be approximated from a 
linear combination of the variables that are supplied can 
be found. For real-world problems in medicine and biol-
ogy, considerable expertise is required in order to de� ne a 
meaningful and informative set of inputs. Human insight 
must also be applied to determine what problem should 
be solved and what outputs are useful. When only limited 
knowledge is available about the best way to frame a prob-
lem numerically, modern arti� cial intelligence and neural 
networks provide an alternative approach.   

 Modern Artifi cial Intelligence 
 The limitations of classical arti� cial intelligence were partic-
ularly apparent in attempts to produce programs capable of 
playing Go. Go is, at least in terms of its rules, a simpler game 
than chess. Two players take turns to place a stone, white 
or black, on a 19  ×  19 board. Plays in Go take place at the 
intersections of the grid lines, rather than on the squares as in 
chess. Once a stone is placed, it does not subsequently move. 
Brie� y, the game is won by whoever manages to corral the 
largest total space on the board. However, in play, Go is a 
much more complex game than chess, with approximately 
10 170  board positions compared to 10 47 . It is hard to overstate 
the magnitude of these combinatoric numbers. There are 
about 10 80  atoms in the universe, so if each individual atom 
were actually another universe in its own right, then that 
would still represent only a total of 10 160  atoms. Even the 
best classical arti� cial intelligence approaches to Go seemed 
unable to accomplish anything better than amateurish play. 

 In March 2016, a computer program, AlphaGo, defeated 
  a human player of the highest professional caliber, the world 
number two Lee Sedol, in a head-to-head � ve-game series 

of Go. This was the � rst time that a computer program 
had beaten a player of that level of skill without handicaps. 
Although AlphaGo featured an algorithm to choose moves 
that was somewhat guided by the design of its developers, 
its evaluation function was composed of a neural network 
that had been trained against a database of recorded games 
and outcomes.  21   In chess, a crude valuation of a position 
can be made from the strength of the pieces remaining to 
the player and their ability to move freely. In Go, the stones 
do not have an equivalent individual worth and the valua-
tion of a Go position instead depends on the relative spatial 
interplay of the player ’ s stones and the opponent ’ s stones. 
Where classical arti� cial intelligence algorithms were 
unable to discern this strategic posture, AlphaGo ’ s neural 
network approach was successful.   

 Neural Networks 
  Figure    3A   illustrates the simplest feasible fully connected 
feed-forward neural network, taking two inputs and return-
ing one outcome. The network is composed of the inputs, 
an input layer, a hidden layer, an output layer, and the out-
put. Each layer is fully connected to the next, meaning there 
is path from each node ( i.e ., neuron) to every node in the 
following layer. Each path has an associated weight, which 
describes how much the signal traveling along that path 
is ampli� ed or attenuated or inverted. At each node, the 
weighted inputs are added together and then applied to an 
activation function. Each of the nodes illustrated here uses 
a sigmoid activation function, which is the most basic of 
the standard activation functions as shown in  � gure   3B . The 
general idea is that a node, in a manner reminiscent of a 
biologic neuron, will remain  “ o�  ”  until a suitable degree 
of excitation is reached, at which point it will quickly turn 
 “ on. ”  The � rst node in the input layer, for example, receives 
inputs from Features S and T. These inputs are weighted by 
 w   

fs,i1 
  and  w   

ft,i1 
  respectively, so the total input  z  to the � rst 

input node is given by  z  =  w   
fs,i1 

 S  +   w   
ft,i1 

 T. The total input is 
then applied to the sigmoid function, producing an output 

from this node of  
1

1+( )−e z  . This output feeds forward 

to the next, hidden layer along with the other weighted 
contributions from the input layer, and so forth until an 
output is produced. The output of the sigmoid activation 
function is always between 0 and 1, so if the outcomes are 
classi� ed as 0 ( e.g ., red crosses) and 1 ( e.g ., green circles), the 
performance of the network can be assessed by how closely 
it predicts the various outcomes in the training data.  

 The behavior of the network depends on the values of 
the various weights  w , and so the general idea of machine 
learning in a neural network is to adjust these weights until 
satisfactory performance is achieved. To begin, the weights 
are set to random values and so the initial performance 
of the network will usually be poor. However, for each 
error in prediction that is output, a degree of blame can 
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be apportioned over the weights that contributed to it, and 
these weights can then be adjusted accordingly. This process 
is called back propagation,  22   and it is the process by which 
the network learns to improve from its mistakes. Data are 
fed forward through the weights and nodes to produce 
output predictions, and then the errors in these predictions 
are propagated backward through the network to readjust 
the weights. This process is continued until, hopefully, the 
network settles to some form in which it is able to model 
the outputs satisfactorily based upon the input data. Beyond 
this basic description, of course, there are extraordinary 
implementational details and subtleties. For example, even 
in the rudimentary neural network shown in � gure     3A , 
there are already 10 di� erent weights that can be adjusted. 
The number of parameters in any practical network will 
be very large, and a great deal of care is required in the 
handling of the training data in order to avoid immedi-
ate over� tting. Additionally, the error function for neural 
networks is not globally convex, so there is no guarantee 
that the learning process will converge upon the opti-
mum solution, and it may instead settle on some less ideal 

solution. In the gradient descent analogy described earlier, 
this would be like the imaginary ball becoming stuck in a 
small divot and failing to roll down to the valley below. Two 
ways around this problem are either to survey the land-
scape by starting from a selection of di� erent locations, or 
to occasionally give the ball (or the landscape) some sort of 
shake ( i.e ., stochastic gradient descent  23  ). Nevertheless, the 
process remains very computationally intensive and slow, 
despite technical advances in repurposing the hardware of 
three-dimensional graphics cards ( i.e .,   Graphics Processing 
Units [GPUs]) to parallelize the calculations.  24   

 The primary reason to take on the burden of training 
neural networks is that they possess the new property of uni-
versality.  25   Universality means that, given an adequately large 
number of nodes in the respective layers, the weights of a 
neural network can be con� gured to approximate any other 
continuous function to within any desired level of accu-
racy.  25   This leads to two immediate and important bene� ts.  

  1.   The property of universality stipulates that the neural 
network can, in principle, represent any continuous 
function to any desired degree of accuracy. The idea 

A

B

 Fig. 3.      ( A ) The simplest fully connected neural network from two input features to one output. The  weights  for each connection are illus-
trated, and each neuron in the network uses the sigmoid activation function to relate the sum of its weighted inputs,  z , to its output. The 
sigmoid function is σ z e z( ) = + − −( )1 1  . ( B ) Other biologically inspired activation functions are possible and have practical benefi ts beyond the 
original sigmoid. Further evolutions are the Tanh function (essentially two sigmoids arranged symmetrically), the Softplus (the integral of the 
sigmoid), and the Rectifi ed Linear Unit (a nonsmooth variant of the Softplus).    
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of a function is very broad — it does not just mean the 
transformation of one numerical value into another. It 
incorporates any transformation of input data into an 
output, such as a Go board position into a verdict into 
whether that position is winning or losing,  21   or deter-
mining the location of a lesion on a three-dimensional 
magnetic resonance image of the brain.  26   A function can 
be any transformation, even if its mathematical form is 
not known in advance.  

  2.   The behavior of the network is dependent on the weights. 
The network learns the appropriate weights solely from the 
training data that it is given. Therefore, the network can learn 
the functional relationship between the outcome and the 
data even if there is no preexisting knowledge about what 
that relationship might be. However, it can be extraordinarily 
di�  cult to reverse this process to determine an e�  cient 
statement of the functional relationship that is described by 
the � tted weights. This leads to the well-known criticism 
that the operation of a neural network is particularly hard to 
characterize and therefore hard to validate.   

 As shown in � gure    4   therefore, it is possible, at least in the 
abstract, for a neural network to take a preoperative image 
of a patient and produce a prediction about how di�  cult 
that patient ’ s intubation might be. The proposed function 
is a transformation from the pixel values of the image to an 
estimated Cormack-Lehane view,  27   but it is hard to intuit in 
advance what the form of that underlying function might 
turn out to be. While the picture alone is very unlikely to 
contain su�  cient information to produce a reliable predic-
tion, it is plausible that it is in some way informative as to 

the outcome. Although a fully connected neural network is 
shown, the universality theorem only demonstrates that a 
fully connected network with a single hidden layer can rep-
resent any function. It does not guarantee that the network 
contains a reasonably tractable number of nodes, nor that 
the inputs are informative as to the output, nor that con-
vergence to a satisfactory answer can occur within a feasible 
amount of time. The current state of the art in computer 
science therefore involves � nding network topologies that 
use a more e�  cient number of nodes and can be trained in 
a reasonable period of time. Two examples of these alter-
native network connection patterns are deep convolutional 
neural networks,  28   in which there are several hidden layers 
but many weights are constrained to have the same set of 
values, and residual neural networks,  29   in which additional 
paths with a weight of one skip over intervening hidden 
layers. Both of these approaches derive plausible justi� cation 
from analogous arrangements of neurons in the mammalian 
brain, such as visual � eld maps for convolutional networks 
and pyramidal projection neurons for residual networks.    

 Evolution in Time 
 Each of the feed-forward neural network tasks illustrated 
so far make their predictions based solely on the input data 
available at that immediate time. They are stateless,  i.e ., they 
have no temporal relationship to any measurement taken 
before or after. If a neural network is intended to make 
intraoperative decisions about patient management, then the 
network will require some way to base its decision-making 

 Fig. 4.      The property of universality means that neural networks can represent any continuous function. The neural network shown here rep-
resents a hypothetical system to take a photographic image of a patient and render a prediction of their Cormack – Lehane view at intubation. 
(Not all nodes and connections are illustrated, as the input and hidden layers would each contain several thousand nodes. More pragmatic 
network topologies can be applied to visual recognition problems than the general case shown here.)    
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on memories of evolving trends.  Figure    5   illustrates an 
Elman network,  30   with three inputs and one output. In this 
topology, weighted paths project from the outputs of the 
hidden layer to a context layer, and then further weighted 
paths return from the context layer to the inputs of the 
hidden layer. An Elman network is the simplest example 
of a recurrent neural network that can evaluate changes in 
data over time. For example, the output might be a deci-
sion whether to transfuse or not,  31   and the inputs might be 
the clinically observable parameters heart rate (R), blood 
pressure (P), and estimated blood loss (B). The context layer 
would allow the network to discern and respond to trends 
in these inputs.    

