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678  Quality of Labor Analgesia with Dural Puncture Epidural versus 
Standard Epidural Technique in Obese Parturients: A Double-blind 
Randomized Controlled Study

The dural puncture epidural analgesia technique for labor pain relief may offer advantages over the standard epidural technique 
by indirectly confirming correct identification of the epidural space and enhancing transfer of epidurally administered medications 
into the intrathecal space. Parturients who are obese have an increased risk of block failure and could benefit from these potential 
advantages. The hypothesis that the dural puncture epidural technique will be associated with improved quality of labor analgesia 
compared to the standard epidural technique was tested in a double-blind randomized controlled study of 132 obese parturients. 

The primary outcome was the quality of labor analgesia defined as a composite of five components, including asymmetrical block and epidural top-ups, the 
presence of one or more of which was considered positive for the outcome. The primary outcome was observed in 34 of 66 (52%) patients in the dural puncture 
epidural group and 32 of 66 (49%) patients in the standard epidural group, for an odds ratio (95% CI) of 1.1 (0.5 to 2.4) when adjusted for baseline characteristics. 
See the accompanying Editorial on page 667. (Summary: M. J. Avram. Image: A. Johnson, Vivo Visuals Studio.)

688  Self-reported Race/Ethnicity and Intraoperative Occult Hypoxemia: A 
Retrospective Cohort Study

Although measurement of blood oxygen saturation by pulse oximetry (Spo
2
) is generally a reliable noninvasive measure of arterial 

oxygenation (Sao
2
), skin pigmentation may interfere with its accuracy. The hypothesis that there is a greater prevalence of occult 

hypoxemia in patients whose self-reported race/ethnicity as a surrogate for skin pigmentation is other than White was tested in 
a retrospective study of 46,253 patients receiving an anesthetic, including at least one arterial blood gas measurement. Occult 
hypoxemia, defined as Sao

2
 less than 88% despite Spo

2
 more than 92%, was present in 2,016 of 151,070 (1.3%) paired Sao

2
–

Spo
2
 readings. The prevalence of occult hypoxemia was 1.1% (791 of 70,722 paired readings) in Whites, 2.1% (339 of 16,011 

paired readings) in Blacks, and 1.8% (383 of 21,223 paired readings) in Hispanics. The prevalence in Asians and Other race/ethnicity patients was similar to 
that of Whites. The odds ratio (95% CI) for occult hypoxemia relative to Whites was 1.44 (1.11 to 1.87) for Blacks and 1.31 (1.03 to 1.68) for Hispanics. See the 
accompanying Editorial on page 670. (Summary: M. J. Avram. Image: Adobe Stock.)

732  Extracorporeal Membrane Oxygenation for Respiratory Failure Related 
to COVID-19: A Nationwide Cohort Study

Extracorporeal membrane oxygenation (ECMO) support has been reported to improve both morbidity and mortality in severe acute respira-
tory distress syndrome (ARDS) patients. Severe manifestations of COVID-19 such as ARDS and acute myocardial injury suggest a possible 
role for ECMO support. This study determined in-hospital mortality of 429 patients in 47 centers in France with a diagnosis of COVID-19 
supported by venovenous ECMO for respiratory failure with a minimum follow-up of 28 days after ECMO cannulation up to October 25, 
2020. In-hospital mortality was 51% (219 of 429), with a median (interquartile range) follow-up of 49 days (33 to 70 days). Mortality at 
day 28 and at day 90 were 42% (180 of 429) and 60% (215 of 357), respectively. Variables associated with in-hospital mortality in multi 

variable analysis included older age, total bilirubin of 6.0 mg/dl or more at ECMO cannulation, and ventilation for more than 7 days before ECMO cannulation. The authors 
suggest venovenous ECMO support should be considered early within the first week of initiation of mechanical ventilation. (Summary: M. J. Avram. Image: J. P. Rathmell.)

697  Frequency and Risk Factors for Difficult Intubation in Women 
Undergoing General Anesthesia for Cesarean Delivery: A Multicenter 
Retrospective Cohort Analysis

Estimates of the frequencies of difficult and failed intubation in the obstetric population are several-fold higher than those reported 
for the general surgical population. The purpose of this retrospective study was to provide contemporary estimates of the fre-
quencies of difficult and failed intubation in women undergoing general anesthesia for cesarean delivery in the United States 
between 2004 and 2019 using data from 45 Multicenter Perioperative Outcomes Group sites. Difficult intubation was defined 
as difficult laryngoscopy (Cormack-Lehane view of 3 or more), three or more intubation attempts, flexible scope intubation after 

failed laryngoscopy, rescue supraglottic airway, or surgical airway. Failed intubation was defined as any attempt at intubation without successful endotracheal 
tube placement. Difficult intubation was identified in 295 of 14,537 cases (2.0% [95% CI, 1.8 to 2.3%]) and there were 18 cases of failed intubation (0.1% 
[95% CI, 0.1 to 0.2%]). Most factors strongly associated with difficult intubation were nonobstetric in nature and were related to patient or airway characteristics. 
(Summary: M. J. Avram. Image: J. P. Rathmell.)
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792 Ketamine Psychedelic and Antinociceptive Effects Are Connected
Ketamine produces analgesia as well as psychedelic effects related to its dissociative properties at subanesthetic doses. It has 
been suggested that ketamine analgesia may be generated by its dissociative effects, although there is evidence that suggests the 
two endpoints are independent and not connected. This was a planned secondary analysis of a study in which subjects received 
increasing doses of racemic ketamine and S-ketamine on different occasions and were tested for pain relief to a pressure 
pain stimulus and alterations in perception of external stimuli, a measure of psychotropic effect. A population pharmacokinetic– 
pharmacodynamic model and was developed to describe the relationship between effect site concentrations of S- and R-ketamine 
and their norketamine metabolites and pressure pain threshold and change in external perception. The pharmacodynamics of 

S-ketamine did not differ for antinociception and external perception, which had the same potency parameter (C50) and plasma-effect site equilibration half-time 
whether administered as racemic ketamine or S-ketamine. R-ketamine did not contribute to either endpoint while S-norketamine had a small antagonistic effect 
for both endpoints. See the accompanying Editorial on page 675. (Summary: M. J. Avram. Image: A. Johnson, Vivo Visuals Studio.)

749  Early Restrictive Fluid Strategy Impairs the Diaphragm Force in Lambs 
with Acute Respiratory Distress Syndrome

Critical illness–associated diaphragm weakness develops in most mechanically ventilated critically ill patients. The hypothesis that a 
liberal fluid strategy induces diaphragm muscle fiber edema leading to a reduction in diaphragmatic force-generating capacity was 
tested in 19 female lambs with experimental pediatric acute respiratory distress syndrome (ARDS). The animals were randomized 
to receive either a restrictive (60 ml/kg per day) or liberal (120 ml/kg per day) fluid regime throughout a 6-h period of mechanical 
ventilation. Contrary to the hypothesis, a liberal fluid regimen did not lead to diaphragm muscle fiber edema and early fluid restric-
tion decreased the force generating capacity of the diaphragm. The estimated marginal mean (95% CI) decreases in the pressure 

generating capacity of the diaphragm during application of 5 cmH
2
O positive end-expiratory pressure (PEEP) and 10 cmH

2
O PEEP after 6 h of mechanical ventilation 

were –9.6 cmH
2
O (–14.4 to –4.8 cmH

2
O) and –10.3 cmH

2
O (–15.2 to –5.4 cmH

2
O), respectively, in the restrictive group, and –0.8 cmH

2
O (–5.8 to 4.3 cmH

2
O) and 

–2.8 cmH
2
O (–8.0 to 2.3 cmH

2
O), respectively, in the liberal group. See the accompanying Editorial on page 672. (Summary: M. J. Avram. Image: J. P. Rathmell.)

829  Perioperative Management of Patients Receiving Short-term 
Mechanical Circulatory Support with the Transvalvular Heart Pump 
(Clinical Focus Review)

The first line treatment for cardiogenic shock includes optimization of volume status and administration of vasopressors and ino-
tropic medications. However, medical therapy alone may not provide adequate circulatory support and may increase myocardial 
oxygen consumption. When medical therapy alone does not provide adequate circulatory support, short-term mechanical circulatory 
support, such as that provided by the transvalvular heart pump, should be considered. The transvalvular heart pump can augment 
systemic blood flow while reducing myocardial oxygen consumption. The present review provides anesthesiologists with an over-

view of the transvalvular heart pump, including its mechanics and hemodynamic effects, as well as considerations for perioperative management for device place-
ment and initial optimization to allow them to provide optimal patient care and contribute to the perioperative decision-making process. It also discusses the timing 
and management of weaning from transvalvular heart pump support and subsequent pump explantation. An overview of major studies evaluating transvalvular heart 
pump use in cardiogenic shock is provided. (Summary: M. J. Avram. Image: From original article.)

843  Immune Modulatory Effects of Nonsteroidal Anti-inflammatory Drugs 
in the Perioperative Period and Their Consequence on Postoperative 
Outcome (Review Article)

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenase-1 and -2, key enzymes involved in prostaglandin synthesis, 
to varying degrees thereby producing analgesia, antipyresis, and immune modulation. They are administered in the perioperative 
period to facilitate pain management but may affect postoperative outcomes in beneficial or harmful ways due to their effects on 
the inflammatory response elicited by surgery. This narrative review evaluates the evidence available from in vitro studies and 

randomized controlled animal and human trials, systematic reviews, and meta-analyses of potential immune system-related consequences of perioperative NSAID 
administration. These include effects on systemic inflammatory response syndrome (SIRS), acute respiratory distress syndrome (ARDS), immediate and persistent 
postoperative pain, oncological and neurological outcome, and wound, anastomotic, and bone healing. It concludes that NSAIDs have been shown to have immune 
modulatory effects in cellular and animal models and affect various outcomes in these models but the immune modulatory effects of these drugs on perioperative 
outcomes in clinical studies are much less clear. (Summary: M. J. Avram. Image: From original article.)
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body mass index, Mallampati score III or IV, small hyoid-to-mentum distance, 
limited jaw protrusion, limited mouth opening, and cervical spine limitations.
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and the change in external perception as a measure of ketamine 
psychotropic effect. The pharmacodynamics of S-ketamine did not differ 
for antinociception and external perception, which had the same potency 
parameter (C

50
) and plasma-effect site equilibration half-time whether 

administered as racemic ketamine or S-ketamine. R-ketamine did not 
contribute to either endpoint, while S-norketamine had a small antagonistic 
effect for both endpoints.
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Point-of-care screening for heart failure with reduced ejection fraction using 
artificial intelligence during ECG-enabled stethoscope examination in London, 
UK: A prospective, observational, multicentre study. Lancet Digit Health 2022; 
4:e117–25. PMID: 34998740.
Better detection of heart failure with reduced ejection fraction, particularly in the outpatient setting, may improve long-term 
outcome. Previous research using a neural network (named AI-ECG) trained on the 12-lead electrocardiogram (ECG) has demon-
strated useful sensitivity and specificity for detection of reduced ejection fraction. This observational, prospective, multicenter UK 
study used the AI-ECG algorithm retrained to interpret single-lead ECG input alone via two electrodes mounted on a stethoscope 

capable of wireless transmission. Fifteen seconds of supine ECG were recorded at four anatomical positions for cardiac auscultation, plus one additional 
position, comparing data to echocardiogram-derived ejection fraction. The primary outcome was performance of AI-ECG at classifying reduced left ventricular 
ejection fraction (40% or lower) using the area under the receiver operating characteristic curve (ROC). The cohort included 1,050 patients (mean age 62 yr, 
51% male, 41% non-White), 10% with ejection fraction 40% or lower. ECG signal quality was best at the pulmonary position (93%). Quality was lowest for the 
aortic position (81%). AI-ECG performed best at the pulmonary valve position (P = 0.02), with a ROC area of 0.85 (95% CI, 0.81 to 0.89), sensitivity of 84.8% 
(76.2 to 91.3), and specificity of 69.5% (66.4 to 72.6). Diagnostic odds ratios did not differ by age, sex, or non-White ethnicity. Further improvements in ROC 
area were noted using two positions as well as a weighted logistic regression approach. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: Single-lead ECG tracings obtained using a specially designed stethoscope and processed using a neural network algorithm facilitated 
detection of left ventricular ejection fraction of 40% or lower in ambulatory primary care subjects.

Association of spinal cord stimulator implantation with persistent opioid use in 
patients with postlaminectomy syndrome. JAMA Netw Open 2022; 5:e2145876. 
PMID: 35099546.
The results of spinal cord stimulation studies vary tremendously, with concerns of bias in the mostly industry-sponsored trials. 
The controversy around the therapeutic effect of spinal cord stimulation has led to an emphasis on objective measures of 
effectiveness such as requirement for supplemental opioid utilization. This case-control study included 552,937 patients with 
previous spine surgery and compared the incidence of chronic opioid therapy over a 12-month period after implantation (4.7% 
of the cohort) or a matched index date, in those without spinal cord stimulation in opioid-naïve patients or those on chronic 

opioid therapy. In the study period, similar proportions in the spinal cord stimulation and non–spinal cord stimulation groups receiving baseline opioid therapy 
remained on opioids (70.3% vs. 69.2%). In opioid-naïve patients, spinal cord stimulation was associated with a statistically lower likelihood of patients receiving 
subsequent opioid therapy (7.6% vs. 7.0%, P = 0.003). In multivariable analysis, spinal cord stimulation was associated with a greater likelihood of not being 
on opioids in both opioid-naïve (adjusted odds ratio 0.90; 95% CI, 0.85 to 0.96; P < 0.001) and chronic opioid therapy patients (adjusted odds ratio 0.93; 95% 
CI, 0.88 to 0.99; P = 0.02). (Article Selection: Steven Cohen, M.D. Image: J. P. Rathmell.)
Take home message: In a large case-control study, spinal cord stimulation in patients with previous spinal surgery is associated with a clinically question-
able reduction in chronic opioid therapy in opioid-naïve patients, but not in individuals already on chronic opioid therapy.

Effect of anticoagulant therapy for 6 weeks vs 3 months on recurrence and 
bleeding events in patients younger than 21 years of age with provoked venous 
thromboembolism: The Kids-DOTT Randomized Clinical Trial. JAMA 2022; 
327:129–37. PMID: 35015038.
Standard of care for the duration of anticoagulation after a first episode of venous thromboembolism in patients younger than 
21 yr is a 3-month course of anticoagulation. However, recent practice has shifted toward a 6-week course. The Kids-DOTT 
Randomized Clinical Trial enrolled 417 patients younger than 21 yr with acute provoked venous thromboembolism at 42 
centers in five countries between 2008 and 2021 comparing the two strategies. The primary therapeutic and safety endpoints 

were symptomatic recurrent venous thromboembolism and clinically relevant bleeding events within 1 yr of treatment initiation. The choice of anticoagulant 
was left at the discretion of the physician. Among 417 randomized patients, 297 (median age, 8 yr) met criteria for the primary per-protocol population analy-
sis. The Kaplan-Meier estimate for the 1-yr cumulative incidence of the primary therapeutic outcome was 0.66% (95% CI, 0 to 1.95%) in the 6-week therapy 
group and 0.70% (95% CI, 0 to 2.07%) in the 3-month therapy group. For the primary safety outcome, the incidence was 0.65% (95% CI, 0 to 1.91%) and 
0.70% (95% CI, 0 to 2.06%). (Article Selection: David Faraoni, M.D., Ph.D. Image: Adobe Stock.)
Take home message: Among patients younger than 21 yr with provoked venous thromboembolism, anticoagulant therapy for 6 weeks was noninferior to 
anticoagulant therapy for 3 months for the therapeutic endpoint of recurrent venous thromboembolism and the safety endpoint of bleeding episodes.

SMA

Martin J. London, M.D., Editor

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST 

Key Papers from the Most Recent Literature Relevant to Anesthesiologists 

ANESTHESIOLOGY, V 136   •   NO 5 MAY 2022 DOI: 10.1097/ALN.0000000000004213

Association of surgeon–patient sex concordance with postoperative out-
comes. JAMA Surg 2022; 157:146–56. PMID: 34878511.
Sex discordance between physicians and patients has been associated with worse clinical outcomes in primary care and 
acute cardiac care, particularly for male physicians treating female patients. This population-based, retrospective cohort 
study conducted in Ontario was designed to evaluate the effect of sex discordance between surgeons and patients in 
perioperative care. It focused on adults undergoing one of 21 common elective or emergency surgeries. The primary 
outcome was a composite of death, readmission, or complication within 30 days after surgery. Among 1,320,108 patients 
who underwent surgery by one of 2,937 surgeons in Ontario between January 2007 and December 2019, 602,560 (46%) 

were sex concordant with their surgeon and 717,548 (54%) were sex discordant. Sex discordance was associated with a greater likelihood of the primary 
outcome (adjusted odds ratio 1.07; 95% CI, 1.04 to 1.09). This association was different for male versus female patients: sex discordance was associated 
with worse outcomes for female patients (adjusted odds ratio, 1.11; 95% CI, 1.06 to 1.16) and better outcomes for male patients (adjusted odds ratio, 
0.96; 95% CI, 0.93 to 0.99; P for interaction = 0.004). This effect was consistent across all surgical subspecialties and robust to subgroup analyses 
assessing procedure-, patient-, physician-, and hospital-level characteristics. (Article Selection: Meghan Prin, M.D. Image: Adobe Stock.)
Take home message: Sex discordance between patients and surgeons, primarily when female patients are treated by male surgeons, may play a role 
in worse surgical outcomes.

Multiple early factors anticipate post-acute COVID-19 sequelae. Cell 2022; 
185:881–95.e20. PMID: 35216672.
Up to two thirds of COVID-19 patients develop “post-acute sequelae of COVID-19,” also known as long COVID. These terms 
refer to health problems that persist for more than a month after an initial SARS-CoV-2 infection, such as fatigue, memory 
loss, gastrointestinal distress, and dyspnea. Long COVID is a poorly understood, heterogeneous condition, and generally 
symptoms cluster into one of four systems: neurological, gastrointestinal, respiratory, or nasal. A better understanding of 
this condition may allow for early intervention or prevention. In this longitudinal study of 309 COVID-19 patients (primary 
cohort n = 209; independent validation cohort n = 100) followed from initial diagnosis for 2 to 3 months and compared 

with 457 healthy controls, a systems biology approach was undertaken to elucidate, quantify, and immunologically characterize biological associations 
that may predict the development of long COVID. Four risk factors at initial COVID-19 diagnosis were identified: type 2 diabetes, Epstein-Barr viremia, 
SARS-CoV-2 RNAemia, and specific autoantibodies. Analyses of immune-transcriptomes revealed four convalescent immunological endotypes that were 
associated with varying acute disease severity and long COVID subtype. All four long COVID risk factors are detectable at initial COVID-19 diagnosis, 
which highlights the importance of prompt and thorough assessments and may allow for risk stratification. (Article Selection: Meghan Prin, M.D. Image: 
Adobe Stock.)
Take home message: Long COVID is common and may be associated with risk factors that are easily identifiable at initial COVID-19 diagnosis, allowing 
for early risk stratification and more precise treatment plans.

Why postmortems fail. Proc Natl Acad Sci USA 2022; 119:e2116638118. PMID: 
35027455.
There is almost always an investigation after high-profile public disasters. The expectation is that, by uncovering early 
warning signs, we might prevent a recurrence of the disaster and make us safer. Unfortunately, the process of the inquiry 
usually just replicates the same political pressures and poor social science methods that originally led to the occurrence 
of the disaster in the first place, leading inevitably to biased and misleading conclusions. It is necessary to recognize that 
there is not a perfect correlation between the process and the outcome. From which it follows that terrible outcomes can 
sometimes arise from correct judgements in the presence of incomplete knowledge. People can be wrong for the right 

reasons. To avoid arriving at flawed conclusions, the subsequent inquiry has to have the humility to recognize: the difference between necessary and 
sufficient causation; the cost of false positives; the dangers of cherry-picking ideas; the problem that there are many “dots” that can be connected in 
many different ways; and at least considering whether the facts were also consistent with alternative explanations. (Article Selection: Jamie Sleigh, M.D. 
Image: Space Shuttle Challenger, NASA [public domain].)
Take home message: Although derived from the political and social sphere, these principles clearly also apply to the investigation of medical disasters.
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Skin-resident dendritic cells mediate postoperative pain via CCR4 on sensory 
neurons. Proc Natl Acad Sci USA 2022; 119:e2118238119. PMID: 35046040.
The chemokine receptor CCR4 has several ligands, including CCL2, CCL5, CCL17, and CCL22. This study investigated 
the role of dendritic cells and CCR4 in postoperative pain in a mouse model of plantar incision. Several interesting findings 
were reported. First, paw incision increased the expression of CCL17 and CCL22 in skin-resident dendritic and Langerhans 
cells. Second, exogenous injection of CCL17 and CCL22 was sufficient to induce acute mechanical and thermal hypersen-
sitivity when administered subcutaneously; however, this behavioral response is abrogated by pharmacological blockade 
or genetic silencing of CCR4, suggesting that CCR4 is required for producing mechanical and thermal nociception elicited 

by these two cytokines. Third, electrophysiological assessment of dissociated sensory neurons from naïve and postoperative mice revealed that CCL22 
was able to directly activate sensory neurons and enhance their excitability after injury. Fourth, postoperative nociception is reduced in mice lacking CCR4 
or in wild-type animals treated with CCR4 antagonist. Finally, postoperative nociception is reduced in transgenic mice depleted of dendritic cells. (Article 
Selection: Ru-Rong Ji, Ph.D. Image: J. P. Rathmell.)
Take home message: This study demonstrates an essential role of dendritic cells in postoperative nociception in animals and reveals CCR4 as a potential 
drug target for the development of new pain therapeutics.

Brain responses to propofol in advance of recovery from coma and  
disorders of consciousness: A preliminary study. Am J Respir Crit Care Med 
2022; 205:171–82. PMID: 34748722.
Prognosis of recovery in unresponsive, brain-injured patients is of utmost clinical importance but definitive clinical tools 
for prognostication are lacking. Propofol induces distinctive neural network reconfiguration in the healthy brain as con-
sciousness is lost, such as anteriorization of a network hubs and neutralization of feedback-dominant connectivity. This 
case series utilized an adaptive reconfiguration index, metrics of a network hubs and directed functional connectivity, to 
predict patients who would regain full consciousness within 3 months. High-density electroencephalograms (EEGs) were 

recorded before, during, and after the administration of propofol at a target effect site concentration of 2 ug/min in 12 adult patients, 7 with acute (less 
than 6 months) and 5 with chronic (more than 6 months) unconsciousness. The chronic patients were considered as negative controls since a low adaptive 
reconfiguration index was predicted reflecting a low likelihood of recovery of consciousness. In 3 of the 6 acute patients who recovered consciousness 
by 3 months, the network hub topography and the directed functional connectivity patterns paralleled those of healthy subjects who receive propofol. The 
three acute patients who completed the study and did not recover consciousness at 3 months demonstrated minimal hub reconfiguration during propofol 
exposure and little to no reconfiguration in directed functional connectivity. (Article Selection: Charles Emala, Sr., M.D., M.S. Image: J. P. Rathmell.)
Take home message: In this small case series, the propofol-induced adaptive reconfiguration index, an EEG measured alteration of a network hubs and 
directed functional connectivity, was predictive of those unresponsive brain-injured patients who regained consciousness within 3 months.

Balanced multielectrolyte solution versus saline in critically ill adults. N Engl 
J Med 2022; 386:815–26. PMID: 35041780.
In critically ill patients, the optimal type and composition of intravenous fluids remain controversial with balanced multi 
electrolyte solutions increasingly preferred over saline. Critically ill patients were randomized to receive either a balanced 
multielectrolyte solution or 0.9% sodium chloride for fluid therapy in the intensive care unit (ICU) for up to 90 days after 
randomization. The primary endpoint was the incidence of 90-day all-cause mortality. Secondary endpoints included new 
renal-replacement therapy and the maximum increase in creatinine concentration. Among the 5,037 patients recruited 
from 53 ICUs in Australia and New Zealand, 2,515 patients were assigned to the balanced multielectrolyte solution group 

and 2,522 to the 0.9% sodium chloride group. Death within 90 days after randomization occurred in 21.8% of the patients treated with balanced mul-
tielectrolyte solution and in 22.0% of the patients treated with 0.9% sodium chloride (difference of −0.15 percentage points [95% CI, −3.60 to 3.30]). 
The incidence of new renal-replacement therapy was 12.7% in the balanced multielectrolyte solution group and 12.9% in the saline group (difference of 
−0.20 percentage points [95% CI, −2.96 to 2.56]). No difference was reported in the mean increase in creatinine concentrations between the two groups. 
(Article Selection: David Faraoni, M.D., Ph.D. Image: J. P. Rathmell.)
Take home message: In this randomized study of critically ill adults who received fluid therapy with a balanced multielectrolyte solution for up to 90 
days, there was no difference in the risk of mortality or acute kidney injury when compared to 0.9% sodium chloride.
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Cardiomyocytes disrupt pyrimidine biosynthesis in nonmyocytes to regulate 
heart repair. J Clin Invest 2022; 132:e149711. PMID: 34813507.
Myocardial infarction (MI) is a major cause of heart failure. Although fibroblasts, macrophages, and endothelial cells play 
a pivotal role in postischemic regeneration, the role of cardiomyocytes in wound healing is poorly understood. Using a 
murine model of ischemic cardiac injury and an arsenal of pharmacological and genetic approaches, the critical role of the 
ectonucleotidase (ENPP1) in the process of myocardial regeneration was identified. Cardiac damage increased expression 
of ENPP1 selectively in nonmyocytes, namely fibroblasts, macrophages, and endothelial cells, which was found to metab-
olize adenosine triphosphate (ATP) derived from cardiomyocytes to adenosine monophosphate (AMP). Cardiomyocytes in 

response to AMP released adenine and other purine nucleosides, which inhibited the cell cycle and induced apoptotic cell death in cycling nonmyocytes 
by blocking pyrimidine biosynthesis (UMP synthase) and upregulating the p53-signaling pathway. A knockout model for ENPP1 showed improved cardiac 
function and decreased chamber size after permanent ligation of the coronary artery. Only 6% of mice in the ENPP1 knockout group showed ejection 
fractions less than 20%, compared with 50% in control littermates. Peri-infarct histology exhibited increased capillary density and reduced scar formation. 
By screening a library of 200,000 compounds, a polyphenolic flavonoid named myricetin was identified as potent ENPP1 inhibitor, which also improved 
post-MI outcome in mice. (Article Selection: Michael Zaugg, M.D., M.B.A. Image: J. P. Rathmell.)
Take home message: The discovery of a key cardiomyocyte–nonmyocyte crosstalk, which disrupts nonmyocyte cell function and deteriorates post 
ischemic wound healing, has potential implications as a newly identified small molecular inhibitor of ENPP1 to improve post-MI outcomes in mice.

Evidence for a mouse origin of the SARS-CoV-2 Omicron variant. J Genet 
Genomics 2021; 48: 1111–21. PMID: 34954396.
The rapid and diverse accrual of mutations in the Omicron variant of SARS-CoV-2 has raised the question of whether its origin 
occurred in humans or an alternative mammalian host. Three hypotheses have been proposed for Omicron’s many and diver-
gent mutations compared to previous variants: (1) it circulated in a human population with insufficient viral surveillance and 
sequencing; (2) it evolved in a chronically infected and immunocompromised human host allowing for long-term intra-host viral 
interactions; (3) it evolved in a nonhuman host and jumped species to humans. Results demonstrate that the Omicron spike 
protein was subjected to stronger positive selection than any previously reported variants and that the molecular spectrum of 

the mutations was different from those mutations previously acquired by other viruses in humans. This is based on previous research demonstrating that the 
patterns of mutations in RNA viruses are highly dependent on host-specific cellular environments and that the pattern of mutations in Omicron more closely 
resembled virus evolution in a murine host. Moreover, molecular docking experiments predicted that the acquired mutations resulted in a higher binding affinity 
of Omicron for the mouse ACE2 than the receptor binding domains of the reference SARS-CoV-2 genome. (Article Selection: Charles Emala, Sr., M.D., M.S. 
Image: Alexey Solodovnikov [Idea, Producer, CG, Editor], Valeria Arkhipova [Scientific Consultant], CC BY-SA 4.0, via Wikimedia Commons.)
Take home message: The molecular spectrum of pre-outbreak mutations of the SARS-CoV-2 Omicron variant is inconsistent with evolution in humans 
but is more consistent with mutations accumulating in murine hosts for more than 1 yr before jumping back to humans.

Factors associated with opioid overdose after an initial opioid prescription. 
JAMA Netw Open 2022; 5:e2145691. PMID: 35089351.
Identifying patients at risk for opioid-related overdose remains a critical priority. In this retrospective, observational cohort 
study, data from the Oregon Comprehensive Risk Registry containing linked all payer claims with other health data were 
used to assess risk factors associated with overdose after the first (index) opioid prescription. Of the 236,921 patients, 667 
(0.3%) experienced opioid overdose. Risk of overdose was highest among individuals 75 yr or older (adjusted hazard ratio, 
3.22; 95% CI, 1.94 to 5.36) compared with young age groups; male sex (adjusted hazard ratio, 1.29; 95% CI, 1.10 to 1.51); 
dual eligible Medicare/Medicaid beneficiaries (adjusted hazard ratio, 4.37; 95% CI, 3.09 to 6.18), Medicaid (adjusted hazard 

ratio, 3.77; 95% CI, 2.97 to 4.80), or Medicare Advantage (adjusted hazard ratio, 2.18; 95% CI, 1.44 to 3.31) compared with commercial insurance; those 
with comorbid substance use disorder (adjusted hazard ratio, 2.74; 95% CI, 2.15 to 3.50), with depression (adjusted hazard ratio, 1.26; 95% CI, 1.03 to 
1.55), or with one to two comorbidities (adjusted hazard ratio, 1.32; 95% CI, 1.08 to 1.62) or three or more comorbidities (adjusted hazard ratio, 1.90; 95% 
CI, 1.42 to 2.53) compared with none. Patients were at a greater overdose risk if they filled oxycodone (adjusted hazard ratio, 1.70; 95% CI, 1.04 to 2.77) 
or tramadol (adjusted hazard ratio, 2.80; 95% CI, 1.34 to 5.84) compared with codeine; used benzodiazepines (adjusted hazard ratio, 1.06; 95% CI, 1.01 
to 1.11); used concurrent opioids and benzodiazepines (adjusted hazard ratio, 2.11; 95% CI, 1.70 to 2.62); or filled opioids from three or more pharmacies 
over 6 months (adjusted hazard ratio, 1.38; 95% CI, 1.09 to 1.75). (Article Selection: Chad Brummett, M.D. Image: Adobe Stock.)
Take home message: Although opioid overdose is uncommon after first prescriptions, there are patient and prescribing factors associated with overdose 
that may aid in medical decision making and patient education.
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Dural Puncture Epidural for Labor Analgesia: Is It Really an 
Improvement over Conventional Labor Epidural Analgesia?
Scott Segal, M.D., M.H.C.M., Peter H. Pan, M.D., M.S.E.E.

Neuraxial analgesia is con-
sidered the definitive stan-

dard for labor pain relief, utilized 
by more than 73% of laboring 
women in the United States, with 
growing popularity over time.1 
This is perhaps unsurprising given 
its analgesic effectiveness, titrat-
ability, relative lack of serious side 
effects, and acceptance by most 
obstetric clinicians. During the 
last several decades, various refine-
ments to neuraxial labor analgesia 
have included the use of contin-
uous infusions of local anesthetic, 
addition of lipophilic opioids to 
epidural injectates, use of higher- 
volume and lower-concentration  
local anesthetic solutions, patient- 
controlled epidural analgesia, 
programmed intermittent epi-
dural bolus, combined spinal–
epidural analgesia, and dural puncture epidural analgesia.  
In combined spinal–epidural and dural puncture epidural, 
a spinal needle is passed through the epidural needle, and 
in combined spinal–epidural, small doses of opioid, usu-
ally combined with very small doses of local anesthetic, are 
injected intrathecally at the time of epidural initiation. In 
dural puncture epidural, no drug is injected. In this issue of 
Anesthesiology, Tan et al.2 report the results of a random-
ized clinical trial of dural puncture epidural compared to 
conventional epidural in obese parturients, hypothesizing 
that in this relatively high-risk group, dural puncture epi-
dural would improve analgesia and lessen epidural failures.

Despite multiple features designed to demonstrate 
a clinically meaningful difference between dural punc-
ture epidural and conventional epidural techniques, the 
authors found none (52% vs. 49% for the primary outcome, 
a composite of several measures of inadequate analgesia). 
Removing the very common outcome of clinician top-up 

did not change the conclusion 
(30% vs. 26%). No individual sec-
ondary outcomes appeared to dif-
fer, the time to effective analgesia 
was similar, and there were no dif-
ferences in adverse events for the 
mothers or the babies.

The purported advantages of 
the combined spinal–epidural 
technique are faster onset of 
analgesia, especially in sacral der-
matomes, less motor blockade and 
greater patient mobility, more pos-
itive identification of the epidural 
space by detection of cerebrospinal 
fluid (CSF), fewer epidural cathe-
ter failures and replacements, faster 
cervical dilation, greater patient 
satisfaction, and facilitation of 
use of more dilute epidural local 
anesthetic solutions. The possible 
disadvantages of the technique 

(although several have been largely disproven) include more 
pruritus, more frequent fetal heart rate changes including 
fetal bradycardia, increase in postdural puncture headache, 
and uncertainty regarding epidural functionality due to 
masking by the initial intrathecal medication. Importantly, 
continued innovation in conventional epidural analgesia has 
narrowed some of the advantages of the combined spinal–
epidural technique observed in early studies.3

The dural puncture epidural technique attempts to 
have the best of both worlds, in principle, by providing the 
advantages of a modern low-dose labor epidural analge-
sic while avoiding the intrathecal opioid-induced pruritus 
and fetal bradycardia associated with combined spinal–
epidural. Because there is affirmative observation of CSF 
before catheter insertion, dural puncture epidural (like 
combined spinal–epidural) may offer greater certainty 
of proper epidural needle placement. Finally, because the 
dural puncture might allow partial transdural passage of 

“Dural puncture epidural 
appears to be a clever idea in 
search of an indication.”

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.<zdoi;. DOI: 10.1097/ALN.0000000000004187>
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local anesthetic and opioid, some of the benefits of com-
bined spinal–epidural may be observed, particularly the 
more rapid onset of sacral and perhaps overall analgesia. 
Conversely, because a dural puncture is still intentionally 
made, a potential, but likely small, risk of postdural punc-
ture headache would remain.

Unfortunately, these theoretical benefits have not been 
consistently documented. The initial report of dural punc-
ture epidural showed faster onset of sacral analgesia, a higher 
incidence of visual analog scale pain scores of less than 10 
of 100 at 20 min, and fewer asymmetric blocks.4 This study 
was criticized on statistical grounds;5 in a subsequent study, 
the same institution found similar beneficial effects over the 
conventional epidural technique and fewer side effects than 
combined spinal–epidural,6 but again, there were meth-
odologic concerns.7 Other groups found no or minimal 
differences between dural puncture epidural and conven-
tional epidural blocks, and two meta-analyses published 
in 2019 concluded the differences were minor at best.8,9 
Subsequently, published studies from several international 
groups once again found slightly faster onset of adequate 
analgesia with dural puncture epidural,10–12 but other studies 
found trivial or no differences.13 While it is unclear why 
such disparate results have been observed, variations in spi-
nal needle size, epidural drug administered, patient popu-
lation studied, method of analgesia assessment, and other 
unknown confounders or random variation may be respon-
sible. It is also certainly possible that some patients could 
benefit much more than others from the use of the dural 
puncture epidural technique but that in the parturient pop-
ulation as a whole, these benefits are obscured.

The study by Tan et al.2 features a design well poised 
to help detect a difference between techniques. Obese 
women are often thought to present more difficult anat-
omy for identification of the epidural space and would 
thus potentially benefit more from the observation of 
CSF during dural puncture epidural, which would help 
the operator confirm midline placement of the epidural 
needle and reject a false loss of resistance. The investiga-
tors used a 25-gauge Whitacre spinal needle, which might 
increase transdural transfer of local anesthetic compared to 
finer needles. They utilized the programmed intermittent 
epidural bolus and patient-controlled epidural analge-
sia techniques for the subsequent epidural analgesia. The 
higher pressures achieved during such injections compared 
to continuous infusion might also increase transfer of drug 
to the intrathecal space. Finally, they measured a composite 
outcome of block inadequacy that included one or more 
of the following: the need for physician top-ups, asymmet-
ric block, catheter adjustment or replacement, and failed 
conversion to surgical anesthesia for cesarean delivery. This 
primary outcome occurred in more than half the par-
ticipants; use of a such a commonly observed event class 
increases the power of the study to detect a difference, 
compared to rarer outcomes. The study was adequately 
powered to detect a fairly large difference in the primary 

outcome (62% reduction, as has been observed in epidural 
vs. combined spinal–epidural studies). Careful attention 
to randomization and observer blinding was achieved, 
and randomly observed baseline differences between the 
groups were controlled for in the analyses.

Despite this study design, Tan et al.2 found no advantage 
of the dural puncture epidural technique. They acknowl-
edged that use of a very dilute epidural solution might 
have lessened the effect of transdural drug passage. Use of  
programmed intermittent epidural bolus and patient- 
controlled epidural analgesia may have made the epidural 
group function better than older techniques and lessened 
the possibility of showing an advantage of dural puncture 
epidural. In addition, several of their secondary outcomes 
had wide CI ranges that included clinically meaningful 
differences, even though the point estimate showed none. 
Furthermore, the study was powered to detect a greater 
than 60% difference in the composite outcome, which 
might have missed smaller differences in the composite or 
individual outcomes that could still be relevant.

Where does the current study leave the field? Dural 
puncture epidural appears to be a clever idea in search of an 
indication. In the general parturient population, the overall 
effect seems to be quite modest at best. In the higher-risk 
population studied by Tan et al.,2 there were no significant 
advantages. It may still be possible to identify patients who 
could benefit (for example, those in whom equivocal loss 
of resistance is encountered). However, randomized clinical 
trials studying such narrow subgroups are unlikely to be 
performed, and individual clinician judgment will proba-
bly guide the development of a home, if any, for the dural 
puncture epidural technique.
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The Pulse Oximeter Is Amazing, but Not Perfect
Philip Bickler, M.D., Ph.D., Kevin K. Tremper, Ph.D., M.D.

It is amazing to think that a 
device developed for aviation 

research during World War II 
and implemented into anesthe-
sia care in the mid-1980s is now 
likely the most common medical 
device on Earth—with the pos-
sible exception of the thermom-
eter. In the 1940s, Glenn Allen 
Millikan developed an ear oxim-
eter to estimate hemoglobin satu-
ration for determination of when 
high-altitude World War II fighter 
and bomber pilots required sup-
plemental oxygen.1 The Millikan 
oximeter required cumbersome 
calibration and so remained a 
research device for the next 30 yr. 
It was the ingenious observation 
of Takou Aoyagi in 1974 that the 
arterial signal could be obtained 
without calibration, if you assume 
that the only pulsatile absorber in the tissue is the pulsing 
arterial blood. Aoyagi’s pulse oximeter involved a relatively 
simple device of light-emitting diodes and photodiode 
detectors and used the pulsatile absorbance signal to esti-
mate arterial hemoglobin saturation. Once an empiric 
calibration for this approach was established for human 
subjects in controlled laboratory hypoxia conditions, no 
further calibration of pulse oximeters is needed. For the 
most part, the device today is the same as the original pulse 
oximeters of the 1980s.

Before the pulse oximeter, clinicians relied on observed 
cyanosis to detect hypoxemia. Julius Comroe at the 
University of California, San Francisco (San Francisco, 
California), conducted volunteer studies in the 1940s using 
a Millikan oximeter to assess the accuracy of clinicians’ 
ability to detect clinical cyanosis.2 He demonstrated that 
these observations were unreliable until saturation was less 
than 80% and still highly variable between subjects and 
observers. This study was conducted in a well-lit setting in 
White subjects, recognizing that darker skin would make 
the detection of anoxemia more difficult, hence, the need 

for and rapid adoption of pulse 
oximetry as a standard of care.