 Practical Approaches to Machine Learning in 
Anesthesiology 
 Advances in technology and monitoring can change the 
impetus for machine learning. For example, a neural net-
work developed to detect esophageal intubation from 
� ow-loop parameters  32   is obviated by continuous capnog-
raphy.  33 , 34   In this instance, a reliable clinical test has made 
readily apparent what was once an insidious and devastat-
ing complication. A machine-learning model to predict 

di�  cult intubation from patient appearance  35   must now be 
tempered by the convenience and ubiquity of video laryn-
goscopy. Advances in airway management technology have 
broadened the range of outcomes of laryngeal visualization 
that can be accepted. Anesthesiologists have long considered 
the possibility of an algorithm that might autonomously 
control depth of anesthesia based on electroencephalogram 
recordings  36 , 37   since the 1950s — yet this concept remains 
very much a topic of current research.  38   

 Two papers from 2018 illustrate the theoretical concepts 
covered. The � rst paper, by Hatib  et al .,  39   uses a very highly 
augmented data set in conjunction with logistic regression 
to produce an algorithmic model that can, in  post hoc  anal-
ysis, detect the incipient onset of hypotension up to 15   min 
before hypotension actually occurs. For model training, the 
authors employed a database of 545,959   min of high-� del-
ity (100 Hz) arterial waveform recordings acquired from 
the records of 1,334 patients, internally validated against the 
records of 350 additional patients that were held back. The 
training data set included 25,461 episodes of hypotension. 
The model itself is derived from 51 base variables assem-
bled from signi� cant features extracted from the process-
ing of arterial waveforms obtained by the Edwards FloTrac 
device (Edwards Lifesciences, USA).  40   Each variable was 

 Fig. 5.      Recurrent Neural Networks employ feedback such that the output of the system is dependent on both the current input state and 
also the preceding inputs, enabling the network to respond to trends that evolve over time. In the Elman network arrangement shown here, 
the context layer feeds from and to the hidden layer.    
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augmented with its squared term and their reciprocals 
( i.e ., X, X 2 , X -1 , X -2 ), and then every combination of these 
variables was generated to produce an overall input set of 
2,603,125 parameters. The authors chose two clearly sepa-
rated outcomes: hypotension de� ned as mean arterial pres-
sure less than 65 mmHg ( e.g ., notionally red crosses), and 
nonhypotension de� ned as mean arterial pressure greater 
than 75 mmHg ( e.g ., notionally green circles), but did not 
consider the  “ gray zone ”  between these outcomes. Despite 
the large number of available parameters and the risk of 
over� tting, the authors were nevertheless able to use a par-
simonious parameter selection process to produce a � nal 
model that depended on only 23 of the 2.6 million avail-
able inputs (Maxime Cannesson, M.D., Ph.D., Department 
of Anesthesiology, UCLA Medical Center, Santa Monica, 
California. Electronic personal communication, June 13, 
2018). The study did have some limitations, notably that 
it did not include any episodes in which hypotension was 
caused by surgical intervention, all model � tting and assess-
ments were retrospective and o�  ine, and the algorithm 
made no recommendations as to whether an intervention 
should be performed. Nevertheless, the authors demon-
strated an algorithm that was apparently able to foresee 
episodes of hypotension in operative patients up to 15   min 
in advance of the onset of the event itself with an area 
under the curve of 0.95. 

 The second paper, by Lee  et al .,  41   describes a neural net-
work approach to predicting the Bispectral Index (BIS) 
based upon the infusion history of propofol and remifent-
anil. This paper is particularly noteworthy because a strongly 
theoretical approach to this question already exists in the 
target-controlled infusion literature. The classical approach 
is to model the pharmacokinetics of propofol  42   and remifen-
tanil  43   in the body independently, based upon the infusion 
history. The e� ect site concentration of each drug is then 
combined in a response surface model,  44   producing an esti-
mate of the BIS. These classical pharmacokinetic models 

are well established and have been used to demonstrate 
closed-loop target-controlled infusion control of anes-
thetized patients.  45   In contrast, Lee  et al . created a neural 
network comprised of two stages. The � rst stage receives 
the infusion history of propofol and remifentanil over the 
preceding 30   min with a resolution of 10   s ( i.e ., 180 inputs 
for each medication). The inputs for each medication are 
fed to two separate eight-node recurrent neural networks. 
Rather than using an Elman  30   arrangement, as seen in � g-
ure    5 , the paper made use of a newer con� guration known 
as a Long Short Term Memory.  46   Simple recurrent neural 
networks such as Elman have di�  culty recalling or learning 
events that happen over a long timeframe as their training 
error gradients become too small to be adaptive. The Long 
Short Term Memory is a more robust memory topology 
that also includes pathways that explicitly cause the net-
work to reinforce or forget remembered states. The output 
from the Long Short Term Memory layer is applied directly 
to a simple fully connected feed-forward neural network 
with 16 nodes of the type shown in � gures    2  and 3. A single 
output node emits a scaled BIS estimation. The network 
was developed from a database of 231 patient cases (101 
cases used for training, 30 for validation, and 100 for � nal 
testing), and comprised a total of around 2 million data 
points. In  post hoc  analysis, the classical pharmacokinetic/
pharmacodynamic models were able to predict the BIS 
value with a root-mean-square error of 15 over all phases of 
the anesthetic. Despite being naive to all existing theory, the 
neural network comfortably outperformed the best current 
models with an root-mean-square error of 9 — a remarkable 
victory for modern arti� cial intelligence over existing clas-
sical pharmacokinetic/pharmacodynamic expert systems  47   
that might lead us to question the ongoing utility of classi-
cal response surface models.  48     

 Future Directions 
 The most exciting recent advance in machine learning has 
been the development of AlphaGo Zero,  49   a system capable 
of learning how to play board games without any human 
guidance, solely through self-play alone. It performs at a 
level superior to all previous algorithms and human play-
ers in chess, Go, and shogi. This learning approach requires 
that the system be able to play several lifetimes ’  worth of 
simulated games against itself. Although anesthesia simula-
tors exist, they do not currently simulate patient physiol-
ogy with the � delity with which a simulated chess game 
matches a real chess game. 

 The most plausible route to the introduction of arti� cial 
intelligence and machine learning into anesthetic practice is 
that the routine intraoperative management of patients will 
begin to be handed o�  to closed-loop control algorithms. 
Maintaining a stable anesthetic is a good � rst application 
because the algorithms do not necessarily have to be able 
to render diagnoses, but rather to detect if the patient has 

 Table 1.      Results of a Survey of the Primary Literature 
for Articles on the Application of Artifi cial Intelligence and 
Machine Learning to Clinical Decision-making Processes in 
Anesthesiology  

  Topic  References 

 ASA score and preoperative assessment    35,59,60   
 Depth of anesthesia and EEG processing  61–65 
 PK/PD and control theory   41 ,66 – 73 
 Blood pressure homeostasis and euvolemia  6,31,39,74–76 
 Surgical complications and trauma 77–81
 Postoperative care  82 – 84 
 Acute pain management and regional anesthesia  85 – 91 
 ICU sedation, ventilation, and morbidity  17,92–97 

   ASA, American Society of Anesthesiologists; EEG, electroencephalogram; ICU, inten-
sive care unit; PK/PD, pharmacokinetics/pharmacodynamics.   
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begun to drift outside the control parameters that have been 
set by the anesthesiologist.  50   In this regard, such systems 
would be like an autopilot, maintaining control but alarm-
ing and disconnecting if conditions outside the expected 
performance envelope were encountered — hardly a threat 
to the clinical autonomy of the anesthesiologist.  51   A closed-
loop control system need not necessarily have any learning 
capability itself, but it provides the means to collect a large 
amount of physiologic data from many patients with high 
� delity, and this is an essential precursor for machine learn-
ing. Access to large volumes of high-quality data will enable 
more machine-learning successes, such as the o�  ine  post 
hoc  prediction of BIS  41   and hypotension  39   discussed above. 
For now, � nding algorithms that provide good clinical pre-
dictions in real time should be emphasized. Management 
of all the parameters of a stable anesthetic is not a simple 
problem,  52   but embedding  53   the machine in the care of the 
patient is a good way to begin.  54   

 For further reading, the following books provide accessi-
ble introductions to decision making by humans  1   and algo-
rithms,  55   neural networks,  56   information theory,  57   and the 
early history of computer science.  58         

 Research Support 

 Supported by National Insitutes of Health (Bethesda, 
Maryland) grant No. R01 GM121457.   

 Competing Interests 

 Dr. Connor holds the following patents  pertinent to the 
subject matter: U.S. Patent 8460215, Systems and meth-
ods for predicting potentially di�  cult intubation of a sub-
ject; U.S. Patent 9113776, Systems and methods for secure 
portable patient monitoring;   U.S. Patent 9549283, Systems 
and methods for determining the presence of a person.   

 Correspondence 

 Address correspondence to Dr. Connor: Department of 
Anesthesiology, Perioperative and Pain Medicine, 75 Francis 
Street, CWN-L1, Boston, Massachusetts 02115.  cconnor@
bwh.harvard.edu.  Information on purchasing reprints may 
be found at  www.anesthesiology.org  or on the masthead 
page at the beginning of this issue. A nesthesiology  ’ s arti-
cles are made freely accessible to all readers, for personal use 
only, 6 months from the cover date of the issue.   

 References 

     1.        Kahneman     D    :   Thinking, Fast and Slow  ,   1st pbk. edition  . 
  New York, Farrar  ,   Straus and Giroux  ,  2013  

     2.        Turing     AM    :   On computable numbers, with an applica-
tion to the Entscheidungsproblem.     Proceedings of the 
London Mathematical Society     1937  ;   2  :  230   –   65   

     3.      Evidence-Based Medicine Working G  :   Evidence-based 
medicine. A new approach to teaching the practice of 
medicine.     JAMA     1992  ;   268  :  2420   –   5   

     4.        Eichhorn     JH   ,    Cooper     JB   ,    Cullen     DJ   ,    Maier     WR   ,    Philip   
  JH   ,    Seeman     RG    :   Standards for patient monitoring 
during anesthesia at Harvard Medical School.     JAMA   
  1986  ;   256  :  1017   –   20   

     5.        Whittemore     R   ,    Kna�      K    :   The integrative review: 
Updated methodology.     J Adv Nurs     2005  ;   52  :  546   –   53   

     6.        Kendale     S   ,    Kulkarni     P   ,    Rosenberg     AD   ,    Wang     J    : 
  Supervised machine-learning predictive analyt-
ics for prediction of postinduction hypotension.   
  A   nesthesiology      2018  ;   129  :  675   –   88   

     7.        Maschler     M   ,    Solan     E   ,    Zamir     S   ,    Hellman     Z   ,    Borns     M    : 
  Game theory  ,   Cambridge, Cambridge University Press, 
2013   

     8.        Hart     PE   ,    Nilsson     NJ   ,    Raphael     B    :   A formal basis for the 
heuristic determination of minimum cost paths.     IEEE 
Trans Syst Sci Cybern     1968  ;   4  :  100   –   7   

     9.        Lovelace     A    :     Notes on L. Menabrea ’ s  ‘ Sketch of the 
Analytical Engine Invented by Charles Babbage, Esq.     ’    
  Taylor ’ s Scienti� c Memoirs     1843  ;   3  :   666 – 731    

     10.        Shannon     CE    :   XXII. Programming a computer for 
playing chess.     The London, Edinburgh, and Dublin 
Philosophical Magazine and Journal of Science     1950  ; 
  41  :  256   –   75   

     11.        Newell     A   ,    Shaw     JC   ,    Simon     HA    :   Chess-playing pro-
grams and the problem of complexity.     IBM J Res Dev   
  1958  ;   2  :  320   –   35   

     12.        Van Poucke     GE   ,    Bravo     LJ   ,    Shafer     SL    :   Target controlled 
infusions: Targeting the e� ect site while limiting peak 
plasma concentration.     IEEE Trans Biomed Eng     2004  ; 
  51  :  1869   –   75   

     13.        Shafer     SL   ,    Gregg     KM    :   Algorithms to rapidly achieve 
and maintain stable drug concentrations at the site of 
drug e� ect with a computer-controlled infusion pump.   
  J Pharmacokinet Biopharm     1992  ;   20  :  147   –   69   

     14.        Mallampati     SR   ,    Gatt     SP   ,    Gugino     LD   ,    Desai     SP   ,    Waraksa   
  B   ,    Freiberger     D   ,    Liu     PL    :   A clinical sign to predict dif-
� cult tracheal intubation: A prospective study.     Can 
Anaesth Soc J     1985  ;   32  :  429   –   34   

     15.        Shiga     T   ,    Wajima     Z   ,    Inoue     T   ,    Sakamoto     A    :   Predicting 
di�  cult intubation in apparently normal patients: A 
meta-analysis of bedside screening test performance.   
  A   nesthesiology      2005  ;   103  :  429   –   37   