In this issue of Anesthesiology, 
Burnett et al. analyze the accuracy 
of pulse oximeters in a large ret-
rospective cohort of anesthetized 
patients with varying degrees of 
skin pigmentation.3 It was noted 
in previous studies of volunteer 
subjects and intensive care unit 
patients that pulse oximeter read-
ings were erroneously higher at 
lower saturations in patients with 
darker skin.4 This current operat-
ing room study analyzed 11 yr of 
data from 46,000 patients under 
anesthesia. Their surrogate marker 
for skin pigmentation was self- 
reported race in the categories of  
White, Black, Hispanic, Asian, and 
Other. They estimated arterial 
oxygen saturation (Sao

2
) by calcu-

lating saturation from blood gas data. The traditional way 
of assessing the accuracy of two methods of measuring a 
variable (e.g., oxygen saturation measured by pulse oxime-
try [Spo

2
] vs. Sao

2
) is by a bias analysis—that is, the mean 

difference between the two measures and the SD of those 
differences. The bias being the average difference is the sys-
tematic error, and the SD of differences (or precision, as it 
is sometimes called) the random error.

In addition to determining the bias and precision by 
skin pigmentation groups, they also chose a clinical mea-
sure of the incidence of unrecognized hypoxemia defined 
as a saturation Sao

2
 less than 88% when the Spo

2
 reading 

was greater than 92 to 96%. In this analysis, they found 
that the incidence of occult hypoxemia differed with skin 
pigmentation (e.g., White, 1.1%; Hispanic, 1.8%; and Black, 
2.1%). The good news is this is a low incidence; the bet-
ter news is that for the group with Spo

2
 greater than 96%, 

incidence was rare, and there were no differences among 
racial/ethnic groups. So, the clinical bottom line is to keep 
the Spo

2
 greater than 96%. If that cannot be achieved by 

increasing fraction of inspired oxygen or modifying positive 

Image: Adobe Stock.
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“How does nonpulsatile skin 
pigmentation affect the pulse 
oximeter accuracy…?”
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end-expiratory pressure, an invasive blood sample may be 
considered.

Several comments and questions related to the con-
clusions of the work from Burnett et al. are appropriate. 
Pulse oximeter errors and bias can be caused by motion 
(shivering), interfering substances (carboxyhemoglobin, 
methemoglobin), mistiming of blood draws and oxim-
eter readings, optical interference, probe misplacement, 
and low perfusion. In the case of low perfusion, reduc-
tions in the pulse oximeter signal are compounded by 
light absorption by melanin. In the study by Burnett et al., 
none of these factors were controlled. In addition, Black 
patients were older on average (62 vs. 52 yr) and had 
a greater incidence of kidney failure and diabetes than 
White patients. Could these disparities have contributed 
to lower perfusion, and amplified the calibration error? 
Further study is needed.

During the early years of pulse oximetry, it is likely that 
the in-human testing of pulse oximeters involved almost 
all White patients. It was not until 2005 that the limita-
tions of this approach were identified.4 It was noted that 
darker skin pigmentation caused a positive bias—that is, the 
pulse oximeter reading was higher than the actual satura-
tion measured on a blood sample. The error was greater 
in saturation ranges that were less than 80%, but some bias 
existed at higher ranges as well. A recent controlled labo-
ratory study, with multiple types of good-quality oximeters 
for sale in 2017 to 2020, found that oximeters still read 1 to 
2% too high in patients with darker skin who were near the 
critical 90% hypoxia threshold.5

How does nonpulsatile skin pigmentation affect the 
pulse oximeter accuracy, particularly in producing a positive 
bias that might cause hypoxemia to be missed? The pulse 
oximeter measures the ratio of the pulse’s added absorbance 
in red and infrared light transmitted through the tissue. The 
ratio (R) is then empirically calibrated with human volun-
teer data to produce an “R calibration curve,” (e.g., R = 3.4, 
Spo

2
 = 100%; R = 1.0, Spo

2
 = 85%). If the pigment acts 

as a variable light filter for the transmitted light frequency, 
the peak frequency could slightly change and produce a 
slightly changed R and slightly altered Spo

2
 value. The red 

light-emitting diodes used in pulse oximeters do not pro-
duce a single wavelength of red light, but rather a bell curve 
distribution of wavelengths, and the shorter wavelengths of 
this distribution are more heavily absorbed by melanin than 
the longer. In effect, the R curve for patients with darker 
skin pigmentation needs to be different than that for White 
patients.

Another unanswered important clinical question is 
regarding patients who live in the low saturation ranges. 
The current study provides reassurance when Spo

2
 is 

greater than 96%, but what about children with cyanotic 
heart disease? These patients live in the most error-prone 
range of Spo

2
. During general anesthesia, it is rare to have 

patients with sustained saturations in the low 90s or 80s, but 
it is part of the treatment plan for patients with cyanotic 
heart disease. This population needs further study.

Overall, the work of Burnett et al. provides clinical context 
to errors in a device that we depend on every day. It gives us 
new targets for saturation ranges to be safe for all patients. The 
pulse oximeter is incredibly useful and reliable for medical 
monitoring, and it works on a tremendous range of patients. 
Even in the very low ranges of saturation where there are few 
to no calibration data, its directional trends are very useful. We 
should give thanks to the ingenuity of Takuo Aoyagi every 
day when we are reassured by that beep, beep, beep.
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Fluid Balance: Another Variable to Consider with Diaphragm 
Dysfunction?
Robinder G. Khemani, M.D., M.S.C.I.

While mechanical ventila-
tion is lifesaving for chil-

dren with acute respiratory distress 
syndrome (ARDS), it has become 
clear that it can lead to significant 
harm from ventilator-induced lung 
injury, patient self-inflicted lung 
injury, and ventilator-induced dia-
phragm dysfunction.1 To that end, 
therapeutic strategies that try to 
balance lung and diaphragm pro-
tection have become a priority in 
both pediatric and adult ARDS.2 
In this month’s issue, Ijland et al.3 
provide provocative results evaluat-
ing the effect of fluid strategies on 
diaphragm function in an experi-
mental model of pediatric ARDS. 
The results highlight that fluid 
management can have potentially 
competing effects on the lung and 
the diaphragm.

The authors should be com-
mended for an elegant and com-
prehensive controlled study, conducted in 19 lambs with 
on average moderate ARDS. The authors hypothesized that 
lambs managed with a liberal fluid strategy would have more 
impairment in diaphragm strength, because the liberal strat-
egy would promote more edema in diaphragm myofibrils, 
impairing force-generating capacity. They found, in contrast 
to their hypothesis, that lambs managed with a restrictive 
fluid strategy with use of norepinephrine to maintain blood 
pressure and cardiac output had a nearly 10 cm H

2
O loss in 

contractile activity of the diaphragm with electrical stim-
ulation, while the liberal fluid strategy group had minimal 
noticeable change in diaphragm function. Mechanistically, 
the study found no clear differences in histopathologic 
findings of size or shape of type I or II myofibrils in the 
diaphragm between groups and no difference in markers 
of inflammation or oxidative stress. The authors speculate 
that potential mechanisms for this observed difference 
may relate to restrictions in microvascular circulation with 

the use of norepinephrine and 
restrictive fluids or disturbances 
at the level of the neuromuscular 
junction. While they were unable 
to test the latter hypothesis, the 
restrictive fluid group may have 
had lower density of microvessels, 
although this was not statistically 
significant and possibly underpow-
ered for a meaningful effect.

In addition, the authors 
describe a novel finding related 
to positive end-expiratory pres-
sure (PEEP) levels and the force- 
generating ability of the diaphragm.  
The authors found that as PEEP 
was increased from 5 to 10, 15, 
and 20 cm H

2
O, there was a 

dose-dependent reduction in 
the force-generating capacity of 
the diaphragm, and this PEEP 
effect was more important than 
the impact of fluids when PEEP 
levels were very high (i.e., 15 to 

20 cm H
2
O). Certainly, it is highly plausible that the force- 

generating capacity of the diaphragm will decrease as PEEP is  
increased if it results in more flattening and elongation of 
the diaphragm at rest. These higher levels of PEEP may put 
the diaphragm at more of a mechanical disadvantage, which 
thereby results in less force. In this experiment, the force was 
measured with electrical stimulation of the phrenic nerves 
directly, but these findings corroborate previous investi-
gations in spontaneously breathing adults with vigorous 
effort where increasing PEEP results in a reduction in large 
swings in esophageal pressure.4 There are other potential 
mechanisms through which increasing PEEP may decrease 
respiratory effort in spontaneously breathing patients such 
as lung recruitment and Hering–Breuer reflexes, but the 
findings from this study highlight the potential impact that 
diaphragmatic elongation and location have on force gen-
eration. This implies that we should be standardizing PEEP 
levels when measuring the force-generating capacity of the 

Image: J. P. Rathmell.
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diaphragm, regardless of the method (i.e., electrical stimu-
lation, maximal effort maneuvers during airway occlusion, 
or noninvasive measurements such as ultrasound). We cer-
tainly need more mechanistic and clinical studies focused 
on the interaction between PEEP and diaphragm function 
in mechanically ventilated adults and children.

So, how can we use these findings to help us at the 
bedside? Given that these are preclinical data, we cer-
tainly should not be changing clinical practice based on 
these results. However, this study highlights that fluid man-
agement is yet another variable that we need to carefully 
consider as we are investigating risk factors for ventilator- 
induced diaphragm dysfunction and devising treatment 
strategies. Controlled trials in adults with ARDS and mul-
tiple observational studies in pediatric ARDS have demon-
strated improved oxygenation and potential improvements 
in short-term clinical outcomes when ARDS patients are 
managed with a restrictive fluid strategy.5–7 These benefits 
are likely coming from improved respiratory compliance 
and oxygenation, leading to less lung stress, and lowering 
the risk of ventilator-induced lung injury. However, find-
ings from this study have highlighted that these restrictive 
strategies that try to protect the lung may harm the dia-
phragm. This is, of course, not the first time that therapeutic 
strategies developed to protect the lung have had negative 
consequences on the diaphragm. Controlled ventilation 
with sedation or neuromuscular blockade is extremely 
common in adults and children with ARDS, to prevent 
progression of ventilator-induced lung injury. However, this 
leads to subphysiologic levels of patient effort, which can 
lead to overassistance myotrauma of the diaphragm, with 
atrophy and loss of force-generating capacity.1 Certainly, 
protecting the lung should take priority, as ventilator- 
induced lung injury is clearly associated with multiple organ 
dysfunction and death. However, as our strategies to prevent 
ventilator-induced lung injury improve with time, we have 
an opportunity to try to simultaneously prevent diaphrag-
matic dysfunction. While some elements of diaphragmatic 
dysfunction are evident during the acute phase of ventila-
tion (i.e., prolonged weaning, extubation failure), there are 
longer-term impacts on post–intensive care unit health- 
related quality of life, respiratory health, and even mortality.8  
Hence, preventing diaphragm dysfunction should be a pri-
ority for us at the bedside.

In conclusion, the work by Ijland et al.3 has provided 
provocative insights into the potential role that fluid balance 
and management strategies may have on the development 
of diaphragm dysfunction in ARDS. While this study was 
conducted in lambs, which are meant to represent pediatric- 
size patients, the findings are likely applicable more  
broadly. While these data do not warrant a change in clinical 
practice, they highlight that we must systematically evaluate 
the impact of fluid management strategies in all investiga-
tions related to ventilator-induced diaphragm dysfunction. 
Moreover, this study has also highlighted that PEEP levels 

should be standardized when performing measurements of 
diaphragmatic strength.
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Ketamine Analgesia and Psychedelia: Can We Dissociate 
Dissociation?
George A. Mashour, M.D., Ph.D.

Ketamine is arguably the most 
interesting drug in our arma-

mentarium. Depending on the dose 
and setting, ketamine can be used 
as an anesthetic, analgesic, antide-
pressant, psychedelic, or psychoto-
mimetic (e.g., to model psychiatric 
disorders such as schizophrenia). 
But what is the interrelationship 
of these psychoactive properties? 
Are they all reducible to a sin-
gle and fundamental cause? Or 
do they represent a constellation 
of dissociable traits with distinct 
underlying mechanisms? In this 
issue of Anesthesiology, Olofsen 
et al. report a study that attempts 
to dissect the antinociceptive and 
psychedelic effects of ketamine.1

The story of ketamine (or 
CI-581, as it was then known) 
began in the 1960s, when it was 
synthesized as an analog to miti-
gate the profound and prolonged emergence of delirium 
associated with phencyclidine. Clinical pharmacologist 
Dr. Edward Domino and anesthesiologist Dr. Guenter 
Corssen, two faculty members at the University of 
Michigan Medical School (Ann Arbor, Michigan), were 
the first to study ketamine in human patients.2 After 
hearing of the unusual disconnection from the environ-
ment induced by ketamine, Domino’s wife suggested that 
it be described as a “dissociative anesthetic.” This phrase 
appeared in the first publication describing the clinical 
effects of ketamine anesthesia3 and continues to be used 
today. Focusing on the dissociative effects of this drug 
is warranted because, although ketamine evokes numer-
ous canonical traits of the psychedelic experience, the 
intensity of the dissociative experience far exceeds that 
induced by serotonergic counterparts such as psilocybin.4

Another reason it is important to highlight this signature 
feature of dissociation is that it could account for the other 
observed effects of ketamine. Perhaps pain, for example, is 

attenuated during exposure to ket-
amine because the self does not 
feel connected to the body that 
might be encountering the nox-
ious stimulus. But if it works, who 
cares whether the analgesic and 
psychedelic effects are mechanisti-
cally distinct? The answer is that if 
these effects can be mechanistically 
differentiated, then it might be 
possible to design new drugs that 
can accomplish the analgesic (or 
antidepressant) actions of ketamine 
without the psychedelic and disso-
ciative effects, which can be dys-
phoric for many. Along these lines, 
a laboratory study of methylenedi-
oxymethamphetamine (commonly 
referred to as “MDMA” and col-
loquially known as “ecstasy”) 
showed that the neural mediators 
responsible for pro-social effects 
and drug reward effects were dis-

tinct.5 Incidentally, we, as a field, should be proud that an 
anesthesiologist, Dr. Boris Heifets from Stanford University 
(Stanford, California), conducted that study. In sum: under-
standing the dissociative effects of ketamine is of central 
importance to its neuropharmacology, and determining if 
dissociation and analgesia (or other effects) are mechanisti-
cally distinct is important for future drug discovery.

The approach of Olofsen et al. to address this question 
was to reanalyze a study of ketamine in 17 males.1 The orig-
inal study was a four-armed randomized trial,6 but for this 
post hoc analysis, only two groups were investigated. One 
group received racemic ketamine, and another received 
S-ketamine, both with escalating infusion rates. During 
infusion, investigators assessed pain thresholds (antinoci-
ceptive effects) and perceptual disturbances (psychedelic 
effects). Blood drawn from an arterial catheter was used to 
measure plasma concentrations of ketamine and its metab-
olite norketamine; pharmacokinetic/pharmacodynamic 
models were generated. The overall goal was to identify the 

Image: A. Johnson, Vivo Visuals Studio.
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effect-site drug concentration at which antinociceptive or 
psychedelic effects appeared. What the investigators found 
was that the model for the antinociceptive effect of ket-
amine and the model for the psychedelic effect of ketamine 
were not statistically distinguishable. Furthermore, includ-
ing both endpoints in the same model improved its per-
formance. The conclusion was that the antinociceptive and 
psychedelic effects of ketamine co-appear, suggesting inter-
dependence and a common underlying mechanism. These 
findings, however, are not consistent with the results of 
previous work, including that from the authors. For exam-
ple, Gitlin et al.7 administered 2 mg/kg IV ketamine to 15 
healthy volunteers and identified distinct models for anal-
gesia and dissociative effects, suggesting independence and 
distinct underlying mechanisms. The Discussion section 
in the article from Olofsen et al.1 appropriately addresses 
the many methodologic differences between their work 
and that of others as a way of accounting for the divergent 
findings.

 So, what is the next stop on the ketamine trip? First, 
back to the laboratory. The most definitive way to address 
whether the psychedelic and analgesic effects of ket-
amine have distinct mechanisms is to dissect them based 
on receptors and/or neural circuits. As noted, the work 
on methylenedioxymethamphetamine is an encouraging 
precedent.5 Furthermore, since the onset time for analge-
sic and psychedelic effects is important for investigations 
in humans, it is important to remember that ketamine 
has complex and fast dynamics in the human cortex. For 
example, ketamine anesthesia is associated with rapid 
alternation of low-frequency and high-frequency elec-
troencephalographic signals, accompanied by shifts in 
complexity and functional connectivity.8–10 Last, for those 
who are wondering how to assess psychedelic effects in 
animal or translational models, neurophysiologic findings 
such as increased complexity or altered cortical oscilla-
tions that correlate with psychedelic phenomenology in 
humans can also be identified in the rodent brain during 
exposure to subanesthetic ketamine.11 Collectively, this 
line of investigation can yield important scientific contri-
butions and is aligned with a wider trend of synthesizing 
nonhallucinogenic analogs of psychedelic drugs that have 
therapeutic potential, as has been recently done with ibo-
gaine12 and lysergic acid diethylamide (known widely as 
“LSD”).13

In conclusion, the work of Olofsen et al.1 challenges 
us to take the next step in basic, translational, and clinical 
research. Importantly, the healthy controversy surround-
ing ketamine in our field is connected to a much broader 
and more intense dialog of whether the apparent ther-
apeutic effects of psychedelic drugs such as psilocybin or 
dimethyltryptamine are necessarily linked to altered states 
of consciousness per se, or whether therapeutic benefit 
can ultimately be dissociated from dissociation and other 
dimensions of the psychedelic experience.

Research Support

Dr. Mashour is supported by R01GM111293 from the 
National Institutes of Health (Bethesda, Maryland).

Competing Interests 

Dr. Mashour is a consultant for TRYP Therapeutics (San 
Diego, California); however, his consulting is not related to 
ketamine.