     16.        Carey     MG   ,    Pelter     MM    :   Cornell voltage criteria.     Am J 
Crit Care     2008  ;   17  :  273   –   4   

     17.        Desautels     T   ,    Das     R   ,    Calvert     J   ,    Trivedi     M   ,    Summers   
  C   ,    Wales     DJ   ,    Ercole     A    :   Prediction of early unplanned 
intensive care unit readmission in a UK tertiary care 
hospital: A cross-sectional machine learning approach.   
  BMJ Open     2017  ;   7  :  e017199   

     18.        Connor     CW   ,    Segal     S    :   The importance of subjective facial 
appearance on the ability of anesthesiologists to predict 
di�  cult intubation.     Anesth Analg     2014  ;   118  :  419   –   27   

ALNV131N06_Text.indb   1356 31-Oct-19   8:29:09 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



Christopher W. Connor Anesthesiology 2019; 131:1346–59 1357

Artifi cial Intelligence and Machine Learning

     19.        Birkhahn     RH   ,    Gaeta     TJ   ,    Terry     D   ,    Bove     JJ   ,    Tloczkowski   
  J    :   Shock index in diagnosing early acute hypovolemia.   
  Am J Emerg Med     2005  ;   23  :  323   –   6   

     20.        Yang     KL   ,    Tobin     MJ    :   A prospective study of indexes pre-
dicting the outcome of trials of weaning from mechan-
ical ventilation.     N Engl J Med     1991  ;   324  :  1445   –   50   

     21.        Silver     D   ,    Huang     A   ,    Maddison     CJ   ,    Guez     A   ,    Sifre     L   , 
   van den Driessche     G   ,    Schrittwieser     J   ,    Antonoglou     I   , 
   Panneershelvam     V   ,    Lanctot     M   ,    Dieleman     S   ,    Grewe     D   , 
   Nham     J   ,    Kalchbrenner     N   ,    Sutskever     I   ,    Lillicrap     T   ,    Leach   
  M   ,    Kavukcuoglu     K   ,    Graepel     T   ,    Hassabis     D    :   Mastering 
the game of Go with deep neural networks and tree 
search.     Nature     2016  ;   529  :  484   –   9   

     22.        LeCun     YA   ,    Bottou     L   ,    Orr     GB   ,    M ü ller     K-R    :   E�  cient 
Backprop, Neural Networks: Tricks of the Trade  ,   New 
York, Springer  ,   2012  , pp   9   –   48   

     23.        Mei     S   ,    Montanari     A   ,    Nguyen     PM    :   A mean � eld view of 
the landscape of two-layer neural networks.     Proc Natl 
Acad Sci USA     2018  ;   115  :  E7665   –   71   

     24.        Peker     M   ,      Ş  en     B   ,    G ü r ü ler     H    :   Rapid automated classi� -
cation of anesthetic depth levels using GPU based par-
allelization of neural networks.     J Med Syst     2015  ;   39  :  18   

     25.        Cybenko     G    :   Approximation by superpositions of a 
sigmoidal function.     Math Control Signals Syst   1989  ; 
  2  :  303   –   14   

     26.        Kamnitsas     K   ,    Ledig     C   ,    Newcombe     VFJ   ,    Simpson     JP   , 
   Kane     AD   ,    Menon     DK   ,    Rueckert     D   ,    Glocker     B    :   E�  cient 
multi-scale 3D CNN with fully connected CRF for 
accurate brain lesion segmentation.     Med Image Anal   
  2017  ;   36  :  61   –   78   

     27.        Cormack     RS   ,    Lehane     J    :   Di�  cult tracheal intubation in 
obstetrics.     Anaesthesia     1984  ;   39  :  1105   –   11   

     28.        Gulshan     V   ,    Peng     L   ,    Coram     M   ,    Stumpe     MC   ,    Wu     D   , 
   Narayanaswamy     A   ,    Venugopalan     S   ,    Widner     K   ,    Madams   
  T   ,    Cuadros     J   ,    Kim     R   ,    Raman     R   ,    Nelson     PC   ,    Mega   
  JL   ,    Webster     DR    :   Development and validation of a 
deep learning algorithm for detection of diabetic ret-
inopathy in retinal fundus photographs.     JAMA     2016  ; 
  316  :  2402   –   10   

     29.        He     K   ,    Zhang     X   ,    Ren     S   ,    Sun     J    :   Deep residual learning 
for image recognition  .   Proc IEEE Comput Soc Conf 
Comput Vis Pattern Recognit     2016  , pp   770   –   8   

     30.        Elman     JL    :   Finding structure in time.     Cogn Sci     1990  ; 
  14  :  179   –   211   

     31.        Etchells     TA   ,    Harrison     MJ    :   Orthogonal search-based 
rule extraction for modelling the decision to transfuse.   
  Anaesthesia     2006  ;   61  :  335   –   8   

     32.        Le ó n     MA   ,    R ä s ä nen     J    :   Neural network-based detec-
tion of esophageal intubation in anesthetized patients.     J 
Clin Monit     1996  ;   12  :  165   –   9   

     33.      American Society of Anesthesiologists  :   Standards for 
Basic Anesthetic Monitoring  .   Park Ridge, IL  ,   American 
Society of Anesthesiologists  ,   1986  .   

     34.        Cheney     FW    :   The American Society of Anesthesiologists 
Closed Claims Project: What have we learned, how has 

it a� ected practice, and how will it a� ect practice in the 
future?     A   nesthesiology      1999  ;   91  :  552   –   6   

     35.        Connor     CW   ,    Segal     S    :   Accurate classi� cation of di�  -
cult intubation by computerized facial analysis.     Anesth 
Analg     2011  ;   112  :  84   –   93   

     36.        Bickford     RG    :   Use of frequency discrimination in the 
automatic electroencephalographic control of anes-
thesia (servo-anesthesia).     Electroencephalogr Clin 
Neurophysiol     1951  ;   3  :  83   –   6   

     37.        Bellville     JW   ,    Attura     GM    :   Servo control of general anes-
thesia.     Science     1957  ;   126  :  827   –   30   

     38.        Pasin     L   ,    Nardelli     P   ,    Pintaudi     M   ,    Greco     M   ,    Zambon     M   , 
   Cabrini     L   ,    Zangrillo     A    :   Closed-loop delivery systems 
versus manually controlled administration of total IV 
anesthesia: A meta-analysis of randomized clinical trials.   
  Anesth Analg     2017  ;   124  :  456   –   64   

     39.        Hatib     F   ,    Jian     Z   ,    Buddi     S   ,    Lee     C   ,    Settels     J   ,    Sibert     K   , 
   Rinehart     J   ,    Cannesson     M    :   Machine-learning algorithm 
to predict hypotension based on high-� delity arterial 
pressure waveform analysis.     A   nesthesiology      2018  ; 
  129  :  663   –   74   

     40.        Pratt     B   ,    Roteliuk     L   ,    Hatib     F   ,    Frazier     J   ,    Wallen     RD    : 
  Calculating arterial pressure-based cardiac output using 
a novel measurement and analysis method.     Biomed 
Instrum Technol     2007  ;   41  :  403   –   11   

     41.        Lee     HC   ,    Ryu     HG   ,    Chung     EJ   ,    Jung     CW    :   Prediction of 
Bispectral Index during target-controlled infusion of 
propofol and remifentanil: A deep learning approach.   
  A   nesthesiology      2018  ;   128  :  492   –   501   

     42.        Schnider     TW   ,    Minto     CF   ,    Shafer     SL   ,    Gambus     PL   , 
   Andresen     C   ,    Goodale     DB   ,    Youngs     EJ    :   The in� uence of 
age on propofol pharmacodynamics.     A   nesthesiology    
  1999  ;   90  :  1502   –   16   

     43.        Minto     CF   ,    Schnider     TW   ,    Egan     TD   ,    Youngs     E   ,    Lemmens   
  HJ   ,    Gambus     PL   ,    Billard     V   ,    Hoke     JF   ,    Moore     KH   , 
   Hermann     DJ   ,    Muir     KT   ,    Mandema     JW   ,    Shafer     SL    : 
  In� uence of age and gender on the pharmacokinet-
ics and pharmacodynamics of remifentanil. I. Model 
development.     A   nesthesiology      1997  ;   86  :  10   –   23   

     44.        Bouillon     TW   ,    Bruhn     J   ,    Radulescu     L   ,    Andresen     C   ,    Shafer   
  TJ   ,    Cohane     C   ,    Shafer     SL    :   Pharmacodynamic inter-
action between propofol and remifentanil regarding 
hypnosis, tolerance of laryngoscopy, Bispectral Index, 
and electroencephalographic approximate entropy.   
  A   nesthesiology      2004  ;   100  :  1353   –   72   

     45.        Liu     N   ,    Chazot     T   ,    Hamada     S   ,    Landais     A   ,    Boichut     N   , 
   Dussaussoy     C   ,    Trillat     B   ,    Beydon     L   ,    Samain     E   ,    Sessler   
  DI   ,    Fischler     M    :   Closed-loop coadministration of 
propofol and remifentanil guided by Bispectral Index: 
A randomized multicenter study.     Anesth Analg     2011  ; 
  112  :  546   –   57   

     46.        Hochreiter     S   ,    Schmidhuber     J    :   Long short-term mem-
ory.     Neural Comput     1997  ;   9  :  1735   –   80   

     47.        Gambus     P   ,    Shafer     SL    :   Arti� cial intelligence for every-
one.     A   nesthesiology      2018  ;   128  :  431   –   3   

ALNV131N06_Text.indb   1357 31-Oct-19   8:29:10 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



Christopher W. Connor

REVIEW ARTICLE

1358 Anesthesiology 2019; 131:1346–59 

     48.        Liou     JY   ,    Tsou     MY   ,    Ting     CK    :   Response surface mod-
els in the � eld of anesthesia: A crash course.     Acta 
Anaesthesiol Taiwan     2015  ;   53  :  139   –   45   

     49.        Silver     D   ,    Schrittwieser     J   ,    Simonyan     K   ,    Antonoglou     I   , 
   Huang     A   ,    Guez     A   ,    Hubert     T   ,    Baker     L   ,    Lai     M   ,    Bolton   
  A   ,    Chen     Y   ,    Lillicrap     T   ,    Hui     F   ,    Sifre     L   ,    van den Driessche   
  G   ,    Graepel     T   ,    Hassabis     D    :   Mastering the game of Go 
without human knowledge.     Nature     2017  ;   550  :  354   –   9   

     50.        Harrison     MJ   ,    Connor     CW    :   Statistics-based alarms from 
sequential physiological measurements.     Anaesthesia   
  2007  ;   62  :  1015   –   23   

     51.        Cannesson     M   ,    Rinehart     J    :   Closed-loop systems and 
automation in the era of patients safety and periopera-
tive medicine.     J Clin Monit Comput     2014  ;   28  :  1   –   3   

     52.        Yang     P   ,    Dumont     G   ,    Ford     S   ,    Ansermino     JM    :   Multivariate 
analysis in clinical monitoring: Detection of intraoper-
ative hemorrhage and light anesthesia.     Conf Proc IEEE 
Eng Med Biol Soc     2007  ;   2007  :  6216   –   9   

     53.        Brooks     RA    :   Elephants don ’ t play chess.     Robot Auton 
Syst     1990  ;   6  :  3   –   15   

     54.        Alexander     JC   ,    Joshi     GP    :   Anesthesiology, automation, 
and arti� cial intelligence.     Proc (Bayl Univ Med Cent)   
  2018  ;   31  :  117   –   9   

     55.        Koerner     TW    :   Naive Decision Making: Mathematics 
Applied to the Social World  .   Cambridge  ,   Cambridge 
University Press  ,   2008   