Correspondence

Address correspondence to Dr. Mashour: gmashour@med.
umich.edu

references

 1. Olofsen E, Kamp J, Henthorn TK, van Velzen M, 
Niesters M, Sarton E, Dahan A: Ketamine psyche-
delic and antinociceptive effects are connected. 
Anesthesiology 2022; 136:792–801

 2. Domino EF: Taming the ketamine tiger. 
Anesthesiology 2010; 113:678–84

 3. Corssen G, Domino EF: Dissociative anesthesia: 
Further pharmacologic studies and first clinical experi-
ence with the phencyclidine derivative CI-581. Anesth 
Analg 1966; 45:29–40

 4. Studerus E, Gamma A, Vollenweider FX: Psychometric 
evaluation of the altered states of consciousness rating 
scale (OAV). PLoS One 2010; 5:e12412

 5. Heifets BD, Salgado JS, Taylor MD, Hoerbelt P, Cardozo 
Pinto DF, Steinberg EE, Walsh JJ, Sze JY, Malenka RC: 
Distinct neural mechanisms for the prosocial and 
rewarding properties of MDMA. Sci Transl Med 2019; 
11:eaaw6435

 6. Jonkman K, van der Schrier R, van Velzen M, Aarts L, 
Olofsen E, Sarton E, Niesters M, Dahan A: Differential 
role of nitric oxide in the psychedelic symptoms 
induced by racemic ketamine and esketamine in 
human volunteers. Br J Anaesth 2018; 120:1009–18

 7. Gitlin J, Chamadia S, Locascio JJ, Ethridge BR, 
Pedemonte JC, Hahm EY, Ibala R, Mekonnen J, Colon 
KM, Qu J, Akeju O: Dissociative and analgesic prop-
erties of ketamine are independent. Anesthesiology 
2020; 133:1021–8

 8. Akeju O, Song AH, Hamilos AE, Pavone KJ, Flores FJ, 
Brown EN, Purdon PL: Electroencephalogram signa-
tures of ketamine anesthesia-induced unconsciousness. 
Clin Neurophysiol 2016; 127:2414–22

 9. Li D, Mashour GA: Cortical dynamics during psy-
chedelic and anesthetized states induced by ketamine. 
Neuroimage 2019; 196:32–40

 10. Li D, Vlisides PE, Mashour GA: Dynamic reconfigura-
tion of frequency-specific cortical coactivation patterns 
during psychedelic and anesthetized states induced by 
ketamine. Neuroimage 2022; 249:118891

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024

mailto:gmashour@med.umich.edu
mailto:gmashour@med.umich.edu


Editorial

 Anesthesiology 2022; 136:675–7 677George A. Mashour

 11. Brito MA, Li D, Fields CW, Rybicki-Kler C, Dean JG, 
Liu T, Mashour GA, Pal D: Cortical acetylcholine lev-
els correlate with neurophysiologic complexity during 
subanesthetic ketamine and nitrous oxide exposure in 
rats. Anesth Analg 2021 [Epub ahead of print]

 12. Cameron LP, Tombari RJ, Lu J, Pell AJ, Hurley ZQ, 
Ehinger Y, Vargas MV, McCarroll MN, Taylor JC, 
Myers-Turnbull D, Liu T, Yaghoobi B, Laskowski LJ, 
Anderson EI, Zhang G, Viswanathan J, Brown BM, 

Tjia M, Dunlap LE, Rabow ZT, Fiehn O, Wulff H, 
McCorvy JD, Lein PJ, Kokel D, Ron D, Peters J, 
Zuo Y, Olson DE: A non-hallucinogenic psychedelic 
analogue with therapeutic potential. Nature 2021; 
589:474–9

 13. Cao D, Yu J, Wang H, Luo Z, Liu X, He L, Qi J, Fan L, 
Tang L, Chen Z, Li J, Cheng J, Wang S: Structure-based 
discovery of nonhallucinogenic psychedelic analogs. 
Science 2022; 375:403–11

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



PerioPerative Medicine

678 May 2022 aNESTHESIOLOGy, V 136   •   NO 5

aBStract
Background: The dural puncture epidural technique may improve anal-
gesia quality by confirming midline placement and increasing intrathecal 
translocation of epidural medications. This would be advantageous in obese 
parturients with increased risk of block failure. This study hypothesizes that 
quality of labor analgesia will be improved with dural puncture epidural com-
pared to standard epidural technique in obese parturients.

Methods: Term parturients with body mass index greater than or equal to 
35 kg ∙ m–2, cervical dilation of 2 to 7 cm, and pain score of greater than 4 
(where 0 indicates no pain and 10 indicates the worst pain imaginable) were 
randomized to dural puncture epidural (using 25-gauge Whitacre needle) or 
standard epidural techniques. Analgesia was initiated with 15 ml of 0.1% rop-
ivacaine with 2 µg ∙ ml–1 fentanyl, followed by programed intermittent boluses 
(6 ml every 45 min), with patient-controlled epidural analgesia. Parturients 
were blinded to group allocation. The data were collected by blinded inves-
tigators every 3 min for 30 min and then every 2 h until delivery. The primary 
outcome was a composite of (1) asymmetrical block, (2) epidural top-ups, (3) 
catheter adjustments, (4) catheter replacement, and (5) failed conversion to 
regional anesthesia for cesarean delivery. Secondary outcomes included time 
to a pain score of 1 or less, sensory levels at 30 min, motor block, maximum 
pain score, patient-controlled epidural analgesia use, epidural medication 
consumption, duration of second stage of labor, delivery mode, fetal heart 
tones changes, Apgar scores, maternal adverse events, and satisfaction with 
analgesia.

results: Of 141 parturients randomized, 66 per group were included in 
the analysis. There were no statistically or clinically significant differences 
between the dural puncture epidural and standard epidural groups in the pri-
mary composite outcome (34 of 66, 52% vs. 32 of 66, 49%; odds ratio, 1.1 
[0.5 to 2.4]; P = 0.766), its individual components, or any of the secondary 
outcomes.

conclusions: A lack of differences in quality of labor analgesia between 
the two techniques in this study does not support routine use of the dural 
puncture epidural technique in obese parturients.

(ANESTHESIOLOGY 2022; 136:678–87)

Quality of Labor Analgesia 
with Dural Puncture 
Epidural versus Standard 
Epidural Technique in 
Obese Parturients:  
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editor’S PerSPective

What We already Know about This Topic

• The “dural puncture epidural technique” is performed by puncturing the 
dura with a spinal needle but without injecting medications intrathecally.

• Dural puncture epidural has been suggested to improve the efficacy 
of labor epidural analgesia, potentially by increasing the likelihood 
of midline placement or by facilitating the translocation of medica-
tion from the epidural to intrathecal space. However, data regarding 
the efficacy of this technique are mixed.

• Obese patients are at higher risk for epidural failure, so the dural 
puncture technique may have particular utility in this population.

What This article Tells Us That Is New

• A total of 132 term parturients with body mass index of 35 kg ∙ m–2 
or greater were randomized to either a dural puncture epidural using 
a 25-gauge Whitacre needle or a standardized epidural technique. 
This was followed, in both groups, by maintenance with programed 
intermittent boluses and patient-controlled epidural analgesia.

• The primary outcome was a composite of five outcomes indicating 
lower quality of labor analgesia. There was no meaningful differ-
ence between the two groups (52 vs. 49%; absolute risk difference, 
3.0%; 95% CI, –14.0 to 20.1%) in the primary outcome or the 
secondary outcomes assessed.

• The study excludes a large benefit for dural puncture epidural in 
improving labor analgesia in obese parturients, although CI ranges 
for the primary outcome were wide and do not fully exclude the 
potential for a clinically meaningful effect.

Neuraxial analgesia is considered the accepted standard 
technique for labor pain relief, owing to its excellent 

efficacy and low risk of adverse effects.1 Dural puncture epi-
dural involves dural puncture with a spinal needle but with-
out administration of intrathecal drugs. Neuraxial analgesia 
is then initiated by medications given through an epidural 
catheter.2 The purported advantages of dural puncture epi-
dural over the standard epidural technique stem from a clear 
and definitive endpoint of cerebrospinal fluid (CSF) return 
via the spinal needle. This confirms midline placement of 
the Tuohy needle and may increase transfer of epidural 
medications through the dural puncture into the intrathecal 
space, thereby hastening analgesic onset and improving the 
quality of analgesia.2–5 However, available data comparing 
dural puncture epidural and standard epidural techniques 
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are sparse, with two recent systematic reviews reporting no 
clear evidence of clinical benefit associated with the dural 
puncture epidural technique.3,4

The ostensible advantages of the dural puncture epidural 
technique would especially benefit obese parturients, in 
whom difficulty with palpating anatomical landmarks and 
possible false loss of resistance from increased adipose tissue 
may make neuraxial placement challenging and increase the 
epidural catheter failure rate.6 Moreover, obese parturients 
are at higher risk of intrapartum cesarean delivery,7 during 
which a well-functioning epidural catheter can be used to 
administer regional anesthesia. This would avoid general 
anesthesia and its associated risks, such as failed intubation 
and pulmonary aspiration of gastric contents, which are 
of particular relevance in obese parturients.8,9 Hence, we 
performed this double-blind randomized controlled study 
to compare dural puncture and standard epidural tech-
niques for neuraxial analgesia in obese parturients, with the 
hypothesis that the dural puncture epidural technique will 
be associated with improved quality of labor analgesia com-
pared to the standard epidural technique.

Materials and Methods
After approval by the Duke University Institutional Review 
Board (Durham, North Carolina; approval No. PRO00079368) 
and registration on Clinicaltrials.gov (NCT03074695, posted 
on March 9, 2017; Principal Investigator, Ashraf Habib), this 
superiority, parallel group, randomized controlled study was 
conducted from April 2017 to November 2020 at Duke 
University Medical Center. Written informed consent was 
obtained from all enrolled parturients.

A convenience sample of women admitted for sponta-
neous or induced labor was screened for enrollment and 
approached by investigators. We included English-speaking, 
nulliparous or multiparous, obese (body mass index greater 
than or equal to 35 kg ∙ m–2) adult parturients (age, 18 to 45 
yr) with singleton vertex fetuses at 37 to 41 weeks’ gestation, 
cervical dilation 2 to 7 cm, and with numeric rating scale (0 
to 10, where 0 indicates no pain and 10 indicates the worst 
pain imaginable) pain score greater than 4. We excluded 
parturients with major cardiac disease, chronic pain, chronic 

opioid use, previous cesarean delivery, and maternal pelvic/
hip disease. The protocol was amended after initiation of 
the study to allow inclusion of parturients with body mass 
index greater or equal to 35 kg ∙ m–2, whereas the original 
protocol was limited to parturients with body mass index 
greater or equal to 40 kg ∙ m–2.

One of the study investigators evaluated eligibility, 
obtained informed consent, and enrolled the participants. 
After signing the written informed consent, parturients 
were randomized (1:1 ratio) to receive the dural puncture 
epidural or standard epidural technique using a computer- 
generated random number generator, stratified by class 
of obesity (body mass index 35 to 39.9, 40 to 49.9, and 
greater or equal to 50 kg ∙ m–2) and by parity (nulliparous 
or multiparous). The allocation sequence was created by the 
study statistician. Allocation was concealed using sequen-
tially numbered opaque sealed envelopes. Upon request 
for labor analgesia, the proceduralist opened the envelope 
containing the group allocation. Parturients, obstetricians, 
nurses, and anesthesia providers involved in labor analge-
sia management and data collection were blinded to the 
group allocation. Neuraxial procedures were performed by 
the attending anesthesiologist or by senior residents, fellows, 
or certified registered nurse anesthetists under the supervi-
sion of an attending anesthesiologist. The proceduralist and 
supervising attending anesthesiologist (if applicable) were 
not involved in subsequent management of labor analgesia.

Parturients received 500 to 1,000 ml of intravenous crys-
talloid hydration, and a 17-gauge Tuohy needle was sited 
at the estimated L3–L4 or L4–L5 interspace using loss of 
resistance to saline, with the parturients in the sitting flexed 
position. Preprocedure ultrasound was allowed at the dis-
cretion of the anesthesiologist. In the dural puncture epi-
dural group, dural puncture with a 25-gauge Whitacre 
needle was performed using the needle-through-needle 
technique, and the spinal needle was withdrawn after con-
firmation of free-flowing CSF. A second attempt would be 
made, either at the same or at a different space, if CSF return 
was not observed. In both groups, a 19-gauge Duraflex 
wire-reinforced multiport catheter (Smith Medical, USA) 
was threaded 5 cm into the epidural space and secured in 
the sitting upright position with Tegaderm clear occlusive 
dressing (3M, USA). After negative aspiration for blood or 
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CSF, analgesia was initiated with divided doses of 15 ml of 
epidural medication (0.1% ropivacaine with 2 µg ∙ ml–1 fen-
tanyl) over 6 min as per standard practice. The end of admin-
istration of the loading dose was time zero. At that time, the 
blinded investigator was called into the room to start data 
collection. Pain with the preceding contraction was assessed 
at 3-min intervals for 30 min or until a pain score of 1 or 
less was achieved. At 30 min, the upper and lower sensory 
levels were assessed bilaterally using temperature discrimi-
nation to ice (defined as the dermatomal level at which the 
parturient reported the same cold sensation to ice compared 
to the shoulder), along with the modified Bromage score. 
Subsequently, pain scores and modified Bromage scores 
were collected every 2 h until delivery. Thoracic dermato-
mal sensory levels were assessed along the midclavicular line, 
in addition to the inguinal crease (L1), anterior thigh (L2), 
medial knee (L3), medial malleolus (L4), between the great 
and second toe (L5), lateral heel (S1), and medial popliteal 
fossa (S2), bilaterally. Motor block was assessed using the 
modified Bromage score (where 1 indicates unable to flex 
feet or knees, 2 indicates able to flex feet only, 3 indicates 
able to flex knees, 4 indicates detectable weakness in hip 
flexion, and 5 indicates no weakness with hip flexion).10

Labor analgesia was maintained with programed inter-
mittent boluses of 6 ml of epidural medication every 45 min 
initiated 30 min after the loading dose, with the addition of 
patient-controlled epidural analgesia set at 8 ml per demand 
dose, lockout for 10 min, and maximum dose of 45 ml ∙ h–1.  
Breakthrough pain (defined as parturient request for sup-
plemental analgesia beyond self-administered boluses) was 
managed as follows: asymmetric sensory levels (difference of 
more than 2 dermatomal levels) were treated by withdraw-
ing the catheter 1 cm, administration of 5 ml of epidural 
medication, and repositioning of the parturient lateral with 
the lower sensory block side in the dependent position. 
Parturients with inadequate block height (bilateral sensory 
levels below T10) were given 5 ml of epidural medication, 
with up to 15 ml permitted over 15 min. Parturients with 
breakthrough pain despite adequate sensory levels (above 
T10 bilaterally) were treated with 100 µg of epidural fen-
tanyl. Last, breakthrough pain persisting despite these inter-
ventions was assessed by the attending anesthesiologist for 
subsequent management.

In addition to pain scores, sensory levels, and modified 
Bromage scores, the following data were recorded every 2 h 
until delivery: presence of hypotension (systolic blood pres-
sure less than 20% from admission blood pressure of less 90 
mmHg), nausea, pruritus, asymmetric sensory block, need 
for epidural top-up, and catheter adjustment or replace-
ment. On postpartum day 1, parturients were assessed for 
postdural puncture headache and were asked about their 
satisfaction with labor analgesia (where 0 indicates very 
dissatisfied and 10 indicates very satisfied). An obstetrician 
blinded to group assignments reviewed tocometry and con-
tinuous fetal monitoring stored on the hospital electronic 

medical system. Uterine contraction and fetal heart rate 
monitoring patterns were extracted in 10-min epochs, for 
the periods of 1 h before and 1 h after initial dosing of epi-
dural analgesia. Baseline heart rate was the mean of the six 
10-min epochs before and after epidural catheter placement. 
Quantitative assessment of fetal heart tracings also included 
variability (minimal, moderate, or marked) and decelerations 
(late or variable). The obstetrician also assigned a category 
to the fetal heart tracings before and after the epidural cath-
eter placement based on the three-tier National Institute 
of Child Health and Human Development (Bethesda, 
Maryland) system.11

The primary outcome of the study was the quality 
of labor analgesia defined as a composite of (1) asym-
metrical block (difference in sensory level of more 
than 2 dermatomes), (2) epidural top-ups, (3) cathe-
ter adjustments, (4) catheter replacement, and (5) failed 
conversion to regional anesthesia requiring general anes-
thesia or replacement neuraxial anesthesia in the event 
of cesarean delivery. All components of the primary 
composite outcome were treated as binary measures, 
and the presence of one or more of these compo-
nents was considered positive for the primary com-
posite outcome. Secondary outcomes included time to 
adequate analgesia (pain score less than or equal to 1), 
upper and lower sensory block levels at 30 min, modi-
fied Bromage score at 30 min and during labor, maximum 
pain score during labor, number of patient-controlled  
epidural analgesia demand and successful boluses, dura-
tion of neuraxial analgesia, total epidural medication 
consumption per hour, duration of second stage of labor, 
mode of delivery, fetal heart tones (heart rate, decelera-
tions, variability, and National Institute of Child Health 
and Human Development system classification), Apgar 
scores at 1 and 5 min, maternal adverse events (hypoten-
sion, nausea, pruritus, and postdural puncture headache), 
and maternal satisfaction with labor analgesia.

Statistical analysis

Based on a retrospective study by our group,12 we antic-
ipated that our primary outcome will occur in 35% of 
parturients assigned to the standard epidural group. Based 
on the findings by Hess et al.13 of a 62% relative reduction 
in breakthrough pain with the combined spinal–epidural 
compared to the standard epidural technique, we defined 
a clinically meaningful effect as a similar reduction in the 
composite outcome to 14% in the dural puncture epidural 
group, which corresponds to an odds ratio of 0.30. A two-
sided chi-square test for the difference in primary outcome 
incidence at an α level of 0.05 had 80% power to detect 
an odds ratio of 0.30 comparing the dural puncture epi-
dural to the epidural technique in a study of 130 patients  
(65 per group). We planned to enroll up to 150 parturi-
ents to account for possible dropouts, with a goal to stop 
enrollment once our target sample size was achieved.
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The data are reported as median [interquartile range] 
or number (%) as appropriate. Baseline characteristics were 
compared between groups using standardized mean dif-
ference. The primary composite outcome was analyzed 
using univariate logistic regression with post hoc sensitivity 
multivariable logistic regression analysis. The multivariable 
logistic regression included adjustment terms for baseline 
demographics and obstetric characteristics with standard-
ized mean differences of more than 0.2 between the two 
groups. Secondary outcomes, such as time to adequate anal-
gesia, sensory block levels, modified Bromage score, maxi-
mum pain score during labor, number of patient-controlled 
epidural analgesia demand and successful boluses, duration 
of neuraxial analgesia, total epidural medication consump-
tion per hour, duration of second stage of labor, mode of 
delivery, fetal heart tones, Apgar scores, maternal adverse 
events, and maternal satisfaction were assessed using Fisher 
exact tests with associated risk differences for categor-
ical measures and Mann–Whitney U tests with Hodges–
Lehman shift for continuous measures. We report group 
differences with 95% CI, univariable directly calculated, 
and multivariable based on bootstrapping, in addition to  
P values. A post hoc sensitivity analysis excluding epidural 
top-ups from the composite outcome definition was con-
ducted to explore the impact of including epidural top-ups 
on the overall study conclusions.

The data were analyzed on an intention-to-treat basis. 
All P values for the secondary outcomes were adjusted for 
multiple comparisons using the false discovery rate method, 
and the resulting Q values are presented. Additionally, time 
to adequate analgesia was compared between the groups 
via Kaplan–Meier estimates and log-rank tests. P values and 
adjusted Q values of less than 0.05 were considered statisti-
cally significant. Analysis was performed using R 4.0.0, with 
power calculations performed using NQuery. The detailed 
trial protocol can be obtained from the corresponding 
author upon request.

results
A total of 204 parturients were screened for eligibility, of 
whom 141 were enrolled. Enrollment ceased after achiev-
ing our target sample size. Of the 141 parturients enrolled, 
9 patients were excluded due to cesarean delivery before 
receipt of labor analgesia (n = 2), nonreceipt of labor anal-
gesia (n = 4), or unavailability of research staff (n = 3). In 
total, 132 parturients completed the study, with 66 random-
ized to receive dural puncture epidural and 66 to receive 
standard epidural technique (fig. 1). CSF return was suc-
cessfully confirmed in all parturients receiving the dural 
puncture epidural technique. Preprocedure ultrasound was 
utilized in three patients in the standard epidural group 
and none of the patients in the dural puncture epidural 
group. There were no missing data except for fetal heart 
tones as highlighted in tables 1 and 2. Baseline parturient 
and obstetric characteristics are summarized in table 1. The 

dural puncture epidural group had a greater proportion of 
self-identified Hispanic/Latino parturients, parturients who 
underwent induction of labor, and taller parturients com-
pared to the standard epidural group.

There were no significant differences between the dural 
puncture epidural and standard epidural groups in our pri-
mary composite outcome of quality of analgesia (34 of 66, 
52% vs. 32 of 66, 49%; absolute risk difference [95% CI], 
3.0% [–14.0 to 20.1%]; odds ratio [95% CI], 1.1 [0.5 to 
2.4]; P = 0.766, when adjusted for baseline characteristics 
with a standardized mean difference of more than 0.2 [par-
turient race, ethnicity, height, and induction status]). A post 
hoc sensitivity analysis excluding epidural top-ups from the 
primary composite outcome also revealed no significant 
differences between the groups (20 of 66, 30% vs. 17 of 66, 
26%; odds ratio [95% CI], 1.09 [0.53 to 2.37]; P = 0.846). 
Details of the primary composite outcome and breakdown 
of its individual components are summarized in figure  2 
and the Supplemental Digital Content (http://links.lww.
com/ALN/C788). During labor, three catheters in the 
dural puncture epidural group needed replacement due 
to ineffective analgesia, whereas in the standard epidural 
group, two catheters were replaced due to ineffective anal-
gesia, one catheter was replaced due to asymmetric block, 
one catheter migrated out of the epidural space, and one 
catheter was replaced due to disconnection. In both groups, 
two catheters were replaced for cesarean delivery, with each 
group having one catheter replaced with another neuraxial 
block and one converted to general anesthesia. Our second-
ary outcomes are summarized in table 2. There were no sig-
nificant intergroup differences in upper and lower sensory 
block levels at 30 min, modified Bromage score at 30 min or 
during labor, maximum pain score during labor, number of 
patient-controlled epidural analgesia demand and successful 
boluses, duration of neuraxial analgesia, total epidural med-
ication consumption per hour, duration of second stage of 
labor, mode of delivery, fetal heart tones, Apgar scores at 1 
and 5 min, maternal adverse events, and maternal satisfac-
tion with labor analgesia. A log-rank test analyzing the time 
to pain score 1 or lower showed no significant differences 
between the groups (P = 0.650; data not shown).

discussion
In this randomized study, we compared the dural puncture 
epidural and standard epidural techniques for the initiation 
of neuraxial labor analgesia in obese parturients and found 
no significant differences in quality of analgesia between 
the two techniques. Unlike the standard epidural tech-
nique, dural puncture epidural involves dural puncture 
and confirmation of CSF return through the spinal needle. 
Purportedly, this indirectly confirms correct identification 
of the epidural space, increases the likelihood of midline 
Tuohy needle placement, and enhances the transfer of 
epidural medications into the intrathecal space. However, 
previous studies comparing dural puncture epidural versus 
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standard epidural techniques for labor analgesia reported 
conflicting results. Compared to the standard epidural tech-
nique, dural puncture epidural with 27-gauge spinal needles 
did not significantly alter the incidence of catheter manip-
ulation or replacement, sacral block sparing, asymmetri-
cal block, or the need for epidural top-up in one study,14 
while another study also using a 27-gauge spinal needle 
reported lower pain scores within the first 10 min and faster 
time to onset of analgesia with the dural puncture epidural 
compared to standard epidural technique.15 With 26-gauge 
spinal needles, dural puncture epidural was associated with 
faster analgesic onset compared to the standard epidural 
technique.16 Using larger 25-gauge spinal needles, both 

Cappiello et al.17 and Chau et al.5 reported lower incidence 
of sacral block sparing and asymmetric block with dural 
puncture epidural compared to the standard epidural tech-
nique but detected no significant difference in the time to 
onset of analgesia. Additionally, Chau et al.5 noted that dural 
puncture epidural was associated with lower need for epi-
dural top-ups than the standard epidural technique.

Notably, none of these studies specifically investigated 
the use of the dural puncture epidural technique in obese 
parturients. Those parturients would particularly benefit 
from indirect confirmation of Tuohy needle placement 
within the epidural space, given the increased difficulty in 
palpating anatomical landmarks and potential for false loss 

Fig. 1. Consolidated Standards of Reporting Trials flow diagram.
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of resistance resulting from adipose tissue. Furthermore, in 
the case of emergency cesarean delivery, a well-positioned 
epidural catheter may be used to achieve surgical anesthesia 
and potentially avoid severe morbidity from failed intuba-
tion or pulmonary aspiration that may occur during gen-
eral anesthesia. However, our results suggest that the dural 
puncture epidural technique was not associated with signif-
icant improvement in our primary and secondary outcomes 
compared to the standard epidural technique.

In addition to indirect confirmation of midline epidural 
placement, dural puncture is hypothesized to increase the 
transfer of epidural medications into the intrathecal space, 

thereby hastening block onset while improving analgesia 
quality and sacral blockade.3 However, the mechanisms 
governing flux through the meninges are dependent on 
multiple factors including total epidural drug mass, size 
of the dural puncture, and inherent rate of drug transfer 
through the intact meninges.4,18–20 The effects of epidural 
drug mass could have contributed to the lack of analge-
sic benefit of the dural puncture epidural compared to 
standard epidural technique in our study. Layera et al.4 
postulated that the diffusion gradient generated by dilute 
epidural solutions and smaller drug masses may be insuf-
ficient to drive drug transfer across the meninges or dural 

table 1. Baseline Demographic and Obstetric Characteristics

characteristic
dural Puncture  

epidural (n = 66)
Standard epidural

(n = 66)
Standardized  

Mean difference

age, yr (median [interquartile range]) 29 [25–34] 30 [25–34] 0.066
Height, cm (median [interquartile range]) 165 [160–168] 162 [158–168] 0.212
Weight, kg (median [interquartile range]) 115 [104–132] 112 [102–130] 0.007
Body mass index, kg ∙ m–2 (median [interquartile range]) 41 [39–48] 42 [38–46] 0.132
Body mass index strata 0.054
 35–39.9 kg ∙ m−2 nulliparous, n (%) 11 (17) 11 (17)
 35–39.9 kg ∙ m−2 multiparous, n (%) 11 (17) 12 (18)
 40–49.9 kg ∙ m−2 nulliparous, n (%) 19 (29) 19 (29)
 40–49.9 kg ∙ m−2 multiparous, n (%) 11 (17) 11 (17)
 ≥ 50 kg ∙ m−2 nulliparous, n (%) 10 (15) 9 (14)
 ≥ 50 kg ∙ m−2 multiparous, n (%) 4 (6) 4 (6)
Race 0.377
 White, n (%) 26 (39) 26 (39)
 Black, n (%) 22 (33) 31 (47)
 Other, n (%) 17 (26) 9 (14)
 Ethnicity 0.527
 Hispanic or Latino, n (%) 10 (15) 1 (2)
 Non-Hispanic, n (%) 50 (77) 61 (92)
 Unknown, n (%) 6 (8) 4 (6)
Gravida (median [interquartile range]) 2 [1–3] 2 [1–3] 0.106
Parity (median [interquartile range]) 0 [0–1] 0 [0–1] 0.031
 Nulliparous, n (%) 39 (59) 40 (61)
 Multiparous, n (%) 27 (41) 26 (39)
Gestational age, wk (median [interquartile range]) 39 [38–40] 39 [38–40] 0.109
Pain score at time of neuraxial analgesia (0–10; median [interquartile range]) 8 [6–9] 8 [7–9] 0.112
Cervical dilation at time of neuraxial analgesia in cm (median [interquartile range]) 4 [4–5] 4 [3–5] 0.129
Proceduralist, n (%) 0.113
 attending 28 (41) 29 (44)
 Certified registered nurse anesthetist 8 (12) 10 (15)
 Fellow 6 (9) 5 (8)
 Resident 24 (36) 22 (33)
Induction of labor, n (%) 64 (97) 58 (88) 0.349
Fetal heart rate, beats/min (median [interquartile range]) 135 [125–140] 135 [125–145] 0.002
Fetal heart rate decelerations, n (%) 0.442
 Variable 6 (9) 1 (2)
 Late 6 (9) 3 (3)
Fetal heart rate variability, n (%) 0.212
 Moderate 58 (88) 62 (94)
 Minimal 2 (3) 1 (2)
 Marked 2 (3) 1 (2)
 Missing or not assessed 4 (6) 2 (3)
National Institute of Child Health and Human Development fetal heart rate classification, n (%) 0.389
 Category 1 48 (73) 58 (79)
 Category 2 14 (21) 6 (9)
 Missing or not assessed 4 (6) 2 (3)
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puncture, which may explain why the use of dilute rop-
ivacaine 0.1% in our study produced similar results to 
those of Thomas et al.,14 who reported no improvement 
in analgesia quality or reduction in catheter manipulation 

or replacement with dural puncture epidural compared to 
the standard epidural technique using 0.11% bupivacaine. 
Interestingly, a recent study comparing dural puncture 
epidural plus continuous infusion, dural puncture epidural 

table 2. Secondary Outcomes associated with Dural Puncture Epidural versus Standard Epidural Techniques

outcome

dural Puncture  
epidural
(n = 66)

Standard  
epidural
(n = 66)

difference  
Measure
[95% ci] P value

adjusted
Q value

Time to pain score ≤ 1, min (median [interquartile range]) 12 [9 to 18] 15 [9 to 21] 3 [–3 to 6] 0.367 > 0.999
Upper sensory block height at 30 min*
 Left (median [interquartile range]) T8 [T7 to T10] T10 [T8 to T10] 1 [0 to 2] 0.016 0.253
 Right (median [interquartile range]) T8 [T7 to T10] T9 [T7 to T10] 0 [0 to 1] 0.301 > 0.999
Lower sensory block height at 30 min*
 Left (median [interquartile range]) S2 [S1 to S2] S2 [S1 to S2] 0 [0 to 0] 0.509 > 0.999
 Right (median [interquartile range]) S2 [S1 to S2] S2 [S1 to S2] 0 [0 to 0] 0.766 > 0.999
Bromage score at 30 min†
 Left (median [interquartile range]) 5 [5 to 5] 5 [5 to 5] 0 [0 to 0] 0.793 > 0.999
 Right (median [interquartile range]) 5 [5 to 5] 5 [5 to 5] 0 [0 to 0] 0.398 > 0.999
Lowest Bromage score during labor†
 Left (median [interquartile range]) 5 [5 to 5] 5 [5 to 5] 0 [0 to 0] 0.484 > 0.999
 Right (median [interquartile range]) 5 [5 to 5] 5 [5 to 5] 0 [0 to 0] 0.348 > 0.999
Maximum pain score during labor (median [interquartile range]) 0 [0 to 4] 1 [0 to 5] 0 [0 to 1] 0.224 > 0.999
Number of patient-controlled epidural analgesia demands per hour  

 (median [interquartile range])
0.8 [0.3 to 1.3] 0.8 [0.4 to 1.4] 0.1 [–0.1 to 0.2] 0.674 > 0.999

Number of patient-controlled epidural analgesia successful boluses  
 per hour (median [interquartile range])

0.5 [0.2 to 0.9] 0.5 [0.3 to 1.0] 0.1 [–0.2 to 0.3] 0.543 > 0.999

Patient-controlled epidural analgesia successful/demand ratio  
 (median [interquartile range])

0.7 [0.5 to 1.0] 0.7 [0.5 to 1.0] 0.0 [–0.1 to 0.1] 0.916 > 0.999

Time to first patient-controlled epidural analgesia dose,  
 h (median [interquartile range])

1.0 [0.5 to 3.5] 1.9 [0.8 to 4.0] 0.2 [–0.4 to 1.0] 0.597 > 0.999

Duration of neuraxial analgesia, h (median [interquartile range]) 8.9 [3.0 to 16.5] 8.9 [5.5 to 14.7] 0.5 [–2.4 to 3.1] 0.728 > 0.999
Total epidural medication consumption, ml ∙ h–1 (median  

 [interquartile range])
10.8 [8.5 to 14.8] 10.8 [8.2 to 16.3] 0.3 [–1.3 to 2.1] 0.961 > 0.999

Duration of second stage of labor, h (median [interquartile range]) 0.6 [0.2 to 1.2] 0.3 [0.2 to 1.5] 0.0 [–0.3 to 0.2] 0.900 > 0.999
Mode of delivery, n (%) 0.925 > 0.999
 Spontaneous vaginal 39 (59) 40 (61) Reference
 Operative vaginal 4 (6) 3 (5) 1.4 [0.3 to 7.3]
 Cesarean 23 (35) 23 (35) 1.0 [0.5 to 2.2]
apgar scores
 1 min (median [interquartile range]) 8 [7 to 8] 8 [8 to 8] 0 [0 to 0] 0.735 > 0.999
 5 min (median [interquartile range]) 9 [9 to 9] 9 [9 to 9] 0 [0 to 0] 0.657 > 0.999
Hypotension, n (%) 2 (3) 6 (9) 0.3 [0.1 to 1.4] 0.274 > 0.999
Nausea, n (%) 11 (17) 11 (17) 1.0 [0.4 to 2.5] > 0.999 > 0.999
Pruritus, n (%) 27 (41) 25 (38) 1.1 [0.6 to 2.3] 0.859 > 0.999
Postdural puncture headache, n (%) 0 0    
Maternal satisfaction (median [interquartile range]) 10 [8 to 10] 9 [8 to 10] 0 [–1 to 0] 0.022 0.253
Fetal heart rate, beats/min (median [interquartile range]) 135 [125 to 140] 135 [125 to 140] 0 [–5 to 5] 0.790 > 0.999
Fetal heart rate decelerations, n (%) 0.785 > 0.999
 Variable 4 (6) 2 (3) 0.5 [0.1 to 2.6]
 Late 7 (11) 9 (14) 0.4 [0.1 to 2.6]
Fetal heart rate variability, n (%) 0.435 > 0.999
 Moderate 61 (92) 61 (92) Reference
 Minimal 1 (2) 3 (5) 0.3 [0.2 to 2.7]
 Missing or not assessed 4 (6) 2 (3) 2.0 [0.4 to 14.8]
National Institute of Child Health and Human Development fetal heart rate classification, n (%) 0.596 > 0.999
 Category 1 51 (77) 50 (76) Reference
 Category 2 11 (17) 14 (21) 0.8 [0.3 to 1.9]
 Missing or not assessed 4 (6) 2 (3) 2.0 [0.4 to 14.6]

Difference measures correspond to the Hodges–Lehman shift for continuous variables and the risk difference for categorical variables.
*Sensory block height assessed with temperature discrimination using ice. Sensory level was tested to the S2 dermatome in the caudad direction, but no limit was imposed on sensory 
block height assessment in the cephalad direction.
†Modified Bromage score, where 1 indicates unable to flex feet or knees, 2 indicates able to flex feet only, 3 indicates able to flex knees, 4 indicates detectable weakness in hip flexion, 
and 5 indicates no weakness with hip flexion.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 anesthesiology 2022; 136:678–87 685

Dural Puncture Epidural in Obese Parturients

Tan et al.

plus intermittent boluses, and standard epidural plus con-
tinuous infusion reported that treatment with dural punc-
ture epidural plus intermittent boluses was associated with 
the greatest analgesia quality and drug-sparing effect com-
pared to the other two techniques.21 It is possible that the 
higher injectate pressures used in the intermittent bolus 
technique may increase drug transfer through the dural 
puncture, although this technique did not significantly 
increase analgesia efficacy with dural puncture epidural 
compared to standard epidural in our study. Another pos-
sibility is that the increased epidural drug spread associ-
ated with the intermittent bolus technique1 may obscure 
any analgesic improvement resulting from increased drug 
transfer through the dural conduit with the dural puncture 
epidural technique.

Dural punctures were performed with 25-gauge spinal 
needles, similar to previous studies that reported reduced 
sacral block sparing and asymmetrical block with dural punc-
ture epidural compared to standard epidural technique.5,17 
Hence, the size of the dural puncture is unlikely to explain 
the lack of analgesic benefit of dural puncture epidural com-
pared to standard epidural technique in our study. Finally, 
the presence of a dural puncture will have greater effect on 

the rate of transmeningeal drug transfer in medications with 
inherently slow diffusion rates through intact meninges such 
as lidocaine or morphine compared to medications that eas-
ily diffuse across the intact meninges such as bupivacaine or 
ropivacaine20 and may have contributed to the absence of 
significant analgesic improvement with the dural puncture 
epidural technique when ropivacaine was used.

In our study, dural puncture with 25-gauge spinal nee-
dles did not significantly increase the incidence of adverse 
effects compared to the standard epidural technique, consis-
tent with the findings of Cappiello et al.17 and Chau et al.5 It 
is likely that the rate of transmeningeal transfer of epidural 
medications is slow enough to avoid complications such 
as hypotension, uterine tachysystole, and fetal bradycardia 
that are associated with the combined spinal epidural tech-
nique.22 Also, no difference in the incidence of postdural 
puncture headache was detected. However, it is possible 
that our study was not sufficiently powered to detect small 
changes in these rare outcomes.

The main strength of our study is the randomized,  
double-blind design that minimizes bias and influence of 
known and unknown confounders. In addition, the compos-
ite primary outcome increases study power to detect clinically 

Fig. 2. Primary composite outcome and its individual components. The primary outcome was the quality of labor analgesia defined as a 
composite of (1) asymmetrical block (difference in sensory level of greater than 2 dermatomes using temperature discrimination to ice), 
(2) epidural top-ups, (3) catheter adjustments, (4) catheter replacement, and (5) failed conversion to regional anesthesia requiring general 
anesthesia or replacement neuraxial anesthesia in the event of cesarean delivery. There were no statistically significant differences between 
the groups in the composite outcome or its individual components. Further details are provided in the Supplemental Digital Content (http://
links.lww.com/aLN/C788).
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relevant differences in overall quality of analgesia. However, 
we acknowledge several potential limitations. While we  
found no statistically significant differences between the 
groups in our primary outcome, it should be noted that 
the 95% CI ranges were wide and contained potentially 
clinically relevant differences. Given our observed differ-
ence and variability of outcome rate, future large studies 
would be required to rule out a smaller but clinically rele-
vant difference. The onset of adequate analgesia is challeng-
ing to measure given the cyclical nature of labor pain. We 
attempted to control for this by assessing pain with the pre-
ceding contraction and enrolling parturients with moderate 
to severe labor pain. However, as the frequency of uterine 
contractions vary during labor, it is possible that adequate 
analgesia was obtained earlier than what was documented. 
We included a wide range of cervical dilatation in our study, 
although cervical dilatation and pain scores at request of 
analgesia were comparable between the two groups. In 
addition, maintenance of labor analgesia was achieved via 
intermittent boluses of epidural medications, which may 
have influenced our findings and reduced the generaliz-
ability of our results compared to other studies utilizing 
continuous infusion of epidural medications. We note that 
the incidence of our composite outcome was higher than 
anticipated. This discrepancy may be attributed to the pro-
spective collection of data in this study, which might have 
captured more interventions compared to the retrospective 
study that was used for the power analysis, which also used 
a more concentrated solution compared to the one used in 
this current study. Furthermore, the long duration of labor 
in parturients with obesity might lead to increased need 
for interventions. Finally, the need for epidural top-ups 
was included in our composite outcome, but it might not 
indicate definitive catheter failure such as need for catheter 
replacement during labor or for cesarean delivery. However, 
it reflects the presence of breakthrough pain and therefore is 
a measure of inadequate labor analgesia. This has a clinically 
significant impact on parturient satisfaction and anesthesia 
provider workload. While epidural top-ups were the pre-
dominant component of our composite outcome, our post 
hoc sensitivity analysis indicated that our findings were con-
sistent with or without the inclusion of epidural top-ups in 
our composite outcome.

In conclusion, we did not find significant differences 
in quality of analgesia or the incidence of adverse effects 
between dural puncture epidural and standard epidural 
techniques for labor analgesia in obese parturients. 
Those findings do not support routine use of the dural 
puncture epidural technique for labor analgesia in obese 
parturients.

acknowledgments

The authors acknowledge the contribution of the members of 
the Division of Women’s Anesthesiology and Duke Birthing 
Center (Durham, North Carolina) for their assistance with 

this study. The authors also thank Mary Cooter-Wright, M.S. 
(Department of Anesthesiology, Duke University Medical 
Center, Durham, North Carolina), for statistical advice.

Research Support

Support was provided solely from institutional and/or 
departmental sources.

Competing Interests

Dr. Habib has received grant support from Pacira Biosciences 
(Parsippany, New Jersey), Haisco USA (San Diego, California),  
and Heron Therapeutics (San Diego, California). He has also 
served on the Advisory Board for Trevena Inc. (Chesterbrook, 
Pennsylvania), Heron Therapeutics, Takeda (Lexington, 
Massachusetts), Mdoloris (Loos, France), and Vertex 
Pharmaceuticals (Boston, Massachusetts). The other authors 
declare no competing interests.

Reproducible Science

Full protocol available at: ashraf.habib@duke.edu. Raw data 
available at: ashraf.habib@duke.edu.