     56.        Rashid     T    :   Make Your Own Neural Network: A Gentle 
Journey through the Mathematics of Neural Networks, 
and Making Your Own Using the Python Computer 
Language, CreateSpace  ,   Charleston  ,   SC  ,   2016   

     57.        MacKay     DJC    :   Information Theory, Inference, and 
Learning Algorithms  .   Cambridge  ,   Cambridge 
University Press  ,   2004   

     58.        Padua     S    :   The Thrilling Adventures of Lovelace and 
Babbage  .   New York  ,   Pantheon Books  ,   2015   

     59.        Sobrie     O   ,    Lazouni     MEA   ,    Mahmoudi     S   ,    Mousseau     V   , 
   Pirlot     M    :   A new decision support model for preanes-
thetic evaluation.     Comput Methods Programs Biomed   
  2016  ;   133  :  183   –   93   

     60.        Zhang     L   ,    Fabbri     D   ,    Lasko     TA   ,    Ehrenfeld     JM   ,    Wanderer   
  JP    :   A system for automated determination of perioper-
ative patient acuity.     J Med Syst     2018  ;   42  :  123   

     61.        Ortolani     O   ,    Conti     A   ,    Di Filippo     A   ,    Adembri     C   ,    Moraldi   
  E   ,    Evangelisti     A   ,    Maggini     M   ,    Roberts     SJ    :   EEG signal 
processing in anaesthesia. Use of a neural network 
technique for monitoring depth of anaesthesia.     Br J 
Anaesth     2002  ;   88  :  644   –   8   

     62.        Ranta     SO   ,    Hynynen     M   ,    R ä s ä nen     J    :   Application of arti-
� cial neural networks as an indicator of awareness with 
recall during general anaesthesia.     J Clin Monit Comput   
  2002  ;   17  :  53   –   60   

     63.        Jeleazcov     C   ,    Egner     S   ,    Bremer     F   ,    Schwilden     H    : 
  Automated EEG preprocessing during anaesthesia: 
New aspects using arti� cial neural networks.     Biomed 
Tech (Berl)     2004  ;   49  :  125   –   31   

     64.        Lalitha     V   ,    Eswaran     C    :   Automated detection of anes-
thetic depth levels using chaotic features with arti� cial 
neural networks.     J Med Syst     2007  ;   31  :  445   –   52   

     65.        Shalbaf     R   ,    Behnam     H   ,    Sleigh     JW   ,    Steyn-Ross     A   ,    Voss   
  LJ    :   Monitoring the depth of anesthesia using entropy 
features and an arti� cial neural network.     J Neurosci 
Methods     2013  ;   218  :  17   –   24   

     66.        Lin     CS   ,    Li     YC   ,    Mok     MS   ,    Wu     CC   ,    Chiu     HW   ,    Lin     YH    : 
  Neural network modeling to predict the hypnotic 
e� ect of propofol bolus induction.     Proc AMIA Symp   
  2002  :   450   –   3   

     67.        La� ey     JG   ,    Tobin     E   ,    Boylan     JF   ,    McShane     AJ    :   Assessment 
of a simple arti� cial neural network for predicting 
residual neuromuscular block.     Br J Anaesth     2003  ; 
  90  :  48   –   52   

     68.        Santanen     OA   ,    Svartling     N   ,    Haasio     J   ,    Paloheimo   
  MP    :   Neural nets and prediction of the recovery rate 
from neuromuscular block.     Eur J Anaesthesiol     2003  ; 
  20  :  87   –   92   

     69.        Nunes     CS   ,    Mahfouf     M   ,    Linkens     DA   ,    Peacock     JE    : 
  Modelling and multivariable control in anaesthesia 
using neural-fuzzy paradigms. Part I. Classi� cation 
of depth of anaesthesia and development of a patient 
model.     Artif Intell Med     2005  ;   35  :  195   –   206   

     70.        Nunes     CS   ,    Amorim     P    :   A neuro-fuzzy approach for 
predicting hemodynamic responses during anesthe-
sia.     Conf Proc IEEE Eng Med Biol Soc     2008  ;   2008  : 
 5814   –   7   

     71.        Moore     BL   ,    Quasny     TM   ,    Doufas     AG    :   Reinforcement 
learning versus proportional-integral-derivative con-
trol of hypnosis in a simulated intraoperative patient.   
  Anesth Analg     2011  ;   112  :  350   –   9   

     72.        Moore     BL   ,    Doufas     AG   ,    Pyeatt     LD    :   Reinforcement 
learning: A novel method for optimal control of 
propofol-induced hypnosis.     Anesth Analg     2011  ; 
  112  :  360   –   7   

     73.        El-Nagar     AM   ,    El-Bardini     M    :   Interval type-2 fuzzy 
neural network controller for a multivariable anesthe-
sia system based on a hardware-in-the-loop simulation.   
  Artif Intell Med     2014  ;   61  :  1   –   10   

     74.        Lin     CS   ,    Chiu     JS   ,    Hsieh     MH   ,    Mok     MS   ,    Li     YC   ,    Chiu   
  HW    :   Predicting hypotensive episodes during spi-
nal anesthesia with the application of arti� cial neural 
networks.     Comput Methods Programs Biomed     2008  ; 
  92  :  193   –   7   

     75.        Lin     CS   ,    Chang     CC   ,    Chiu     JS   ,    Lee     YW   ,    Lin     JA   ,    Mok   
  MS   ,    Chiu     HW   ,    Li     YC    :   Application of an arti� cial neu-
ral network to predict postinduction hypotension 
during general anesthesia.     Med Decis Making     2011  ; 
  31  :  308   –   14   

     76.        Reljin     N   ,    Zimmer     G   ,    Malyuta     Y   ,    Shelley     K   ,    Mendelson   
  Y   ,    Blehar     DJ   ,    Darling     CE   ,    Chon     KH    :   Using support 
vector machines on photoplethysmographic signals 
to discriminate between hypovolemia and euvolemia.   
  PLoS One     2018  ;   13  :  e0195087   

ALNV131N06_Text.indb   1358 31-Oct-19   8:29:10 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



Christopher W. Connor Anesthesiology 2019; 131:1346–59 1359

Artifi cial Intelligence and Machine Learning

     77.        Aleksic     M   ,    Luebke     T   ,    Heckenkamp     J   ,    Gawenda     M   , 
   Reichert     V   ,    Brunkwall     J    :   Implementation of an arti� cial 
neuronal network to predict shunt necessity in carotid 
surgery.     Ann Vasc Surg     2008  ;   22  :  635   –   42   

     78.        Peng     SY   ,    Peng     SK    :   Predicting adverse outcomes of 
cardiac surgery with the application of arti� cial neural 
networks.     Anaesthesia     2008  ;   63  :  705   –   13   

     79.        Thottakkara     P   ,    Ozrazgat-Baslanti     T   ,    Hupf     BB   ,    Rashidi   
  P   ,    Pardalos     P   ,    Momcilovic     P   ,    Bihorac     A    :   Application 
of machine learning techniques to high-dimensional 
clinical data to forecast postoperative complications.   
  PLoS One     2016  ;   11  :  e0155705   

     80.        Fritz     BA   ,    Chen     Y   ,    Murray-Torres     TM   ,    Gregory     S   ,    Ben 
Abdallah     A   ,    Kronzer     A   ,    McKinnon     SL   ,    Budelier     T   , 
   Helsten     DL   ,    Wildes     TS   ,    Sharma     A   ,    Avidan     MS    :   Using 
machine learning techniques to develop forecasting 
algorithms for postoperative complications: Protocol 
for a retrospective study.     BMJ Open     2018  ;   8  :  e020124   

     81.        Kuo     PJ   ,    Wu     SC   ,    Chien     PC   ,    Rau     CS   ,    Chen     YC   ,    Hsieh   
  HY   ,    Hsieh     CH    :   Derivation and validation of di� er-
ent machine-learning models in mortality prediction of 
trauma in motorcycle riders: A cross-sectional retrospective 
study in southern Taiwan.     BMJ Open     2018  ;   8  :  e018252   

     82.        Kim     WO   ,    Kil     HK   ,    Kang     JW   ,    Park     HR    :   Prediction on 
lengths of stay in the postanesthesia care unit following 
general anesthesia: Preliminary study of the neural net-
work and logistic regression modelling.     J Korean Med 
Sci     2000  ;   15  :  25   –   30   

     83.        Traeger     M   ,    Eberhart     A   ,    Geldner     G   ,    Morin     AM   ,    Putzke   
  C   ,    Wulf     H   ,    Eberhart     LH    :   [Prediction of postoperative 
nausea and vomiting using an arti� cial neural net-
work].     Anaesthesist     2003  ;   52  :  1132   –   8   

     84.        Knorr     BR   ,    McGrath     SP   ,    Blike     GT    :   Using a generalized 
neural network to identify airway obstructions in anes-
thetized patients postoperatively based on photopleth-
ysmography.     Proceedings of the 28th IEEE EMBS 
Annual International Conference, New York, New 
York, Aug 30–Sept 3, 2006. pp.  6765 – 8      

     85.        Tighe     P   ,    Laduzenski     S   ,    Edwards     D   ,    Ellis     N   ,    Boezaart     AP   , 
   Aygtug     H    :   Use of machine learning theory to predict 
the need for femoral nerve block following ACL repair.   
  Pain Med     2011  ;   12  :  1566   –   75   

     86.        Hu     YJ   ,    Ku     TH   ,    Jan     RH   ,    Wang     K   ,    Tseng     YC   ,    Yang     SF    : 
  Decision tree-based learning to predict patient con-
trolled analgesia consumption and readjustment.     BMC 
Med Inform Decis Mak     2012  ;   12  :  131   

     87.        Tighe     PJ   ,    Lucas     SD   ,    Edwards     DA   ,    Boezaart     AP   ,    Aytug   
  H   ,    Bihorac     A    :   Use of machine-learning classi� ers to 

predict requests for preoperative acute pain service 
consultation.     Pain Med     2012  ;   13  :  1347   –   57   

     88.        Tighe     PJ   ,    Harle     CA   ,    Hurley     RW   ,    Aytug     H   ,    Boezaart     AP   , 
   Fillingim     RB    :   Teaching a machine to feel postoperative 
pain: Combining high-dimensional clinical data with 
machine learning algorithms to forecast acute postop-
erative pain.     Pain Med     2015  ;   16  :  1386   –   401   

     89.        Hetherington     J   ,    Lessoway     V   ,    Gunka     V   ,    Abolmaesumi     P   , 
   Rohling     R    :   SLIDE: Automatic spine level identi� ca-
tion system using a deep convolutional neural network.   
  Int J Comput Assist Radiol Surg     2017  ;   12  :  1189   –   98   

     90.        Dawes     TR   ,    Eden-Green     B   ,    Rosten     C   ,    Giles     J   ,    Governo   
  R   ,    Marcelline     F   ,    Nduka     C    :   Objectively measuring pain 
using facial expression: Is the technology � nally ready?   
  Pain Manag     2018  ;   8  :  105   –   13   

     91.        L ö tsch     J   ,    Sipil ä      R   ,    Tasmuth     T   ,    Kringel     D   ,    Estlander   
  AM   ,    Meretoja     T   ,    Kalso     E   ,    Ultsch     A    :   Machine-learning-
derived classi� er predicts absence of persistent pain 
after breast cancer surgery with high accuracy.     Breast 
Cancer Res Treat     2018  ;   171  :  399   –   411   

     92.        Wong     LS   ,    Young     JD    :   A comparison of ICU mor-
tality prediction using the APACHE II scoring sys-
tem and arti� cial neural networks.     Anaesthesia     1999  ; 
  54  :  1048   –   54   

     93.        Gottschalk     A   ,    Hyzer     MC   ,    Geer     RT    :   A comparison 
of human and machine-based predictions of success-
ful weaning from mechanical ventilation.     Med Decis 
Making     2000  ;   20  :  160   –   9   

     94.        Ganzert     S   ,    Guttmann     J   ,    Kersting     K   ,    Kuhlen     R   ,    Putensen   
  C   ,    Sydow     M   ,    Kramer     S    :   Analysis of respiratory pres-
sure-volume curves in intensive care medicine using 
inductive machine learning.     Artif Intell Med     2002  ; 
  26  :  69   –   86   

     95.        Perchiazzi     G   ,    Giuliani     R   ,    Ruggiero     L   ,    Fiore     T   , 
   Hedenstierna     G    :   Estimating respiratory system com-
pliance during mechanical ventilation using arti� cial 
neural networks.     Anesth Analg     2003  ;   97  :  1143   –   8, table 
of contents   

     96.        Nagaraj     SB   ,    Biswal     S   ,    Boyle     EJ   ,    Zhou     DW   ,    McClain   
  LM   ,    Bajwa     EK   ,    Quraishi     SA   ,    Akeju     O   ,    Barbieri     R   , 
   Purdon     PL   ,    Westover     MB    :   Patient-speci� c classi� ca-
tion of ICU sedation levels from heart rate variability.   
  Crit Care Med     2017  ;   45  :  e683   –   90   

     97.        Perchiazzi     G   ,    Rylander     C   ,    Pellegrini     M   ,    Larsson     A   , 
   Hedenstierna     G    :   Monitoring of total positive end-ex-
piratory pressure during mechanical ventilation by 
arti� cial neural networks.     J Clin Monit Comput     2017  ; 
  31  :  551   –   9     

ALNV131N06_Text.indb   1359 31-Oct-19   8:29:10 PM

D
ow

nloaded from
 /anesthesiology/issue/131/6 by guest on 16 April 2024



Creative writing that explores the abstract side of our profession and our lives

1360 December 2019 ANeSTHeSIOLOGY, V 131   •   NO 6

I

This poem is one of the finalists of Anesthesiology’s 2018 annual creative writing competition, The Letheon. mdowdmd@yahoo.com

Permission to reprint granted to the American Society of Anesthesiologists, Inc. by copyright author/owner. Anesthesiology 2019; 131:1360–1. DOI: 10.1097/ALN.0000000000002997

Stephen T. Harvey, M.D., Editor

So Many
mary Dowd

“—as many as the leaves that fall in the woods…” Book VI, Aeneid

It’s not just the dead that rattle like dry leaves
across stone cold ground, moving at the wind’s will.
The living, too, blown by chance and choice,
scrape along the pavement. Men, mostly,
thirty, forty, fifty, most don’t make sixty.

Never got the hang of it, work, wife, family.
Had a job once, had several.
Had a girl once, had several,
had a truck, a car, a flatscreen. Good money,
roofing, paving, lobstering.

Then came the accident, the back ache,
the break-up, the heart ache,
the not showing up on time, one time too many.
And everything returned to the dust from which it came,
scattered in the wind, never to reassemble.

Then beer became the boon companion,
whiskey, a shelter, hundred proof,
against empty days and sleepless nights,
against racing thoughts, sweaty palms,
against boredom, loss, loneliness.
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So it begins, the wandering,
like dry leaves blown in autumn,
from shelter to ER to detox,
from library to park to soup kitchen.
Until it ends in an alley, in a ditch,
in a room at Motel 6.

So many moving at the wind’s will
across stone cold ground,
gathered like sighs on the shore,
waiting for the boatman to carry them over
the river of forgetting,

Only to begin again.
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Ganesh Furtado, M.D., ... My Cat
Inês F. Furtado, m.D., Ganesh Furtado, m.D.

Ganesh is not just a cat, but already a doctor, and in a couple of months he will be a 

senior anesthesiologist. He may be considered as being mostly theoretical, but at the 

same time he is sensitive and romantic, even philosophical. He is also clever and he 

strikes without warning.

Doctor Ganesh Furtado (Ganesh to his friends) is a 10-year-old European male cat. His 

fur is black with symmetrical white spots in the abdomen and neck. His eyes are green 

and he weighs 7 kg.

Doctor Ganesh had been abandoned on the street, he was probably just around 4 months 

old when I took him home with me. At the time, I was a third-year medical student, and in 

my company Ganesh quickly took up the challenge of becoming a doctor.

It required studying a lot, which he handled with pride. Anatomy, however, proved 

to be his main flaw, as it was a first-year discipline of mine, so one we never studied 

together. To this day, he still struggles in regional anesthesia… But he could keep up the 

pace in biochemistry and physiology, to the point of becoming a real pro in ventilation 

mechanics.

When we sit together to study, he likes to lie on my lap or over my books, so he can have 

a closer look at all contents. Sometimes he falls asleep, but I believe he knows that sleep 

enhances neural plasticity and contributes to consolidate his acquired knowledge (fig. 1).  

10.1097/ALN.0000000000002796
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When he is bored, he plays with the pens and pencils lying on the desk, but when he is 

stressed because of exams and long hours of studying, he attacks people.

Ganesh’s “work” was first cited in my first-year anesthesiology trainee examination. I 

was struggling to write my annual report, when I noticed that everybody else’s report 

opened with a handsome epigraph by some famous author. Most of them were by well-

known authors, and many of them were not even related to medicine, they were inspi-

rational cheesy sentences, trivial, even futile. I found myself refusing to adopt such an 

attitude and style. However, it hit me, this represented the chance to share the thoughts 

and the written work of my favorite friend and doctor, Ganesh, my cat.

So, the opening quote of my first-year internship report read: “it started with method, 

hypnotized by the end, where sleep awaits, where there is no time, no beginning and no 

end, only the calm of Morpheus” Ganesh said (in a pretentious tone). And the exam-

iners took it, even loved it! From then on, every single year as a trainee, Ganesh was 

there for me, providing the thoughts and sentences that added some meaning to the 

numbers on my reports. But Ganesh became present beyond my reports. Answering 

challenging theoretical questions in my annual exams, when I could not recall the 

name of some famous author of some important studies, I found myself claiming 

Doctor Ganesh as responsible for those amazing results and accomplishments.

Fig. 1. Ganesh consolidating his acquired knowledge.
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My cat thus swiftly became accepted as a medical researcher, as well as a quotable and 

respectable author. I acknowledge and congratulate him for such a remarkable achieve-

ment. Why this happened is the question.

To answer this I must tell you that by no means is my cat a pioneer in this field. The 

first (known) animal to be quoted was Chester Willard, back in 1975,1 as co-author 

of a peer-reviewed physics paper “Two-, Three-, and Four-Atom Exchange Effects in 

bcc 3He,” published in Physical Review Letters, a paper describing helium-3 isotope 

exchanges with temperatures.2 Jack H. Hetherington, a professor of physics at Michigan 

State University, and his cat are still quoted today for “their” important findings.

I think Doctors Ganesh and Chester are a good connection, illustrating what I believe 

medical writing is turning into nowadays, and the direction I fear it is currently tak-

ing. As I am about to complete my five-year training in anesthesiology, I realize that 

the obligation of publication in our career makes scientific writing “look easy” and 

even meaningless. When I open a scientific journal, even a good one, frequently a 

paid-for-publishing one, I struggle to find a good paper. By that I mean something that 

will bring innovation to my daily practice, or that will make me think about some sub-

ject, or even that will show some negative data about something (the absence of neg-

ative trials is, on its own, one of the main problems in scientific publication).3 I mean 

simply free, honest, and good quality information.

After my first published article in a peer-reviewed journal,4 I started to receive daily 

emails from Dermatology Kanquestan Journal, American Journal of Meaningless Stuff, 

even Orthopedic Distant Land Journal, and the list goes on, calling for article submissions. 

They want anything, everything. But is this science, I wonder. In my opinion, this is sci-

ence being taken over by consumer society and the ethos of productivity indicators.

We are led to think that our medical careers are only complete with publications. This is 

what leads to medical misinformation, to doubt, to bad practices, to mortality.

This made me think… why doesn’t the American Society of Anesthesiology apply the 

principle of the American Physical Society that, a few years ago, announced it extended 

the benefits of open access to feline and canine authors?5 If my work is innovative, 

what’s the difference if my cat is the fifth author? It’s just a name, the unseen face of the 

publication, he will be there for science and, by the same token, for everyone’s wallets. 

He would be the door for free information. Why not use comedy and our pets in the 

name of science?
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I’m sure, that in this publishing industry, someday, there will be a place for free papers 

with the highest scientific quality by the best anesthesiologist of all times, Doctor 

Ganesh Furtado, my cat!
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 To the Editor: 

 A well-performed study by Bouattour  et al   1   concluded 
that preload dependence was associated with reduced 

sublingual microcirculation during major abdominal sur-
gery. Fluid administration successfully restored microvascu-
lar perfusion. This � nding suggests immediate correction of 
preload dependence to avoid reduced microcirculation. In 
the future, microvascular sublingual parameters could serve 
as additional indicators when deciding to administer � uids. 

 By this conclusion, the authors suggest that the pres-
ence of preload responsiveness might be associated with 
impaired sublingual microcirculatory perfusion and thus an 
abnormal microcirculatory perfusion might be an indicator 
of vascular volume. In this conclusion, however, we miss 
two important aspects. First, in general, � uid responsiveness 
is a normal physiological state  2   accompanied by a normal 
sublingual microcirculation.  3   When from this state cardiac 
output is decreased by decreasing venous return either by 
tamponade, sepsis, or lower body negative pressure, the sub-
lingual microcirculatory perfusion will deteriorate,  3 – 5   and 
restoration of venous return, in these contexts, will improve 
sublingual microcirculatory perfusion.  3 – 5   In the context of 
sepsis there is no real hypovolemia, but rather a decrease in 
venous return due to increased vascular capacitance of the 
venous circulation (unstressed volume). This is frequently 
referred to, clinically, as relative hypovolemia. In absolute 
hypovolemia ( e.g.,  hemorrhage) the decrease in venous 
return results from an absolute loss of intravascular volume. 
In both these cases, sublingual microcirculatory perfusion 
will improve after � uid resuscitation. From this, it ’ s clear that 
an improvement in sublingual microcirculatory perfusion is 
not indicative of hypovolemia, but rather decreased venous 
return resulting from decreased stressed volume (mean sys-
temic � lling pressure). To further complicate the picture, 
after initial resuscitation in sepsis, patients ’  � uid responsive-
ness can be associated with normal sublingual microcircula-
tory perfusion.  6   In the study by Bouattour  et al.   1   the context 
of the patient is not clear, as the patients most likely started 
the procedure in a state of � uid responsiveness and normal 

microcirculation. The response of the microcirculation to 
� uid resuscitation in this context doesn ’ t necessarily clarify 
this, as both increased vasodilation during the surgery and 
bleeding will decrease venous return where � uid resuscita-
tion is likely to improve microcirculatory perfusion.    
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 In Reply: 

 I would like to thank the authors of the letter for remind-
ing us that the notion of preload dependence is not syn-

onymous with hypovolemia. As mentioned in the article,  1   
preload dependence is de� ned as a state in which increases 
in right ventricular and/or left ventricular end-diastolic 
volume result in an increase in stroke volume.  2   Changes in 
preload could be due to hypovolemia and/or a decrease in 
venous tone with increased venous capacity. Having a pre-
load dependence does not give any indication of the state of 
the microcirculation. Indeed, microcirculation can be pre-
served up to a certain level of venous return decline, but can 
then be altered if the venous return decline is greater. For 
this reason, it is essential to have an assessment of microcir-
culation in order to titrate perioperative � uid and correctly 
administrate vasopressors. 