Correspondence

Address correspondence to Dr. Habib: Duke University 
Medical Center, Box 3094, Durham, North Carolina 
27710. ashraf.habib@duke.edu. This article may be accessed 
for personal use at no charge through the Journal Web site, 
www.anesthesiology.org.

references

 1. Sng BL, Zeng Y, de Souza NNA, Leong WL, Oh TT, 
Siddiqui FJ, Assam PN, Han NR, Chan ES, Sia AT: 
Automated mandatory bolus versus basal infusion for 
maintenance of epidural analgesia in labour. Cochrane 
Database Syst Rev 2018; 5:CD011344

 2. Suzuki N, Koganemaru M, Onizuka S, Takasaki M: 
Dural puncture with a 26-gauge spinal needle affects 
spread of epidural anesthesia. Anesth Analg 1996; 
82:1040–2

 3. Heesen M, Rijs K, Rossaint R, Klimek M: Dural 
puncture epidural versus conventional epidural block 
for labor analgesia: A systematic review of randomized 
controlled trials. Int J Obstet Anesth 2019; 40:24–31

 4. Layera S, Bravo D, Aliste J, Tran DQ: A systematic 
review of dural puncture epidural analgesia for labor. J 
Clin Anesth 2019; 53:5–10

 5. Chau A, Bibbo C, Huang CC, Elterman KG, Cappiello 
EC, Robinson JN, Tsen LC: Dural puncture epidural 
technique improves labor analgesia quality with fewer 
side effects compared with epidural and combined 
spinal epidural techniques: A randomized clinical trial. 
Anesth Analg 2017; 124:560–9

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024

mailto:ashraf.habib@duke.edu


 anesthesiology 2022; 136:678–87 687

Dural Puncture Epidural in Obese Parturients

Tan et al.

 6. Patel SD, Habib AS: Anaesthesia for the parturient with 
obesity. BJA Educ 2021; 21:180–6

 7. Petersen S, Khangura R, Fitzgerald M, Sousa D, Goyert 
G: Risk of cesarean with obesity and advancing mater-
nal age. Obstet Gynecol 2017; 129:31S

 8. Draycott T, Lewis G, Stephens I: Executive sum-
mary: Executive report of the confidential enqui-
ries into maternal deaths in the UK. BJOG 2011; 
118:e12–e21

 9. Hawkins JL, Chang J, Palmer SK, Gibbs CP, Callaghan 
WM: Anesthesia-related maternal mortality in the 
United States: 1979–2002. Obstet Gynecol 2011; 
117:69–74

 10. Breen TW, Shapiro T, Glass B, Foster-Payne D, Oriol 
NE: Epidural anesthesia for labor in an ambulatory 
patient. Anesth Analg 1993; 77:919–24

 11. Electronic fetal heart rate monitoring: Research 
guidelines for interpretation. National Institute of 
Child Health and Human Development Research 
Planning Workshop. Am J Obstet Gynecol 1997; 
177:1385–90

 12. Tien M, Allen TK, Mauritz A, Habib AS: A retrospec-
tive comparison of programmed intermittent epidural 
bolus with continuous epidural infusion for mainte-
nance of labor analgesia. Curr Med Res Opin 2016; 
32:1435–40

 13. Hess PE, Pratt SD, Lucas TP, Miller CG, Corbett T, 
Oriol N, Sarna MC: Predictors of breakthrough pain 
during labor epidural analgesia. Anesth Analg 2001; 
93:414–8

 14. Thomas JA, Pan PH, Harris LC, Owen MD, D’Angelo 
R: Dural puncture with a 27-gauge Whitacre nee-
dle as part of a combined spinal–epidural technique 
does not improve labor epidural catheter function. 
Anesthesiology 2005; 103:1046–51

 15. Yadav P, Kumari I, Narang A, Baser N, Bedi V, Dindor 
BK: Comparison of dural puncture epidural tech-
nique versus conventional epidural technique for labor 

analgesia in primigravida. J Obstet Anaesth Crit Care 
2018; 8:24

 16. Wilson SH, Wolf BJ, Bingham K, Scotland QS, Fox 
JM, Woltz EM, Hebbar L: Labor analgesia onset with 
dural puncture epidural versus traditional epidural using 
a 26-gauge Whitacre needle and 0.125% bupivacaine 
bolus: A randomized clinical trial. Anesth Analg 2018; 
126:545–51

 17. Cappiello E, O’Rourke N, Segal S, Tsen LC: A ran-
domized trial of dural puncture epidural technique 
compared with the standard epidural technique for 
labor analgesia. Anesth Analg 2008; 107:1646–51

 18. Bernards CM, Kopacz DJ, Michel MZ: Effect of needle 
puncture on morphine and lidocaine flux through the 
spinal meninges of the monkey in vitro: Implications for 
combined spinal–epidural anesthesia. Anesthesiology 
1994; 80:853–8

 19. Swenson JD, Wisniewski M, McJames S, Ashburn MA, 
Pace NL: The effect of prior dural puncture on cis-
ternal cerebrospinal fluid morphine concentrations in 
sheep after administration of lumbar epidural mor-
phine. Anesth Analg 1996; 83:523–5

 20. Clement R, Malinovsky JM, Le Corre P, Dollo G, 
Chevanne F, Le Verge R: Cerebrospinal fluid bio-
availability and pharmacokinetics of bupivacaine and 
lidocaine after intrathecal and epidural administrations 
in rabbits using microdialysis. J Pharmacol Exp Ther 
1999; 289:1015–21

 21. Song Y, Du W, Zhou S, Zhou Y, Yu Y, Xu Z, Liu Z: 
Effect of dural puncture epidural technique combined 
with programmed intermittent epidural bolus on labor 
analgesia onset and maintenance: A randomized con-
trolled trial. Anesth Analg 2021; 132:971–8

 22. Hattler J, Klimek M, Rossaint R, Heesen M: The effect 
of combined spinal–epidural versus epidural analgesia 
in laboring women on nonreassuring fetal heart rate 
tracings: Systematic review and meta-analysis. Anesth 
Analg 2016; 123:955–64

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



PerioPerative Medicine

688 May 2022 aNESTHESIOLOGy, V 136   •   NO 5

aBStract
Background: Pulse oximetry is ubiquitous in anesthesia and is generally a 
reliable noninvasive measure of arterial oxygen saturation. Concerns regard-
ing the impact of skin pigmentation and race/ethnicity on the accuracy of 
pulse oximeter accuracy exist. The authors hypothesized a greater prevalence 
of occult hypoxemia (arterial oxygen saturation [Sao

2
] less than 88% despite 

oxygen saturation measured by pulse oximetry [Spo
2
] greater than 92%) in 

patients undergoing anesthesia who self-reported a race/ethnicity other than 
White.

Methods: Demographic and physiologic data, including self-reported race/
ethnicity, were extracted from a departmental data warehouse for patients 
receiving an anesthetic that included at least one arterial blood gas between 
January 2008 and December 2019. Calculated Sao

2
 values were paired with 

concurrent Spo
2
 values for each patient. Analysis to determine whether Black, 

Hispanic, Asian, or Other race/ethnicities were associated with occult hypox-
emia relative to White race/ethnicity within the Spo

2
 range of 92 to 100% was 

completed.

results: In total, 151,070 paired Sao
2
–Spo

2
 readings (70,722 White; 16,011 

Black; 21,223 Hispanic; 8,121 Asian; 34,993 Other) from 46,253 unique 
patients were analyzed. The prevalence of occult hypoxemia was significantly 
higher in Black (339 of 16,011 [2.1%]) and Hispanic (383 of 21,223 [1.8%]) 
versus White (791 of 70,722 [1.1%]) paired Sao

2
–Spo

2
 readings (P < 0.001 

for both). In the multivariable analysis, Black (odds ratio, 1.44 [95% CI, 1.11 
to 1.87]; P = 0.006) and Hispanic (odds ratio, 1.31 [95% CI, 1.03 to 1.68];  
P = 0.031) race/ethnicity were associated with occult hypoxemia. Asian and 
Other race/ethnicity were not associated with occult hypoxemia.

conclusions: Self-reported Black and Hispanic race/ethnicity are associ-
ated with a greater prevalence of intraoperative occult hypoxemia in the Spo

2
 

range of 92 to 100% when compared with self-reported White race/ethnicity.

(ANESTHESIOLOGY 2022; 136:688–96)
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editor’S PerSPective

What We already Know about This Topic

• Pulse oximetry is part of the American Society of Anesthesiologists’ 
Standards for Basic Anesthetic Monitoring

• Pigmentation in dark skin has been associated with overestimation 
of pulse oximeter values

• Recent critical care literature has renewed concerns regarding the 
accuracy of pulse oximetry in detecting hypoxemia in Black versus 
White patients

What This article Tells Us That Is New

• Among 46,523 patients with 151,070 paired arterial oxygen satu-
ration (Sao

2
)–oxygen saturation measured by pulse oximetry (Spo

2
) 

intraoperative readings at a single center, the prevalence of occult 
hypoxemia (Sao

2
 less than 88% despite concurrent Spo

2
 greater 

than 92%) was significantly increased in patients self-reporting 
Black (2.1%) and Hispanic (1.8%) race/ethnicity compared with 
patients self-reporting White (1.1%) race/ethnicity

• After adjusting for other clinical factors, Black or Hispanic race/
ethnicity was independently associated with occult hypoxemia

In 1986, the American Society of Anesthesiologists (ASA; 
Schaumburg, Illinois) adopted the Standards for Basic 

Intra-Operative Monitoring, which stated, “During all anes-
thetics, a quantitative method of assessing oxygenation such 
as pulse oximetry shall be employed.”1 Since that time, pulse 
oximetry has become ubiquitous in health care and is an 
important component of the World Health Organization’s 
(Geneva, Switzerland) Safe Surgery Checklist.2 The addi-
tion of widespread pulse oximetry use, in combination with 
additional perioperative safety initiatives, has coincided 
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with a 90% reduction in anesthesia-related fatalities3; its use 
in postanesthesia care units has likely contributed to the 
significant reduction in need for patient rescue or intensive 
care unit admissions.3,4

While the measurement of oxygen saturation by pulse 
oximetry (Spo

2
) is generally a reliable noninvasive measure 

of a patient’s true arterial oxygen saturation (Sao
2
), several 

factors may interfere with the accuracy of pulse oximetry 
measurement.5 These include inadequate waveform capture 
from hypotension; motion artifact or hypoperfusion; falsely 
elevated values due to ambient light or carboxyhemoglobin; 
or falsely low values from severe anemia, nail polish, or vital 
dyes.5–7 Skin pigmentation is another potential source of 
inaccuracy, and studies have demonstrated conflicting data 
regarding the impact of skin pigmentation on the difference 
between Sao

2
 concentrations and Spo

2
 values (i.e., Spo

2
 

device bias). Overestimation of Spo
2
 (positive device bias) 

in patients with dark skin pigmentation has been shown 
to be as high as 5%, although some studies have demon-
strated no evidence of Spo

2
 device bias.8–13 More recent 

studies evaluating modern pulse oximeters have evaluated 
Spo

2
 device bias in hypoxic patients with and without dark 

skin pigmentation.14,15 Positive Spo
2
 device bias was noted 

in patients with deeply pigmented skin at Sao
2
 concentra-

tions less than 80%, but this discrepancy did not persist at 
Sao

2
 concentrations greater than 80%.

Most recently, Sjoding et al. compared pulse oximetry 
use in Black and White patients in the critical care setting, 
demonstrating approximately three times the frequency of 
clinically significant occult hypoxemia (i.e., Sao

2
 less than 

88% despite Spo
2
 greater than 92 to 96%) in Black (11.4%) 

versus White (3.6%) patients.16 These findings demonstrated 
Sao

2
 and Spo

2
 discrepancies in Black patients at much 

higher Spo
2
 values than previously described.14,15 These are 

important and concerning findings, but may not be appli-
cable to a population of patients undergoing anesthetic care.

The aim of this retrospective study was to determine 
if self-reported race/ethnicity, as a surrogate for skin pig-
mentation, was associated with greater prevalence of occult 
hypoxemia in a cohort of patients undergoing general anes-
thesia, regional anesthesia, or monitored anesthesia care. We 
hypothesized a greater prevalence of occult hypoxemia in 
those who self-reported a race/ethnicity other than White.

Materials and Methods
After receiving Institutional Review Board approval from 
the Icahn School of Medicine at Mount Sinai (New York, 
New York), data were extracted from our departmental 
data warehouse for all adult patients (older than 18 yr) who 
received an anesthetic that included at least one arterial blood 
gas (ABG) sample between January 2008 and December 
2019. Our departmental data warehouse is a unified data 
source that contains data from both our historical anes-
thesia information management system (CompuRecord; 
Philips Medical Systems, USA) as well as our electronic 

health record (Epic; Epic Systems, USA). Matching of his-
torical intraoperative anesthesia information management 
system data to additional demographics from the electronic 
health record, and import of these additional data into our 
departmental data warehouse, is done via an automated pro-
cess and was not specifically undertaken for this project. 
Informed consent was waived by the institutional review 
board because of the retrospective nature of the study.

For each Sao
2
 concentration calculated by ABG 

(GEMStat Premier 3000; Instrumentation Laboratory, 
USA), the corresponding Spo

2
 was found by calculating the 

mean Spo
2
 during a 5-min interval starting 10 min before 

the ABG time (interval ended at 5 min before the ABG 
time). This interval was chosen to represent the prevailing 
Spo

2
 values at the time the laboratory specimen was likely 

drawn, as well as to account for specimen transport time 
before logging/processing of the specimen using point-of-
care ABG analyzers. ABG data were excluded if there were 
no comparative Spo

2
 values available during this interval, or 

if Sao
2
 or Spo

2
 values were greater than 100% and deemed 

to be device error. Spo
2
 values were captured every 15 s 

for all cases. The calculated Sao
2
 value and calculated Spo

2
 

value were then linked to one another as a “paired Sao
2
–

Spo
2
 reading” for the purpose of data analyses.

Pulse oximeter device bias was calculated as the differ-
ence between the averaged Spo

2
 and Sao

2
 values. Occult 

hypoxemia was defined as Sao
2
 less than 88% despite a Spo

2
 

of greater than 92%, based on previously published param-
eters.16 Our analysis included the full range of Spo

2
 values 

between 92 to 100%.
Patient- and case-level data extracted included basic 

patient demographics (age, sex, body mass index, self- 
identified race, self-identified ethnicity); smoking status at 
time of surgery (current, previous, or never smoker); year 
of procedure as a categorical variable; ASA Physical Status; 
history of relevant comorbidities (hypertension, chronic 
pulmonary disease, congestive heart failure, coronary artery 
disease, valvular heart disease, diabetes, peripheral vascular 
disease, renal failure); anesthesia type (general, monitored 
anesthesia care, regional anesthesia); use of volatile anes-
thetic agent (yes/no); use of vasoactive infusion (yes/no 
[for use of a phenylephrine, norepinephrine, epinephrine, 
or vasopressin infusion at any time during the portion of 
the anesthetic]); mean arterial pressure (MAP); hematocrit 
value as reported at the time of the associated ABG; and 
set ventilator parameters (fraction of inspired oxygen [Fio

2
], 

tidal volume, positive end-expiratory pressure [PEEP]). 
Measured ventilatory parameters were not recorded or 
saved to the departmental data warehouse. For each case, 
we calculated the mean Fio

2
, tidal volume, and PEEP for 

the same interval that was used to calculate mean Spo
2
. The 

year of procedure was included to account for changes in 
pulse oximeters used at our institution (primarily Nellcor 
[Medtronic, USA] before 2011 and Masimo [Masimo, 
USA] thereafter). Comorbidities were calculated from 
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International Classification of Diseases, Ninth Revision 
and Tenth Revision codes using the icd package17 in R (R 
Foundation for Statistical Computing, Vienna, Austria). This 
is an open-source, validated package that assigns comorbidi-
ties using the methods of Elixhauser et al.18 and Quan et al.19

Self-reported race and ethnicity data collected at time 
of admission were used for our analyses. Options for self- 
reported race and ethnicity varied during the time of the 
study period but were cross-referenced for agreement. Race 
and ethnicity data were classified into a synthetic race/ 
ethnicity variable according to a previously described 
method.20 Specifically, we modified the U.S. Census 
Bureau/Office of Management and Budget (Washington, 
D.C.) standards for classification of race/ethnicity to 
assign each patient to one of the following groups: White 
(European, North African, Middle Eastern, non-Hispanic), 
Black (African American, sub-Saharan African, non-His-
panic), Hispanic/Latinx, Asian, or Other race/ethnicity.21,22 
Race/ethnicity was synthesized into a single variable in 
order to include Hispanic/Latinx patients who may be dif-
ficult to categorize using standard U.S. Census guidelines, 
as a growing percentage of these patients identify race as 
“Other”23; thus, all patients who self-identified as Hispanic 
ethnicity were categorized into the Hispanic race/ 
ethnicity group. Patients self-identifying as Native 
American/Alaskan Native, Indian/South Asian, and Pacific 
Islander were grouped into the Other race/ethnicity 
group due to an extremely low number of these patients 
in our dataset, which caused instability of the multivari-
able model during preliminary analysis. The full process 
used to assign self-reported race/ethnicity responses to 
the single synthetic race/ethnicity variable is outlined in 
Supplemental Digital Content 1 (http://links.lww.com/
ALN/C797).

Statistical analysis

No statistical power calculation was conducted before the 
study since the sample size was based on available data in 
our data warehouse. The statistical and data analysis plans 
were defined before accessing the data and were finalized 
after the data were accessed, with additional statistical analy-
sis completed after peer review. Patient and case characteris-
tics were compared across self-reported race/ethnicity using 
one-way ANOVA for continuous variables that met para-
metric assumptions. Continuous variables that did not meet 
parametric assumptions, including nonnormal distributions 
as assessed by histograms, were analyzed using Kruskal–
Wallis tests. The chi-square test was utilized for categorical 
variables. Two-tailed testing was used for all statistical tests. 
The reference group for race/ethnicity was White; the ref-
erence group for sex was female. For ASA Physical Status, 
ASA Physical Status I and II were grouped together because 
of the small number of ASA Physical Status I patients (less 
than 1.5%); this combined ASA Physical Status I and II 
group was used as the reference.

Generalized estimating equations modeling was utilized 
to determine if any race/ethnicity was an independent pre-
dictor of occult hypoxemia relative to White race/ethnic-
ity within the study Spo

2
 range of 92 to 100%. A Poisson 

regression model with logarithmic link was used because 
of the low prevalence of occult hypoxemia. Multiple paired 
Sao

2
–Spo

2
 readings for each patient were accounted for by 

clustering within patients using independent working cor-
relation structure; however, sandwich estimators were uti-
lized for standard errors. The model was first run without 
controlling for confounders in order to assess for significant 
differences in unadjusted prevalence of occult hypoxemia 
across race/ethnicity groups. A multivariable model was 
then created to control for all of the collected demographic, 
comorbidity, and operative variables. A continuous Spo

2
 

variable was included as a fixed effect, and an interaction 
term between Spo

2
 and race/ethnicity was also assessed for 

inclusion. Continuous variables (e.g., Fio
2
, tidal volume) 

were entered directly into the model as covariates, with-
out transformation. The year of procedure was assessed as 
a categorical variable; 2011 was used as the reference level 
(since this was the approximate year that the pulse oximeter 
device type changed). All covariates included were assessed 
as confounding variables rather than effect modifiers. An 
additional model focusing on 92 to 96% Spo

2
 was created as 

a supplemental analysis, as this was the range focused on in 
the analysis of occult hypoxemia from Sjoding et al.16

As an exploratory analysis, the optimal threshold for pre-
dicting occult hypoxemia based on Spo

2
 was assessed using 

the F
1
 score. The F

1
 score is the harmonic mean of the pre-

cision (positive predictive value) and recall (sensitivity), and 
is a measure of a test’s accuracy.24 It can be used to deter-
mine the threshold at which a test has the best performance, 
particularly in cases where the outcome (in this case, occult 
hypoxemia) is rare. F

1
 scores were calculated using univar-

iate analysis for the range of Spo
2
 between 92 to 100%, 

stratified by race/ethnicity, and then plotted. This allowed 
for visual identification of the best Spo

2
 cutoff to identify 

occult hypoxemia.
The overall design of the analysis and threshold for 

statistical significance (P < 0.05) were established a priori. 
After reviewing our findings, several post hoc sensitivity anal-
yses were performed to further elucidate the relationship 
between race/ethnicity, occult hypoxemia, and comorbid 
risk factors.