 With this in mind, our study highlights that the occur-
rence of preload dependence was associated with reduced 
sublingual microcirculation during major abdominal sur-
gery. This shows that decreases in venous return during 
anesthesia for major abdominal surgery, regardless of cause, 
are su�  cient to alter sublingual microcirculation. In these 
circumstances, sublingual microcirculation was not pro-
tected by self-regulatory mechanisms during venous return 
decreases. This should encourage us to correct the preload 
dependency episodes that may occur during surgery in 
order to avoid these microvascular alterations. As mentioned 
in the article,  1   the fact that � uid challenge was able to restore 
microcirculatory alterations pleads for hypovolemia. Fluid 
administration may have corrected an absolute hypovole-
mia due to a loss of blood volume or a relative hypovolemia 
due to a decrease in venous tone. In any case, correcting 
preload dependency remains a priority considering the 
risk of failure to treat an alteration of the microcirculation. 
Static (pulmonary artery occlusion pressure, central venous 
pressure, global end-diastolic volume, � ow time of aortic 
� ow) and dynamic (pulse pressure variation, stroke volume 
variations, vena cava diameter variations) hemodynamic 
variables have their own limits and their gray zone to guide 
� uid administration. Especially, pulse pressure variations 
cannot be used during arrhythmia, when tidal volumes are 
less than 8   ml/kg of ideal body weight, when spontaneous 
breathing occurs, or when pulse pressure variation value 
is in the gray zone (between 9 and 13%). Microvascular 
sublingual measurements could be an additional tool in the 

future to support the decision to administer � uids or vaso-
pressors. It is clear that we must continue to develop tech-
niques to analyze the behavior of microcirculation because 
the ultimate goal of hemodynamic optimization is the opti-
mization of microcirculation and tissue oxygenation.    
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 IV Fluids for Major Surgery: 
Comment                        

 To the Editor: 

 The review article of perioperative � uid therapy by 
Miller and Myles  1   provides new recommendations for 

� uid administration during major surgery. Many studies 
performed during the past 15 yr show that a restrictive strat-
egy consisting of 3 to 5   ml  − 1   ·  kg  − 1   ·  h  − 1  of crystalloid � uid 
during surgery provides a better outcome in comparison 
with 10 to 12   ml  − 1   ·  kg  − 1   ·  h  − 1 . The authors now swing the 
pendulum once again and recommend the larger amount. 
The basis for their recommendation consists of only two 
retrospective studies and their own prospective study, the 
RELIEF (Restrictive Versus Liberal Fluid Therapy in Major 
Abdominal Surgery) trial.  2   

 We believe that the patient's preoperative � uid status 
should be considered when giving recommendations of 
this kind. Miller and Myles encourage unrestricted intake of 
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� uids until 2   h before elective surgery,  1   but in the RELIEF 
trial patients had fasted for a median of 9   h, and 25% of 
them even for 12   h or more, before surgery.  2   Moreover, 36% 
of their patients received bowel preparation, which causes 
� uid depletion. Therefore, many of the patients in the 
RELIEF trial were probably dehydrated, or even hypovo-
lemic, when surgery started. Finally, the postoperative � uid 
administration in the restrictive group in the RELIEF trial 
amounted to only 0.8   ml  − 1   ·  kg  − 1   ·  h  − 1 , which is less than 
the recommended minimum water intake of 1.0 to 1.2   ml  − 1  
 ·  kg  − 1   ·  h  − 1  in conscious healthy humans. Therefore, the 
higher incidence of postoperative creatinine elevation in 
the restrictive group might be an expected result of the trial. 

 The issues we mention may even explain the discrep-
ancy between the RELIEF trial and previous studies in 
this area which, with few exceptions, favor a restrictive 
strategy. The new recommendations  1   are probably correct 
for patients with various degrees of preoperative dehydra-
tion attributable to lengthy preoperative fasting and bowel 
preparation, which have fallen out of practice in most parts 
of the world.  3 , 4   However, we question this liberal approach 
in patients who are euhydrated before surgery.    
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 IV Fluids for Major Surgery: 
Reply                        

 In Reply: 

 Drs. Bahlmann and Hahn mention the existence of some 
published studies supporting a restrictive approach to 

perioperative IV � uid therapy, but do not mention others 
(aside from the RELIEF [Restrictive Versus Liberal Fluid 
Therapy in Major Abdominal Surgery] trial  1  ) that iden-
ti� ed possible harms or at least no measurable bene� t.  2 – 4   
The RELIEF trial clearly identi� ed an increased risk of 
acute kidney injury when a more restrictive zero-balance 
approach was used. 

 We agree with Drs. Bahlmann and Hahn that any 
unnecessary preoperative fasting should be avoided, and 
that clinicians should encourage unrestricted intake of � u-
ids until 2   h before elective surgery as a standard of care. 
This was one of our recommendations.  5   Although unnec-
essarily lengthy preoperative fasting times will create a state 
of relative dehydration, it is quite usual for most people to 
not drink between the late evening hours and morning (8 
to 10   h period of fasting), so this duration is very unlikely 
to induce dehydration. More importantly, the RELIEF trial 
investigators analyzed and reported their results for acute 
kidney injury according to fasting times and the adverse 
e� ect of the restrictive zero-balance approach remained. 
That is, the risk of acute kidney injury occurred in those 
with short, intermediate, and longer fasting times ( P  value 
for interaction equals 0.47; see � g. S8 in the supplementary 
material of Myles  et al.   1  ). A similarly consistent � nding was 
observed in those who did or did not receive bowel prepa-
ration ( P  value for interaction equals 0.55). 

 Recent guidelines from others had recommended a 
zero-balance approach to perioperative IV � uid therapy.  6 – 8   
This implies that � uid balance should be zero at the end of 
surgery and over the ensuing 24   h. This is what was tested 
in the RELIEF trial and the results not only failed to iden-
tify any meaningful reduction in complications or hospital 
length of stay, but there was a higher incidence of acute 
kidney injury and surgical site infections. It is for this reason 
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that we recommended a moderately liberal IV � uid strategy 
for major surgery. That is what the evidence is telling us.    
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ERRATUM

ANESTHESIOLOGY, V 131   •   NO 6 DECEMBER 2019 1373

 A Population-based Comparative Effectiveness Study of Peripheral Nerve Blocks for Hip Fracture Surgery: Erratum                 

 In the November 2019 issue, the article  “ A Population-based Comparative E� ectiveness Study of Peripheral Nerve Blocks 
for Hip Fracture Surgery ”  (Hamilton GM, Lalu MM, Ramlogan R, Bryson GL, Abdallah FW, McCartney CJL, McIsaac 
DI: A nesthesiology  2019; 131:1025–35. doi: 10.1097/ALN.0000000000002947), costs reported in the results section of 
the abstract were incorrect. In the sentence  “ Costs were lower with a nerve block (adjusted di� erence,  −  $ 1,421; 95% CI, 
 −  $ 11,579 to  −  $ 11,289 [Canadian dollars]), but no di� erence in mortality (adjusted odds ratio, 0.99; 95% CI, 0.89 to 1.11) 
or pneumonia (adjusted odds ratio, 1.01; 95% CI, 0.88 to 1.16) was observed ”  the costs  “  −  $ 11,579 to  −  $ 11,289 ”  should 
read  “  −  $ 1,579 to  −  $ 1,289. ”  The correct sentence reads:  “ Costs were lower with a nerve block (adjusted di� erence,  −  $ 1,421; 
95% CI,  −  $ 1,579 to  −  $ 1,289 [Canadian dollars]), but no di� erence in mortality (adjusted odds ratio, 0.99; 95% CI, 0.89 to 
1.11) or pneumonia (adjusted odds ratio, 1.01; 95% CI, 0.88 to 1.16) was observed. ”  

 The publisher regrets this error. The article has been corrected online and in the PDF.   

  DOI:    10.1097/ALN.0000000000003023    

 Reference 

     Hamilton     GM   ,    Lalu     MM   ,    Ramlogan     R   ,    Bryson     GL   ,    Abdallah     FW   ,    McCartney     CJL   ,    McIsaac     DI    :   A population-based comparative effectiveness study of peripheral nerve blocks for hip fracture 
surgery.     A   nesthesiology      2019; 131:1025–35.     doi:   10.1097/ALN.0000000000002947    

  

              

2019

 Hypoxemia, Bradycardia, and Multiple Laryngoscopy Attempts during Anesthetic Induction in Infants: Erratum                 

 In the October 2019 issue, the article  “ Hypoxemia, Bradycardia, and Multiple Laryngoscopy Attempts during Anesthetic 
Induction in Infants ”  (G á lvez JA, Acquah S, Ahumada L, Cai L, Polanski M, Wu L, Simpao AF, Tan JM, Wasey J, Fiadjoe JE: 
A nesthesiology  2019; 131:830 – 9. doi: 10.1097/ALN.0000000000002847) contains an error in table 1. In the � rst row of 
the � rst column, the unit for  “ Age (yr) ”  should be  “ Age (months). ”  

 The authors regret the error. The online version and PDF of the article have been corrected.   

  DOI:    10.1097/ALN.0000000000003024    

 Reference 

     G á lvez     JA   ,    Acquah     S   ,    Ahumada     L   ,    Cai     L   ,    Polanski     M   ,    Wu     L   ,    Simpao     AF   ,    Tan     JM   ,    Wasey     J   ,    Fiadjoe     JE    :   Hypoxemia, bradycardia, and multiple laryngoscopy attempts during anesthetic 
induction in infants.     A   nesthesiology      2019  ;   131  :  830   –   9  . doi:   10.1097/ALN.0000000000002847    
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University Tenure Line.
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The successful applicant should have developed an academic 
laboratory-based program in cardiovascular pharmacology relevant to 
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Critical Care Faculty Positions 
The Department of Anesthesiology at Weill Cornell Medical College 
and NewYork Presbyterian Hospital is seeking Critical Care  
Anesthesiologists for our 20-bed Cardiothoracic Intensive Care 
Unit, caring for patients undergoing procedures including CABG, 
valve repair/replacement, ventricular assist devices, and ECMO. 
Our faculty provide medical leadership in the Post-Anesthesia 
Care Unit, participate in the staffing of the Neuro-ICU, SICU, and 
MICU, and are actively involved in our critical care fellowship and 
all aspects of resident education. NewYork Presbyterian Hospital 
is ranked #5 on the Best Hospital Honor Roll of the U.S. News and 
World Report, and # 1 in New York City for the 17th year in a row. 
We are ranked #4 in Cardiology and Cardiac Surgery.

All candidates must be ABA BC/BE, eligible for medical licensure 
in New York State and board eligible/certified in Critical Care 
Anesthesiology.  Additional fellowship training in Cardiothorac-
ic Anesthesiology or Basic or Advanced TEE certification from 
the National Board of Echocardiography are highly desired, but 
not required. Candidates should send a personal statement and 
curriculum vitae, and request three letters of reference to: Hugh 
C. Hemmings, Jr. M.D., Ph.D., Chair, Department of Anesthesiology 
anes-criticalcare@med.cornell.edu EOE/M/F/D/V

The Department of Anesthesiology & Perioperative Medicine at University of Texas 
MD Anderson Cancer Center seeks candidates for the Regional Anesthesia and 
Acute Pain Medicine (RAAPM) Anesthesia Fellowship Program that have completed 
a U.S. or Canada accredited residency in Anesthesiology and must be board-eligible 
or board-certified to practice. 
The purpose of the RAAPM Fellowship is to provide supervised training to 
board-certified or board-eligible anesthesiologists in the practice of acute pain 
management and medical consultation for the full spectrum of injuries, surgical, 
and other invasive procedures that produce acute pain in the hospital setting. 
This 12-month program will also teach the fellow how to manage acute pain with 
minimal opioids.
Required application materials include:
  Curriculum vitae
  Statement of Intent: Goals and reason for pursuing an Acute Pain Medicine & 

Regional Anesthesia
  Three Letters of Recommendation (LORs): If currently in a program, one letter 

must be from the Program Director.
  Letter of Good Standing for current residents that indicates trainee standing and 

expected completion date from the program.
Post-acceptance materials include:
  USMLE, COMLEX, FLEX scores report
  Original medical transcripts
  Medical diploma: copy
  Certificate of training completion – copy for each certification
Contact Information: Barbra Bryce Speer, D.O., Fellowship Program Director
Email: BSpeer@mdanderson.org

Apply Online:
https://www.mdanderson.org/education-training/clinical-research-training/graduate-

medical-education/residencies-fellowships/acute-pain-regional-anesthesia.html

Acute pAin & RegiOnAl AnesthesiA FellOwship 

OPPORTUNITIES FOR ANESTHESIOLOGIST SPECIALIZING 
IN CRITICAL CARE, NEUROANESTHESIA, REGIONAL, GENERAL 

AND CARDIAC ANESTHESIA 

The Department of Anesthesiology at the University of Wisconsin Madison  
has openings for several anesthesiology specialties: critical care, 
neuroanesthesia, reg iona l ,  genera l ,  and cardiac anesthesiologist, at 
the level of Assistant Professor (CHS), Associate Professor (CHS), or 
Professor (CHS); or Clinical Assistant Professor, Clinical Associate Professor, 
or Clinical Professor. These positions 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 preferred for specific subspecialty as appropriate to position. 
Duties: Provision of clinical anesthetic care to patients, and specific subspecialty 
area (working in the OR, plus call) in an anesthesia team model or personally 
performed. Teaching responsibilities for residents, fellows, and medical students 
in the OR, and didactic sessions. For critical care candidates, the above duties 
also include the provision of critical care coverage to the UWHC Surgical, Medical, 
Cardio-thoracic, and/or Neuro ICUs, including ICU call coverage, dependent upon 
training and need. 

Apply at https://jobs.hr.wisc.edu/en-us/listing/. 

In the “Search Jobs” field, search for the type of position which 
you qualify by entering either “critical care anesthesiologist”, 
“neuroanesthesiologist”, or “cardiac anesthesiologist”.  

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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Critical Care Anesthesiology 
CardiothoraCiC intensive Care

Interested candidates should apply at 
 http://apply.interfolio.com/49447. Questions specific to this position 
may be sent to manuel.fontes@yale.edu. Review of applications will 

begin immediately and continue until the position is filled.

Yale University is an Affirmative Action/Equal Opportunity Employer. Women and 
persons with disabilities, protected veterans and members of under-represented 

minority groups are encouraged to apply.

Yale School of Medicine Department of Anesthesiology seeks a board certified, 
fellowship trained critical care anesthesiologist with experience in critical care 
management of cardiothoracic patients. The candidate should:

  Fellowship trained in both cardiac anesthesia and ICU medicine
  Be eligible for appointment as an Assistant or an Associate Professor at the 

Yale School of Medicine
  Possess organizational and interpersonal skills to work collaboratively with 

all members of the cardiothoracic critical care team
  Have strong teaching skills that will be integral to residents, advance 

practice providers, nurses and fellow’s education
  Clinical duties will be in both CT-ICU and OR environment
  Opportunities for J-1 visa candidates are available.

The Department of Anesthesiology faculty provide clinical and administrative 
leadership in the adult cardiothoracic ICU. The 20 bed unit cares for patients 
undergoing a wide variety of cardiac procedures including CABG, valves, assist 
devices, ECMO and transplantation. The faculty are also actively involved in 
fellowship training for both the cardiac and ICU fellowships; as well as participation 
in all aspects of resident education.

The Department of Anesthesiology, Pain Management & Perioperative Medicine at the Henry Ford Health System (HFHS) is seeking an accomplished academic anesthesiologist to 
serve as its Division Head of Regional Anesthesia and Acute Pain Medicine. The division head will bring to the division a vision for enhancing the subspecialty clinical care, the overall 
patient experience, and strong leadership skills suitable for academic medicine. 

Division Head Role
The division head will be responsible for advancing our tripartite mission: clinical care, education, and research. These responsibilities include:
Ö  Leading regional anesthesiology and acute pain medicine clinical operations to ensure consistently high quality patient care with efficient and innovative utilization of clinical 

and material resources.
Ö  Promoting effective collaboration among divisional faculty, other clinical personnel and research scientists across the HFHS.
Ö  Facilitating undergraduate and graduate medical education in regional anesthesiology and acute pain medicine.
Ö  Recruitment of new faculty to the division and support of their career development.
Ö  Leading innovative scholarship in regional anesthesiology and acute pain medicine. 
Ö  Facilitate the application for an ACGME accredited Regional Anesthesiology and Acute Pain Medicine Fellowship

Resources
Ö  Competitive salary and benefits package.
Ö  Protected administrative time to support goal-directed, division-related professional development. 
Ö  Opportunity to participate in the development and refinement of simulation models for graduate and postgraduate education in regional anesthesiology and acute pain medicine.
Ö  Active clinical research program, including participation in multi-center trials.
Ö  Robust clinical population to challenge inquisitive thinking and progressive clinical procedures.
Candidates must hold an MD, DO, or equivalent degree and be eligible for licensure in Michigan. Candidates must be board-certified or board eligible in anesthesiology. Qualified 
candidates must show successful completion of an approved fellowship program in regional anesthesiology or demonstrate sufficient clinical and academic experience to support 
an ACGME approved fellowship program.

Adam Ullman, RN, MPA, FASPR, CMSR 
Senior Recruiter, Physician and Advance Practice 
Practitioner Recruitment 

Henry Ford Health System 
One Ford Place 2E  
Detroit, MI 48202

Email- aullman1@hfhs.org | Office (313) 587-7094

For more information, please contact: 

Division Head

Regional Anesthesia and Acute Pain Medicine
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EXCEPTIONAL CARE
DEDICATED TEACHING

GROUNDBREAKING RESEARCH

DISCOVER IT ALL
AT BANNER HEALTH

Anesthesiologists: Join Top-Rated Medical Center
Banner University Medical Group (BUMG) and Banner University Medical Center – Tucson (BUMC-T)  
Department of Anesthesiology is seeking Anesthesiologists to provide anesthesia services as well as supervise 
CRNA’s. We’re seeking physicians who have the ability to work with diverse populations and have experience with a 
variety of teaching methods and curricular perspectives. Positions primarily involve clinical anesthesia teaching of  
anesthesia residents, fellows and medical students.

• Desirable candidates will have completed subspecialty training in: Critical Care, Pediatrics, OB, Vascular, 
 and General OR
•  Board Certified/Board Eligible in Anesthesiology
•  Experienced physicians and new fellows are welcome to apply

Qualified candidates will have a faculty appointment at the University of Arizona commensurate with their academic 
credentials.

Banner Health and University of Arizona Health Network have come together to form Banner – University Medicine, 
a health system anchored in Phoenix and Tucson that makes the highest level of care accessible to Arizona residents. 
At the heart of this partnership is academic medicine – research, teaching and patient care – across three academic 
medical centers. The Department of Anesthesiology is led by Randall Dull, MD, PhD, Professor and Chair.

•  Salary base plus incentives  • Relocation assistance
•  Sign on bonus  • 401k retirement plan with 4% match after one year of service
•  Paid malpractice  • Paid CME plus allowance

SUBMIT YOUR CV FOR CONSIDERATION TO: doctors@bannerhealth.com For questions, please contact Andrea 
Hawkins, Sourcing Strategist, at: 970-810-2302; Website: www.bannerdocs.com As an equal opportunity and affirmative 
action employer, Banner University Medical Group (BUMG) recognizes the power of a diverse community and encourages 
applications from individuals with varied experiences and backgrounds. BUMG is an EEO/AA - M/W/D/V Employer.

Faculty Position in the Division of Neuroanesthesia

Yale University is an Affirmative Action/Equal Opportunity Employer.  
Women, persons with disabilities, protected veterans, and members of underrepresented minority groups are encouraged to apply.

Yale School of Medicine Department of Anesthesiology seeks a board certified, fellowship trained (or equivalently 
experienced) anesthesiologist for a faculty position in the Division of Neuroanesthesia. The candidate should:

  be eligible for appointment as a faculty member at the Yale School of Medicine
  possess clinical and interpersonal skills to work collaboratively with all members of the neuroanesthesia team both 

clinically and academically
  have strong teaching interests that will be integral to resident and fellow education
  have an interest or experience in clinical research or be willing to work with others to develop skills in clinical 

research design and conduct

The Division of Neuroanesthesia provides care for over 1,000 patients annually in a variety of clinical settings, including 
Yale New Haven Hospital OR’s, MRI, CT scan, interventional radiology, and pain management. The state-of-the-art neuro 
operating rooms enable intraoperative MRI scanning and advanced interventional radiology procedures. There is an 
established neuroanesthesia fellowship training program as well as multiple clinical and educational opportunities for 
anesthesia residents. There are robust clinical/translational research groups within the department including opportunities 
in T-32 and National Clinical Scholar Physicians programs and for participation in international collaborations. The 
Division of Neuroanesthesia works with active and clinically advanced neurological and neurosurgical services and a 
dedicated neurointensive care team.

Please send specific inquiries regarding this position to Roberta.Hines@yale.edu.  
Please apply to the position at apply.interfolio.com/48850. 
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Chief, Section of Pediatric Anesthesia

Yale University is an Affirmative Action/Equal Opportunity Employer. 
Women, persons with disabilities, protected veterans, and members of underrepresented minority groups are encouraged to apply.

Yale School of Medicine Department of Anesthesiology seeks a board certified, fellowship trained anesthesiologist as Chief of the 
Section of Pediatric Anesthesia. The candidate should:

  be eligible for appointment as an associate or full professor at the Yale School of Medicine
  possess organizational and interpersonal skills to work collaboratively with all members of the Pediatric Anesthesia team both 

clinically and administratively
  have strong teaching skills that will be integral to resident and fellow education
  be experienced with the relevant administrative and regulatory issues
  have participated in and published clinical research and be able to mentor others in clinical research design and conduct

The section of Pediatric Anesthesia provides care for over 8,500 children in a variety of clinical settings and services including: 
Yale New Haven Children’s Hospital OR’s, MRI, CT scan, interventional cardiology/radiology, radiation oncology and pain 
management. There is an established pediatric fellowship training program as well as dedicated clinical and educational 
opportunities for anesthesiology residents. There are robust clinical/translational research programs within the department including 
opportunities for T-32 and National Clinical Scholar Physicians. The section of Pediatric Anesthesia comprises a dozen faculty 
members, all with board certification and fellowship training in pediatric anesthesiology.

The section chief will join the senior leadership team in the department and the Children’s Hospital at Yale New Haven. This 
individual will also serve as the departmental representative on all committees and related activities at Yale New Haven Children’s 
Hospital.

Please send a letter of interest along with your CV and 3 letters of recommendation  
to roberta.hines@yale.edu.
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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.