All statistical analysis was performed in R version 3.5.0 
(R Foundation for Statistical Computing).

results
Readings from 47,067 unique patients were collected, total-
ing 157,482 Sao

2
–Spo

2
 pairs. Before data analysis, 17 paired 

Sao
2
–Spo

2
 readings were excluded because of missing Sao

2
 

data, and an additional 28 paired Sao
2
–Spo

2
 readings were 

excluded for Sao
2
 values greater than 100, deemed to be 

device error. There were 11,232 paired Sao
2
–Spo

2
 readings 
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for patients whose race was recorded as “Unknown,” who 
were grouped into the Other race/ethnicity group. We 
then isolated paired Sao

2
–Spo

2
 readings to the Spo

2
 92 to 

100% range, which left a total of 151,070 paired Sao
2
–Spo

2
 

readings for 46,253 unique patients. Demographics for the 
cohort for data analysis are listed in table 1. The most repre-
sented race/ethnicity groups by number of unique patients 

were White (22,089 of 46,253 [47.8%]), Other (10,071 of 
46,253 [21.8%]), Hispanic (6,304 of 46,253 [13.6%]), and 
Black (5,177/46,253 [11.2%]). The White cohort was older 
(61 vs. 52 to 54 yr) than the non-White groups on average, 
and had a greater proportion of male sex (12,530 of 22,089 
[56.7%]) compared to the Black (2,381 of 5,177 [46%]) and 
Hispanic (3,220 of 6,304 [51.1%]) cohorts. The proportions 

table 1. Patient Demographics

 Overall White Black Asian Hispanic Other P Value

Paired Sao2–Spo2 readings, No. 151,070 70,722 16,011 8,121 21,223 34,993  
Patients, No. 46,253 22,089 5,177 2,612 6,304 10,071  
age, yr (mean ± SD) 57 ± 21 61 ± 19 54 ± 19 55 ± 21 52 ± 23 54 ± 22 < 0.001
Male sex 25,226 (54.5%) 12,530 (56.7%) 2,381 (46.0%) 1,526 (58.4%) 3,220 (51.1%) 5,569 (55.3%) < 0.001
Body mass index, kg/m2, median  

 [interquartile range]
26 [23–30] 27 [23–30] 27 [23–32] 24 [21–27] 27 [23–31] 26 [22–30] < 0.001

aSa Physical Status       < 0.001
 I 688 (1.5%) 329 (1.5%) 75 (1.4%) 49 (1.9%) 102 (1.6%) 133 (1.3%)  
 II 6,603 (14.3%) 3,250 (14.7%) 671 (13.0%) 527 (20.2%) 880 (14.0%) 1,275 (12.7%)  
 III 19,892 (43.0%) 10,080 (45.6%) 2,198 (42.5%) 1,219 (46.7%) 2,518 (40.0%) 3,877 (38.5%)  
 IV 18,232 (39.4%) 8,168 (37.0%) 2,117 (40.9%) 780 (29.9%) 2,664 (42.3%) 4,503 (44.8%)  
 V 818 (1.8%) 258 (1.2%) 115 (2.2%) 37 (1.4%) 136 (2.2%) 272 (2.7%)  
Hypertension 12,469 (27.0%) 5,342 (24.2%) 1,254 (24.2%) 581 (22.2%) 1,784 (28.3%) 3,508 (34.8%) < 0.001
Congestive heart failure 2,805 (6.1%) 1,280 (5.8%) 312 (6.0%) 89 (3.4%) 362 (5.7%) 762 (7.6%) < 0.001
Valvular heart disease 4,103 (8.9%) 2,428 (11.0%) 233 (4.5%) 127 (4.9%) 396 (6.3%) 919 (9.1%) < 0.001
Chronic pulmonary disease 3,134 (6.8%) 1,414 (6.4%) 344 (6.6%) 84 (3.2%) 451 (7.2%) 841 (8.4%) < 0.001
Diabetes 5,409 (11.7%) 1,762 (8.0%) 583 (11.3%) 296 (11.3%) 975 (15.5%) 1,793 (17.8%) < 0.001
Renal failure 2,246 (4.9%) 729 (3.3%) 315 (6.1%) 85 (3.3%) 395 (6.3%) 722 (7.2%) < 0.001
Peripheral vascular disease 2,344 (5.1%) 1,067 (4.8%) 243 (4.7%) 103 (3.9%) 336 (5.3%) 595 (5.9%) < 0.001
Coronary artery disease 5,353 (11.6%) 2,415 (10.9%) 460 (8.9%) 215 (8.2%) 746 (11.8%) 1,517 (15.1%) < 0.001
Smoking status       < 0.001
 Never 31,756 (77.9%) 14,567 (76.3%) 3,465 (74.6%) 1,957 (86.9%) 4,542 (80.2%) 7,225 (79.4%)  
 Current 2,913 (7.1%) 1,189 (6.2%) 511 (11.0%) 106 (4.7%) 406 (7.2%) 701 (7.7%)  
 Prior 6,082 (14.9%) 3,331 (17.5%) 666 (14.3%) 190 (8.4%) 716 (12.6%) 1,179 (12.9%)  
anesthesia type       < 0.001
 General 43,061 (93.2%) 20,503 (92.9%) 4,802 (92.8%) 2,473 (94.8%) 5,825 (92.5%) 9,458 (94.0%)  
 Monitored anesthesia care 1,506 (3.3%) 781 (3.5%) 119 (2.3%) 34 (1.3%) 196 (3.1%) 376 (3.7%)  
 Regional 1,643 (3.6%) 785 (3.6%) 252 (4.9%) 103 (3.9%) 273 (4.3%) 230 (2.3%)  
 Volatile anesthetic 32,214 (69.6%) 15,126 (68.5%) 3,737 (72.2%) 1,882 (72.1%) 4,460 (70.7%) 7,009 (69.6%) < 0.001
Vasoactive infusion used 21,158 (45.7%) 10,415 (47.2%) 1,878 (36.3%) 945 (36.2%) 2,746 (43.6%) 5,174 (51.4%) < 0.001
Tidal volume, ml (mean ± SD) 460 ± 153 477 ± 146 472 ± 151 440 ± 142 438 ± 163 437 ± 159 < 0.001
Fio2, %, median [interquartile range] 85 [72–97] 85 [73–97] 84 [73–97] 81 [72–97] 86 [72–97] 85 [71–97] < 0.001
PEEP, cm H2O, median [interquartile range] 5 [3–5] 5 [3–5] 5 [3–5] 5 [3–5] 5 [3–5] 5 [3–5] < 0.001
MaP (mean ± SD) 83 ± 17 83 ± 16 85 ± 18 83 ± 16 82 ± 17 82 ± 17 < 0.001
Hematocrit (mean ± SD) 33 ± 6 33 ± 6 33 ± 6 34 ± 6 33 ± 7 33 ± 7 < 0.001
year of procedure       < 0.001
 2008 2,905 (6.3%) 1,574 (7.1%) 372 (7.2%) 157 (6.0%) 468 (7.4%) 334 (3.3%)  
 2009 3,692 (8.0%) 1,930 (8.7%) 528 (10.2%) 230 (8.8%) 547 (8.7%) 457 (4.5%)  
 2010 3,889 (8.4%) 1,967 (8.9%) 578 (11.2%) 267 (10.2%) 587 (9.3%) 490 (4.9%)  
 2011 4,184 (9.0%) 2,137 (9.7%) 548 (10.6%) 284 (10.9%) 635 (10.1%) 580 (5.8%)  
 2012 4,673 (10.1%) 2,313 (10.5%) 641 (12.4%) 272 (10.4%) 627 (9.9%) 820 (8.1%)  
 2013 4,875 (10.5%) 2,381 (10.8%) 689 (13.3%) 329 (12.6%) 626 (9.9%) 850 (8.4%)  
 2014 4,481 (9.7%) 2,036 (9.2%) 544 (10.5%) 288 (11.0%) 540 (8.6%) 1,073 (10.7%)  
 2015 5,256 (11.4%) 2,169 (9.8%) 676 (13.1%) 308 (11.8%) 609 (9.7%) 1,494 (14.8%)  
 2016 3,071 (6.6%) 1,333 (6.0%) 188 (3.6%) 53 (2.0%) 346 (5.5%) 1,151 (11.4%)  
 2017 3,553 (7.7%) 1,690 (7.7%) 265 (5.1%) 152 (5.8%) 466 (7.4%) 980 (9.7%)  
 2018 3,099 (6.7%) 1,354 (6.1%) 88 (1.7%) 135 (5.2%) 513 (8.1%) 1,009 (10.0%)  
 2019 2,575 (5.6%) 1,205 (5.5%) 60 (1.2%) 137 (5.2%) 340 (5.4%) 833 (8.3%)  

Data are n (%) unless otherwise noted. 
aSa, american Society of anesthesiologists; Fio2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; Sao2, arterial oxygen saturation; Spo2, oxygen saturation measured 
by pulse oximetry.
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of male sex in the Asian (1,526 of 2,612 [58.4%]) and Other 
(5,569 of 10,071 [55.3%]) cohorts were similar to the 
White cohort. The Black, Hispanic, and Other cohorts had 
greater proportions of ASA Physical Status IV and V, diabe-
tes, and renal failure compared with the White and Asian 
cohorts. Rates of congestive heart failure, hypertension, and 
chronic pulmonary disease were similar between the White, 
Black, and Hispanic cohorts, greater in the Other cohort, 
and lesser in the Asian cohort. Rates of general anesthesia 
were high across all groups, with few study patients having 
received monitored anesthesia care or regional anesthesia. 
The median Spo

2
 was 100% (interquartile range, 99 to 100) 

and median calculated Sao
2
 was 100% (interquartile range, 

100 to 100) for the overall cohort as well as for each race/
ethnicity group.

Prevalence of Occult Hypoxemia and Spo2 Device Bias 
by Self-reported Race/Ethnicity (Univariate analysis)
The prevalence of occult hypoxemia in the Spo

2
 study 

range for each self-reported race/ethnicity group is listed in 
table 2 and illustrated in figure 1. Overall, occult hypoxemia 
was present in 1.3% (2,016 of 151,070) of paired Sao

2
–Spo

2
 

readings. The prevalence of occult hypoxemia in Black 
patients was 2.1% (339 of 16,011 paired Sao

2
–Spo

2
 read-

ings) versus 1.1% (791 of 70,722 paired Sao
2
–Spo

2
 readings) 

in White patients (P < 0.001). Hispanic patients also had 
a significantly greater prevalence of 1.8% (383 of 21,223 
paired Sao

2
–Spo

2
 readings; P < 0.001). Asian and Other 

race/ethnicity had a similar prevalence to White race.
The overall Spo

2
 device bias was 0.0 ± 6.8% (mean ± 

SD). White race/ethnicity was the only group that demon-
strated a negative Spo

2
 device bias (−0.2 ± 6.3%). Positive 

Spo
2
 device bias was observed for Black (0.6 ± 9.1%), 

Hispanic (0.5 ± 7.9%), Asian (0.2 ± 6.5%), and Other 
(0.1 ± 5.9%) patients.

Multivariable analysis Results
Factors associated with occult hypoxemia in the multivari-
able analysis for the Spo

2
 study range are shown in table 3. 

Black (odds ratio, 1.44 [95% CI, 1.11 to 1.87]; P = 0.006) 

and Hispanic (odds ratio, 1.31 [95% CI, 1.03 to 1.68];  
P = 0.031) race/ethnicity were associated with significantly 
greater odds of occult hypoxemia relative to White race/
ethnicity. Higher Spo

2
 was associated with decreased risk of 

occult hypoxemia (odds ratio, 0.71 [95% CI, 0.69 to 0.73]; 
P < 0.001). The overall interaction term between race/ 
ethnicity and Spo

2
 was not significant (P = 0.948) and was 

thus not included in the final model. ASA Physical Status 
V was an independent risk factor for occult hypoxemia 
(odds ratio, 1.83 [95% CI, 1.16 to 2.88]; P = 0.009). Higher 
PEEP (odds ratio, 1.10 [95% CI, 1.06 to 1.13]; P < 0.001) 
and higher hematocrit (odds ratio, 1.05 [95% CI, 1.03 to 
1.06]; P < 0.001) were also associated with a significantly 
greater risk of occult hypoxemia. In contrast, higher tidal 
volume (odds ratio, 0.80, [95% CI, 0.75 to 0.84]; P < 0.001) 
and higher MAP (odds ratio, 0.89 [95% CI, 0.84 to 0.95];  
P < 0.001) were associated with significantly lower risk of 
occult hypoxemia. Older age was associated with lower odds 
of occult hypoxemia (odds ratio, 0.94 [95% CI, 0.89 to 0.99]; 
P = 0.012). A more recent year of procedure (2015 to 2019) 
was also associated with decreased odds of occult hypoxemia 
compared with the reference year (2011; table 3).

Several post hoc sensitivity analyses were performed based 
on the results of the multivariable analysis. Specifically, because 
of the strong association between ASA Physical Status V and 
occult hypoxemia, as well as the greater proportion of ASA 
Physical Status V patients in the Black, Hispanic, and Other 
groups, multivariable analyses were repeated while exclud-
ing ASA Physical Status V patients. The association between 
Black (odds ratio, 1.40 [95% CI, 1.08 to 1.82]; P = 0.011)  
and Hispanic (odds ratio, 1.29 [95% CI 1.01 to 1.64];  
P = 0.039) race/ethnicity and occult hypoxemia was still sig-
nificant with comparable odds ratios. Full results of this sen-
sitivity analysis are shown in Supplemental Digital Content 
2 (http://links.lww.com/ALN/C797). We also performed a 
sensitivity analysis limited to the 92 to 96% Spo

2
 range, as 

per Sjoding et al.16 Results were consistent with our primary 
analysis. Black race/ethnicity was significantly associated with 
occult hypoxemia (odds ratio, 1.80 [95% CI, 1.10 to 2.94];  
P = 0.020) versus White race/ethnicity, with a greater odds 
ratio than in the full 92 to 100% Spo

2
 model. The association 

table 2. Prevalence of Occult Hypoxemia* Stratified by Self-reported Race/Ethnicity (Univariate analysis)

race/ethnicity
number of Paired  

Sao2–Spo2 readings
Prevalence of occult Hypoxemia

(Paired readings) Patients, no.
Prevalence of occult Hypoxemia

(number of Patients) P value†

Overall 151,070 2,016 (1.3%) 46,253 1,855 (4.0%) —
White‡ 70,722 791 (1.1%) 22,089 731 (3.3%) —
Black 16,011 339 (2.1%) 5,177 319 (6.2%) < 0.001
asian 8,121 92 (1.1%) 2,612 85 (3.3%) 0.865
Hispanic 21,223 383 (1.8%) 6,304 348 (5.5%) < 0.001
Other 34,993 411 (1.2%) 10,071 372 (3.7%) 0.594

*Occult hypoxemia is defined as Sao2 at less than 88% despite Spo2 being greater than 92%. †P value calculated for paired readings using generalized estimating equations modeling 
(with clustering within patients) without controlling for confounders. ‡Reference group.
Sao2, arterial oxygen saturation; Spo2, oxygen saturation measured by pulse oximetry.
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of occult hypoxemia in Hispanic patients no longer reached 
significance using the Spo

2
 range of 92 to 96% (odds ratio, 

1.46 [95% CI, 0.95 to 2.25]; P = 0.082). The full results of 
this analysis can be found in Supplemental Digital Content 3 
(http://links.lww.com/ALN/C797).

Identification of Optimal Spo2 Threshold for Predicting 
Occult Hypoxemia (Univariate analysis)

The F
1
 score was calculated for White, Black, and Hispanic 

patients. F
1
 scores for Asian and Other race/ethnicity were 

not calculated given the lack of significant difference in 
occult hypoxemia prevalence relative to the White refer-
ence group. Supplemental Digital Content 4 (http://links.
lww.com/ALN/C797) includes a figure with graphic rep-
resentation of the calculated F

1
 scores. The peak F

1
 score for 

White patients was at Spo
2
 94% (F

1
 score, 0.08), meaning 

that Spo
2
 values less than 94% were most associated with 

occult hypoxemia. The F
1
 score for Black race/ethnicity 

peaked at 96% (F
1
 score, 0.11). The peak F

1
 score was at 

95% for Hispanic race/ethnicity (F
1
 score, 0.13).

discussion

In this large, retrospective, single-center analysis, we found 
that self-reported Black race/ethnicity (339 of 16,011 

paired Sao
2
–Spo

2
 readings [2.1%]; odds ratio, 1.44 [95% 

CI, 1.11 to 1.87]) and Hispanic race/ethnicity (383 of 
21,223 paired Sao

2
–Spo

2
 readings [1.8%]; odds ratio, 1.31 

[95% CI, 1.03 to 1.68]) were significantly associated with 
occult hypoxemia in the 92 to 100% Spo

2
 range compared 

with White race/ethnicity (791 of 70,222 paired Sao
2
–Spo

2
 

readings [1.1%]). The interaction between Spo
2
 and race/ 

ethnicity was not significant, supporting our finding that 
race/ethnicity is associated with occult hypoxemia inde-
pendent of Spo

2
. These findings are consistent with recent 

descriptions of occult hypoxemia in the critical care pop-
ulation,16 but contrary to previous studies suggesting racial 
discrepancies exist at Spo

2
 values less than 80% and are 

minimal at more commonly encountered Spo
2
 values.14,15 

The sensitivity analysis of the 92 to 96% Spo
2
 range ([Black 

race/ethnicity] odds ratio, 1.80 [95% CI, 1.10 to 2.94]) is 
consistent with the findings of Sjoding et al. The lack of sta-
tistical significance of Hispanic race/ethnicity versus White 
race/ethnicity in the 92 to 96% analysis is likely attributed 
to underpowered analyses.

Patients with ASA Physical Status V also demonstrated 
a significant association with occult hypoxemia (odds 
ratio, 1.83 [95% CI, 1.16 to 2.88]) across all race/ethnicity  
groups, potentially because of derangements in physiology 
or therapeutic interventions associated with patients of 
ASA Physical Status V. Although a larger percentage of ASA 

Fig. 1. Prevalence of occult hypoxemia (arterial oxygen saturation at less than 88% despite oxygen saturation measured by pulse oximetry 
[Spo2] being greater than 92%) by self-reported race/ethnicity between mean Spo2 values of 92 to 100%. The curve was generated using 
the locally weighted scatterplot smoothing method with 50% smoothing to predict the hypoxemia prevalence at a given Spo2 value. Each 
prediction is derived from fitting a locally linear regression from the neighboring 50% data points. The shading represents the 95% CI of the 
locally weighted scatterplot smoothing curve.
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Physical Status V patients were in the Black and Hispanic 
groups, sensitivity analyses demonstrated this relationship 
remained significant with the exclusion of ASA Physical 
Status V patients in both Black (odds ratio, 1.40 [95% CI, 

1.08 to 1.82]) and Hispanic (odds ratio, 1.29 [95% CI, 1.01 
to 1.64]) groups.

Surprisingly, neither the use of vasoactive infusions nor 
the diagnoses of peripheral vascular disease or diabetes were 
associated with occult hypoxemia despite previous literature 
indicating an association.25–27 Sjoding et al. excluded dia-
betic patients from their analysis, so there is no recent and 
direct comparison to our study available.16 The associations 
between age, ventilatory parameters, MAP, and hemato-
crit with occult hypoxemia were all statistically significant; 
however, associations were hard to interpret clinically since 
the magnitude of the effect size was generally very small 
and often in a contradictory direction (e.g., higher PEEP 
appeared to be associated with more occult hypoxemia; 
table 3). Further evaluation of the impact of these covariates 
is required across all populations and is beyond the scope of 
this work. There is no clear explanation as to why year was 
significantly associated with occult hypoxemia, as it does 
not correspond to the change in pulse oximeter manufac-
turers in 2011.