Cynthia A. Wong, MDCynthia A. Wong, MD
Professor, Chair & DEO Professor, Chair & DEO 
Email: cynthia-wong@uiowa.edu
Web: medicine.uiowa.edu/anesthesia

The University of Iowa Department of Anesthesia The University of Iowa Department of Anesthesia The University of Iowa Department of Anesthesia The University of Iowa Department of Anesthesia The University of Iowa Department of Anesthesia The University of Iowa Department of Anesthesia 
seeks talented academic anesthesiologists to take seeks talented academic anesthesiologists to take seeks talented academic anesthesiologists to take seeks talented academic anesthesiologists to take seeks talented academic anesthesiologists to take seeks talented academic anesthesiologists to take 
our clinical, educational and research missions to our clinical, educational and research missions to our clinical, educational and research missions to 
the next level. If you have the skills and the the next level. If you have the skills and the 
mindset to provide exceptionalexceptional patient care, 
inspired teaching, and innovative scholarship,  scholarship, 
we want you on our team. we want you on our team. we want you on our team. we want you on our team. 
Think you have what it takes to be a team captain? Think you have what it takes to be a team captain? Think you have what it takes to be a team captain? 
Try out for our Division Chief positions in General, Try out for our Division Chief positions in General, Try out for our Division Chief positions in General, 
Neuro, and Regional Anesthesia. Learn more at Neuro, and Regional Anesthesia. Learn more at 
jobs.uiowa.edu, (requisition #73494 for general jobs.uiowa.edu, (requisition #73494 for general jobs.uiowa.edu, (requisition #73494 for general jobs.uiowa.edu, (requisition #73494 for general 
anesthesiologist, #71620 for Division Chief), or anesthesiologist, #71620 for Division Chief), or 
send your CV and letter of interest to:send your CV and letter of interest to:

Ready to
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Join A World Class Team!

Open Faculty Positions in New York City
The Department of Anesthesiology at Weill Cornell Medical College 
and NewYork Presbyterian Hospital is actively recruiting qualified 
candidates for faculty positions with expertise in the subspecialty 
fields of Obstetric Anesthesiology, Pediatric Anesthesiology, 
and Regional Anesthesiology. We are one of the nation’s top five 
hospitals, located on the lovely Upper East Side of Manhattan.  
We are expanding to provide services to our growing ambulatory 
care center and a new women’s and newborns’ hospital opening 
in 2020.  We are seeking motivated and highly qualified individuals 
who demonstrate a strong academic commitment and a genuine 
interest in developing clinical research or educational programs. 
The department has ACGME-accredited fellowships in Obstetric 
Anesthesiology and Regional and Acute Pain.

All candidates must be ABA BC/BE and eligible for medical 
licensure in New York State, with additional board certification 
or eligibility within the related subspecialty. Academic rank and 
compensation will be commensurate to qualifications. Please 
send an electronic letter of intent, curriculum vitae, and three 
references to: Hugh C. Hemmings, Jr., M.D., Ph.D. Chair, Department 
of Anesthesiology anes-search@med.cornell.edu EOE/M/F/D/V

                1,232                        55,320                       61                       4 9,646
         LICENSED BEDS             ADMISSIONS                  ORs                        CASES

Join Us at UF Health 

bvidal@anest.uu.edu
www.anest.uu.edu

1600 SW Archer Road
Gainesville, FL 32608

352-273-8909

Department anesthesiologists practice alongside 89 residents, 22 fellows, and 72 
CRNA/CAAS. University employment beneets include 403(b) plan, 457 plan, 
individual and family health insurance, domestic partner beneets, own occ disability 
insurance, Baby Gator childcare, sovereign immunity malpractice status, and lots of 
sunshine. 

        The University of Florida College of Medicine, 
        part of the UF Health system headquartered 
         in Gainesville, FL is searching for the best 
        and brightest full-time assistant/associate/
        full professors on tenure and clinical tracks 
       in all anesthesiology subspecialties.

                                 Our 87 faculty teach and practice at UF Health 
                             Shands Hospital, Shands Children’s Hospital, 
                           Shands Cancer Hospital and UF Health Heart, 
                         Vascular, and Neuromedicine Hospitals at the
                      University of Florida, a quaternary care teaching
                   facility located in Gainesville, FL (Level 1 Trauma/
                                Highrisk Ob/Comprehensive Stroke Center/Congenital 
            Heart Center/Solid Organ Transplantation/Cancer Center). 
      Abundant opportunities exist to develop independent and 
collaborative research as well as innovative education models. 

The Department of Anesthesiology at the University of Kentucky seeks 
Board-certified or Board-eligible anesthesiologists in the areas of 
pediatric and general anesthesia. These positions are open to all 
ranks.
UK HealthCare has undergone a sustained and remarkable growth 
trajectory for a decade. Clinical volumes have doubled in the past 6 
years and the acuity of patient care is high. UK HealthCare’s Albert 
B. Chandler Hospital was named No. 1 in Kentucky in the U.S. 
News & World Report’s Best Hospitals rankings. The Department 
of Anesthesiology is a collegial group that is well-respected in the 
medical center. The residency program is strong and nationally 
recognized. The enterprise financially supports the academic and the 
clinical mission of the Department of Anesthesiology.

Lexington, Kentucky

Assistant, Associate, or  
Full Professor of Anesthesiology

Please include a CV along with application. Applications will be 
reviewed immediately and will continue until the position is filled.
Completion of residency in Anesthesiology
Fellowship training is required within subspecialty positions
Current license to practice medicine in the state of 
Kentucky, or eligibility for licensure
Board-certified or Board-eligible in Anesthesiology
Eligibility for ABA subspecialty certification is required 
within subspecialty positions

Contact Information robert.gaiser@uky.edu
http://www.wildcatanesthesia.com/
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 THE WLM FELLOWSHIP 
will provide recipients with fi nancial 
support for one to three weeks of 
scholarly historical research at the 
Wood Library-Museum.

The Board of Trustees of the Wood 
Library-Museum invites applications 
from anesthesiologists, residents in 
anesthesiology, physicians in other 
disciplines, historians and other 
individuals with a developed interest 
in library and museum research in 
anesthesiology.

For further information, contact:  
Librarian, Wood Library-Museum 
of Anesthesiology at (847) 825-5586, 
or visit our Web site at: 
www.WoodLibraryMuseum.org.

Completed proposals must be 
received before January 31, 2013, 
for consideration. The Wood Library-
Museum serves the membership of 
ASA and the anesthesiology community.

the wood 
library-museum 

of anesthesiology

Wood Library-Museum 
of Anesthesiology 

520 N. Northwest Highway
Park Ridge, IL 60068-2573

(847) 825-5586

wlm@asahq.org

www.WoodLibraryMuseum.org
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Account Manager
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The University of Wisconsin School of Medicine 
and Public Health (SMPH) invites applications and 
nominations for the position of Chair of the 
Department of Anesthesiology. 

Please send nominations to: Laurel Rice, MD and 
Susan Lederer, PhD, Co-Chairs of the Anesthesiology 
Search Committee, c/o Ms. Staci Andersen, 750 
Highland Avenue, 415OQ HSLC, Madison, WI  
53705-2111, slandersen2@wisc.edu

To apply for this position, please use the University 
of Wisconsin applicant tracking system found at: 
https://jobs.wisc.edu/ and search for position #92389. 
Applicants will be asked to upload a current cover letter, 
CV, and list of three references.

To receive full consideration, applications should arrive 
by October 14, 2018. 

17151
Anesthesiology
3 1/2" x 4 3/4"

CHAIR, Department of Anesthesiology
University of Wisconsin 

School of Medicine and Public Health
Madison, Wisconsin

 

The University of Wisconsin is an 
EEO/AA employer. Wisconsin Caregiver 
and Open Records laws apply. A 
background check will be conducted prior 
to employment.

School of Medicine
and Public Health
UNIVERSITY OF WISCONSIN-MADISON

CHAIR, DEPARTMENT OF ANESTHESIOLOGY

THE UNIVERSITY OF TEXAS HEALTH SCIENCE 

CENTER AT SAN ANTONIO JOE R. AND  

TERESA LOZANO LONG SCHOOL OF MEDICINE

The Long School of Medicine at the University of Texas Health Science Center at San Antonio (dba UT Health San Antonio) 
seeks an individual with an outstanding record of clinical operational leadership, scientific and educational achievement, 
and faculty/trainee recruitment and mentoring as its Chair of the Department of Anesthesiology. Dynamic leadership, 
clear communication, strong interpersonal skills, and a keen strategic vision are crucial characteristics required for 
success. Reporting to Dean of the Long School of Medicine, the Chair will be responsible for continuing to build and 
maintain excellence in clinical care, robust research programs, high quality graduate medical education, and a collegial 
interactive culture. The UT Health San Antonio is an Equal Employment Opportunity/Affirmative Action employer and is 
committed to excellence through diversity among its faculty, staff and students including protected veterans and persons 
with disabilities.

Candidates must have an MD, board certification in Anesthesiology and academic experience consistent with eligibility 
for full Professor with tenure. The ideal candidate will have a widely-recognized national reputation in their field. The 
ability to foster a culture of collaboration, innovation, and accountability across the Health Science Center is important. 
This is a wonderful opportunity for a visionary leader. UT Health San Antonio is a research-intensive institution located in 
San Antonio and it sits in the gateway to the picturesque Texas Hill Country. San Antonio is a vibrant, multicultural city 
with year-round recreational activities and an attractive cost-of-living. 

Interested individuals should submit a letter of interest along with a current CV electronically via the UT Health Careers 
portal at http://uthscsa.edu/hr/employment.asp to apply for position of Chair, Anesthesiology. Inquiries may be directed 
to Shelly Evans, Long School of Medicine Chief of Staff at elliss@uthscsa.edu

A l l  f a c u l t y  a p p o i n t m e n t s  a r e  d e s i g n a t e d  a s  s e c u r i t y  s e n s i t i v e  p o s i t i o n s .
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 THE WLM FELLOWSHIP
will provide recipients with fi nancial 

support for one to two weeks of 
scholarly historical research at the 

Wood Library-Museum.

The Board of Trustees of the Wood 
Library-Museum invites applications 
from anesthesiologists, residents in 
anesthesiology, physicians in other 

disciplines, historians and other 
individuals with a developed interest 

in library, museum and archival 
research in anesthesiology.

For further information, contact:  
Director, Wood Library-Museum 

of Anesthesiology at 
(847) 825-5586, or visit our website 
at: www.WoodLibraryMuseum.org.

Completed proposals must be 
received by January 31, 2020, 

for consideration. The Wood Library-
Museum serves the membership of 

ASA and the anesthesiology community.

the wood 
library-museum 

of anesthesiology

Wood Library-Museum 
of Anesthesiology 

1061 American Lane
Schaumburg, IL 60173-4973

(847) 825-5586

wlm@asahq.org

woodlibrarymuseum.org

WLM Exciting Opps Ad_2019_journal.indd   1 7/3/18   10:32 AM

Due to expanding clinical volume, Yale University 
School of Medicine, the Department of Anesthesiology 
is actively recruiting faculty (open rank) with a 
commitment to excellence in clinical care, education 
and/or research. Several opportunities are currently 
available but faculty are particularly desired in the 
subspecialty areas of liver transplant, pediatric 
cardiac anesthesia and neuro anesthesia. Fellowships 
in the subspecialty areas are preferred. Candidate 
must be ABA Board eligible/certified and be able to 
qualify for a Connecticut license. Opportunities for 
J-1 visa candidates are available. 

Yale University is an Affirmative Action/Equal Opportunity Employer. 
Women and persons with disabilities, protected veterans and members of 

under-represented minority groups are encouraged to apply.

Interested candidates should apply at apply.
interfolio.com/48850 . Questions specific to this 
position may be sent to Roberta.hines@yale.edu. 

Faculty (Open Rank)
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