Despite our primary findings, the overall Spo
2
 device 

bias in White patients compared to non-White patients 
was not as striking on univariate analysis, with a differ-
ence of less than 1.0% across all groups. The pulse oximeter 
slightly underestimated Sao

2
 in White patients and slightly 

overestimated Sao
2
 in non-White patients. It is likely that 

Spo
2
 device bias does not occur in all non-White patients, 

which may explain the discrepancy between the increased 
prevalence of occult hypoxemia in the Black and Hispanic 
self-reported populations, but more similar prevalence of 
overall Spo

2
 device bias. This discrepancy may be attributed 

to the wide range of skin pigmentations in patients who 
self-identify as Black and Hispanic, including multiracial 
individuals who self-identify as Black or Hispanic because 
of historical racial integrity laws.28,29

As shown in our primary analysis, lower Spo
2
 (evaluated 

as a continuous variable) is significantly associated with a 
increased risk of occult hypoxemia. The univariate F

1
 scores 

presented in Supplemental Digital Content 4 (http://links.
lww.com/ALN/C797) were calculated to explore if there 
are optimal Spo

2
 thresholds for predicting occult hypox-

emia. Based on our findings, it may be prudent to have 
a greater index of suspicion for occult hypoxemia if Spo

2
 

is less than 96% for Black patients and 95% for Hispanic 
patients (compared with 94% for White patients). The mag-
nitude of the F

1
 scores was not high regardless of race/ 

ethnicity (range, 0.08 to 0.16), indicating the ability of Spo
2
 

in the 92 to 100% range to reflect hypoxemia is low. This 
is not surprising since the overall prevalence of hypoxemia 
in that range is very low and occult hypoxemia is an unex-
pected event. Thus, the difference in peak F

1
 scores between 

each race/ethnicity should not be overinterpreted.
Limitations of this study are important to consider, 

given the potential clinical impact of our findings. The 
retrospective nature of the study contributes to several 

table 3. Factors associated with Occult Hypoxemia*

Perioperative variable odds ratio 95% ci P value

Race/ethnicity    
 White† — — —
 Black 1.44 1.11–1.87 0.006
 asian 0.77 0.51–1.17 0.223
 Hispanic 1.31 1.03–1.68 0.031
 Other 1.24 1.00–1.53 0.052
Spo2 0.71 0.69–0.73 < 0.001
aSa Physical Status    
 I–II† — — —
 III 0.74 0.55–1.01 0.056
 IV 1.00 0.74–1.35 0.996
 V 1.83 1.16–2.88 0.009
age, yr‡ 0.94 0.89–0.99 0.012
Body mass index, kg/m2‡ 0.97 0.91–01.03 0.332
Sex    
 Female† — — —
 Male 0.89 0.75–1.06 0.189
Fio2, %‡ 0.99 0.95–1.03 0.644
Tidal volume, ml‡ 0.80 0.75–0.84 < 0.001
PEEP, cm H

2O‡ 1.10 1.06–1.13 < 0.001
MaP, mmHg‡ 0.89 0.84–0.95 < 0.001
Hematocrit‡ 1.05 1.03–1.06 < 0.001
Volatile anesthetic use 0.87 0.69–1.10 0.248
Vasoactive infusion use 1.08 0.89–1.30 0.445
Diabetes 0.99 0.72–1.35 0.931
Peripheral vascular disease 0.89 0.56–1.41 0.624
Hypertension 0.78 0.59–1.04 0.090
Congestive heart failure 1.29 0.94–1.78 0.118
Chronic pulmonary disease 1.01 0.68–1.51 0.960
Smoking status    
 Never† — — —
 Current 1.06 0.75–1.50 0.742
 Prior 0.88 0.68–1.15 0.343
ETco2‡ 0.99 0.98–1.01 0.352
Renal failure 1.14 0.69–1.88 0.611
year of procedure    
 2008 0.97 0.62–1.50 0.877
 2009 0.80 0.53–1.21 0.290
 2010 0.48 0.31–0.75 0.001
 2011† — — —
 2012 1.01 0.74–1.36 0.960
 2013 0.85 0.62–1.16 0.306
 2014 0.76 0.54–1.06 0.106
 2015 0.55 0.39–0.78 0.001
 2016 0.57 0.38–0.86 0.007
 2017 0.58 0.40–0.86 0.006
 2018 0.54 0.35–0.86 0.009
 2019 0.50 0.30–0.83 0.008

*Occult hypoxemia is defined as Sao2% at less than 88% despite Spo2 being greater 
than 92%. †Reference group. ‡For continuous variables, the odds ratio is calculated 
per 1-unit increase. Scaled continuous variables were used as follows: age, per 10 
yr; body mass index, per 5 kg/m2; Fio2, per 10%; tidal volume, per 100 ml; and MaP, 
per 10 mmHg.
aSa, american Society of anesthesiologists; ETco2, end-tidal carbon dioxide; Fio2, 
fraction of inspired oxygen; MaP, mean arterial pressure; PEEP, positive end-expi-
ratory pressure; Sao2, arterial oxygen saturation; Spo2, oxygen saturation measured 
by pulse oximetry.
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limitations including lack of specific self-reported race/
ethnicity (hence, the Other race/ethnicity group) for 
a large portion of our sample and the use of two dif-
ferent manufacturers’ pulse oximeters during the study 
period, as well as other unknown patient-specific con-
founding factors such as jaundice, presence of nail polish, 
skin thickness, probe placement, and probe location. The 
large sample size of this study likely limits the impact 
of most individual patient factors, but the overall small 
number of patients found to have occult hypoxemia 
should be considered a limitation. Additionally, the con-
tribution of each race/ethnicity to the overall number of 
paired Sao

2
–Spo

2
 readings compared with the number 

of patients is slightly different, which potentially indi-
cates selection bias due to repeated values for the same 
individual. However, this risk for selection bias is limited 
because of the very small differences in these populations 
(table 1). To help account for differences in the number 
of paired Sao

2
–Spo

2
 readings per patient, we utilized a 

generalized estimating equations model with   clustering 
within patients. Additionally, we must recognize our use 
of “race/ethnicity” is a surrogate measurement for skin 
pigmentation. There is likely wide variation in skin pig-
mentation among the races/ethnicities represented in 
our data that cannot be addressed given the retrospective 
nature of the study.

The variety of pulse oximeters used at our institution 
during the study period (primarily Nellcor before 2011; 
Masimo thereafter) was controlled for using the year of 
procedure as a covariate in the multivariable analysis—
although this is an imperfect proxy. It is possible that pulse 
oximeters from other manufacturers have better or worse 
performance with differing skin pigmentations, thus limit-
ing the generalizability of our study. Additionally, unknown 
concentrations of carboxyhemoglobin may exist in this 
population, but we believe this risk is mitigated by demon-
strating a lack of association between smoking status and 
occult hypoxemia in the multivariable model, as well as 
the fact that patients suffering from thermal injury are not 
cared for at our institution. The risk of carboxyhemoglobin-
emia is also likely mitigated given our institution’s adher-
ence to Anesthesia Patient Safety Foundation (Rochester, 
Minnesota) guidelines on the use of modern carbon diox-
ide absorbents.30 Calculated—rather than measured—Sao

2
 

presents a potential limitation and may limit comparisons 
to the Sjoding et al. study in which cooximetry was used to 
directly measure Sao

2
.

Despite this, previous studies evaluating the ABG ana-
lyzer used during the duration of the study demonstrate 
accuracy of the Sao

2
 calculation.31,32 Body temperature 

could potentially affect pulse oximetry data and has not 
been included as a covariate, which must be recognized as 
a limitation of this study. The clinical indication for ABG 
sampling is also unknown given the retrospective nature of 
this study. Finally, anesthesia type may affect our findings: 

because of the low sample size of the regional anesthesia 
and monitored anesthesia care cases compared with general 
anesthesia cases, our model was unable to adjust for anes-
thesia type as a covariate.

In conclusion, we have found evidence that Black and 
Hispanic race/ethnicity are significantly associated with 
occult hypoxemia in the 92 to 100% Spo

2
 range in anes-

thetized patients. Although the lack of objective skin pig-
mentation information and the retrospective nature of this 
study may limit the strength of our findings, we believe 
it is important to recognize the limitations of monitor-
ing devices and maintain vigilance to avoid unrecognized 
hypoxemia.
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aBStract
Background: Estimates for the incidence of difficult intubation in the 
obstetric population vary widely, although previous studies reporting rates of 
difficult intubation in obstetrics are older and limited by smaller samples. The 
goals of this study were to provide a contemporary estimate of the frequency 
of difficult and failed intubation in women undergoing general anesthesia for 
cesarean delivery and to elucidate risk factors for difficult intubation in women 
undergoing general anesthesia for cesarean delivery.

Methods: This is a multicenter, retrospective cohort study utilizing the 
Multicenter Perioperative Outcomes Group database. The study population 
included women aged 15 to 44 yr undergoing general anesthesia for cesar-
ean delivery between 2004 and 2019 at 1 of 45 medical centers. Coprimary 
outcomes included the frequencies of difficult and failed intubation. Difficult 
intubation was defined as Cormack–Lehane view of 3 or greater, three or 
more intubation attempts, rescue fiberoptic intubation, rescue supraglot-
tic airway, or surgical airway. Failed intubation was defined as any attempt 
at intubation without successful endotracheal tube placement. The rates of 
difficult and failed intubation were assessed. Several patient demographic, 
anatomical, and obstetric factors were evaluated for potential associations 
with difficult intubation.

results: This study identified 14,748 cases of cesarean delivery performed 
under general anesthesia. There were 295 cases of difficult intubation, with a 
frequency of 1:49 (95% CI, 1:55 to 1:44; n = 14,531). There were 18 cases 
of failed intubation, with a frequency of 1:808 (95% CI, 1:1,276 to 1:511; n = 
14,537). Factors with the highest point estimates for the odds of difficult intu-
bation included increased body mass index, Mallampati score III or IV, small 
hyoid-to-mentum distance, limited jaw protrusion, limited mouth opening, and 
cervical spine limitations.

conclusions: In this large, multicenter, contemporary study of more than 
14,000 general anesthetics for cesarean delivery, an overall risk of difficult 
intubation of 1:49 and a risk of failed intubation of 1:808 were observed. Most 
risk factors for difficult intubation were nonobstetric in nature. These data 
demonstrate that difficult intubation in obstetrics remains an ongoing concern.

(ANESTHESIOLOGY 2022; 136:697–708)
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What We Already Know about This Topic 

• Previous estimates for the frequency of difficult and failed intu-
bation in the obstetric population vary widely, ranging from 0.3 to 
3.3% and from 0 to 0.4%, respectively

• These data are largely based on older studies and may be less 
relevant now, given the increasing use of regional anesthesia, as 
well as more advanced management of the airway, including video 
laryngoscopy

What This Article Tells Us That Is New

• In a cohort of more than 14,000 women receiving general anes-
thetics for cesarean delivery, the risk of difficult intubation was 1 in 
49, and the risk of failed intubation was 1 in 808

• Risk factors for difficult intubation included increased body mass 
index, Mallampati score III or IV, small hyoid-to-mentum distance, 
limited jaw protrusion, limited mouth opening, and cervical spine 
limitations

Estimates for the frequency of difficult and failed intu-
bation in the obstetric population vary widely, ranging 

from 0.3 to 3.3% and from 0 to 0.4%, respectively. These 
frequencies are several times higher than those reported for 
the general surgical population.1–13 However, the studies 
that have examined the rates of difficult and failed intuba-
tion in obstetrics are from countries other than the United 
States or in smaller centers. Furthermore, increased rates 
of neuraxial anesthesia use may have affected observed 
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frequencies of difficult intubation in this population.14 
Video laryngoscope availability and use have also prolifer-
ated in recent years, which may have affected frequencies of 
difficult intubation.15–17

Given the potential maternal and neonatal morbidity 
and mortality associated with difficult or failed intubation, 
it is important to identify patients in whom intubation will 
be challenging to allow for preparations for difficult intu-
bation to be made and, ideally, to encourage early neuraxial 
anesthesia in this patient group. Furthermore, studies have 
variably shown Mallampati score, obesity, age, and emer-
gency surgery status to be potential risk factors for diffi-
cult intubation in obstetrics.2,3,5,11,18,19 However, limitations 
in the literature regarding risk factors in obstetric patients 
include studies that are generally older, have limited power, 
include limited clinically granular data, or represent sin-
gle-center studies.

This study aimed to provide an updated estimate of 
the frequency of difficult and failed intubation in women 
undergoing general anesthesia for cesarean delivery in the 
United States, leveraging the large number of cesarean 
delivery records contained in the Multicenter Perioperative 
Outcomes Group database. We also aimed to elucidate risk 
factors for difficult intubation to inform risk stratification 
based on factors that may be unique to women undergoing 
general anesthesia for cesarean delivery.

Materials and Methods
This is a multicenter, retrospective, observational cohort 
study utilizing the Multicenter Perioperative Outcomes 
Group database. The Multicenter Perioperative Outcomes 
Group is a consortium of institutions founded in 2008 
with a shared data set to facilitate the investigation of 
perioperative outcomes. The comprehensive methodol-
ogy of the Multicenter Perioperative Outcomes Group 
research database has been described in detail.18,20 Each 
institution that is a part of the Multicenter Perioperative 
Outcomes Group uses an electronic health record to 

extract and export data into a shared database. Data and 
case validation are performed on the institutional level 
to ensure quality and consistency of data. The number 
of Multicenter Perioperative Outcomes Group insti-
tutions contributing obstetric cases per year is seen in 
appendix 2. Institutional review board approval has been 
obtained from each Multicenter Perioperative Outcomes 
Group center, and informed consent has been waived. 
The research protocol, including the data analysis and 
statistical plan, was written, filed, and approved by the 
Multicenter Perioperative Outcomes Group periopera-
tive clinical research committee before accessing the data, 
although several elements of the plan were altered in 
response to peer review.

Our study population included all women aged 15 to 
44 yr undergoing general anesthesia for cesarean deliv-
ery between February 6, 2004, and January 11, 2019, 
at 45 Multicenter Perioperative Outcomes Group sites. 
Applicable procedure codes and a previously described list 
of search terms for cesarean delivery21 were used to define 
the study population.

Outcomes

Coprimary outcomes included the frequencies of difficult 
and failed intubation in obstetrics. Potential difficult intu-
bation cases were identified in an automated fashion via 
electronic search of the database for any of the following: 
observed or labeled difficult tracheal intubation, direct or 
video laryngoscopy Cormack–Lehane view of 3 or higher, 
three or more intubation attempts, fiberoptic intubation, 
laryngeal mask airway placement, surgical airway, documen-
tation of neuromuscular blockade administration without 
concurrent documentation of endotracheal tube placement, 
or any documented attempt at direct or video laryngoscopy 
without concurrent documentation of endotracheal tube 
placement. This initial definition of difficult intubation used 
to perform the electronic search of the database for difficult 
intubations was intentionally expansive to allow for maxi-
mal sensitivity of results. All cases electronically identified 
as potentially difficult were reviewed by two independent 
investigators (S.C.R. and R.H. or M.S.), who manually clas-
sified cases as difficult or failed. All discrepancies between 
reviewers were resolved by discussion among coauthors 
(S.C.R., R.H., M.S., and T.T.K.). In the final manual review 
of cases, difficult intubation was identified using previously 
defined designations: difficult laryngoscopy (defined as 
direct or video laryngoscopy Cormack–Lehane view of 
3 or greater), three or more intubation attempts, flexible 
scope intubation after failed laryngoscopy, rescue supraglot-
tic airway, or surgical airway. Failed intubation was a subset 
of difficult intubation and was defined as any attempt at 
intubation without successful endotracheal tube placement, 
including mask ventilation or supraglottic airway place-
ment, after an attempt at intubation was made.16,22,23 We 
calculated frequencies of difficult and failed intubation and 
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associated 95% CI values for women undergoing general 
anesthesia for cesarean delivery.

Risk Factors

We assessed the following potential risk factors for diffi-
cult intubation in women undergoing general anesthesia 
for cesarean delivery based on biologic plausibility and risk 
factors previously studied in the literature2,5,11,18,19,24: age (35 
to 39 yr or more than 40 yr vs. less than 35 yr), body mass 
index (25 to 39.9 kg/m2 or more than 40 kg/m2 vs. less 
than 25 kg/m2), race/ethnicity (Asian or Pacific Islander, 
Black, Hispanic, or other/unknown vs. White), American 
Society of Anesthesiologists (Schaumburg, Illinois) Physical 
Status (III or IV vs. I or II), year of delivery 2004 to 2011, 
Mallampati score (III or IV vs. I or II), small hyoid-to- 
mentum distance (less than three fingerbreadths), subjectively  
limited jaw protrusion, limited mouth opening (less than 
3 cm), altered neck anatomy, cervical spine limitations, labor 
to cesarean status, induction of labor, presence of preterm 
delivery, presence of multiple gestation, and presence of 
preeclampsia or eclampsia.

Statistical Analysis

All cases of general anesthesia for cesarean delivery were 
pooled across 45 institutions to estimate the incidence of 
difficult intubation, both overall and stratified by individ-
ual patient characteristics and number of risk factors, as 
well as the incidence of failed intubation. The incidences 
are presented as point estimates with 95% Wilson score CI. 
The interrater reliabilities between pairs of investigators for 
manually classifying cases as difficult and failed intubations 
were quantified as interrater reliability (κ) statistics with 
95% CI.

A set of multilevel logistic regression models was used 
to estimate the association of 16 potential risk factors, 
both unadjusted and adjusted for other potential risk fac-
tors, with the odds of difficult intubation. The correlation 
between surgeries at the same hospital was accounted for 
by including a random intercept for hospital identification 
in each model. Cases with unknown hospital identifica-
tion (n = 114) were excluded from risk factor analyses. 
The data set consisted of variables collected for clinical, 
not research, purposes at 45 hospital sites with varied local 
documentation practices, electronic health records, and 
data submission processes during a 15-yr period, so the vast 
majority (81%) of potential risk factors had missing data. 
Potential risk factors with less than 40% missing data were 
deemed appropriate for analysis using multiple imputation 
and inclusion in the risk factor–adjusted model; these vari-
ables had more observed than missing data, allowing for a 
meaningful comparison between the distributions of the 
observed and imputed data in the assessment of imputa-
tion model fit. In contrast, potential risk factors with 40% 
or more missing data were determined to be suboptimal 

candidates for multiple imputation analysis and were only 
assessed using complete case analysis. Specifically, poten-
tial risk factors with 40% or more missing data were each 
assessed in individual models for their site-adjusted associ-
ation with the odds of difficult intubation using complete 
case analysis and not assessed in combination with other 
potential risk factors. Potential risk factors with less than 
40% missing data were each assessed in both individual 
models for their site-adjusted association with the odds of 
difficult intubation, as well as in a combined model for 
their site and other potential risk factor–adjusted associ-
ation with the odds of difficult intubation using multiple 
imputation analysis. Specifically, the fully conditional spec-
ification approach25 was used to create 65 imputed data 
sets based on observed potential risk factors (those with 
less than 40% missing data) and difficult intubation values. 
A total of 65 imputations were performed because 63% 
of deliveries had at least one missing value for the vari-
ables included in the imputation model, and it has been 
recommended that the number of imputations should be 
at least as large as the number of observations with incom-
plete data.26 Imputation model fit was assessed by compar-
ing the distributions of observed versus imputed values in 
each of the first five imputed data sets for each imputed 
variable. The odds ratios and corresponding standard errors 
were estimated using multilevel logistic regression for each 
of the 65 imputed data sets. Point estimates and standard 
errors were then combined using Rubin’s rules27 to pro-
duce pooled odds ratios with corresponding 95% CI val-
ues. As a descriptive analysis, the risk of difficult intubation 
was calculated as stratified by the number of potential risk 
factors with site-adjusted odds ratios for difficult intuba-
tion of 1.5 or higher.

Logistic regression was used to model the association 
between delivery date and the odds of difficult intubation 
utilizing a restricted cubic spline with four knots to allow 
for a nonlinear relationship between the exposure and log 
odds of the outcome.28 The logistic regression model was 
used to estimate the odds ratio for difficult intubation for 
January 11, 2019 (representing the last day of data), versus 
July 25, 2011 (halfway between the start and end of data), 
with corresponding 95% CI values.

All statistical hypothesis tests were two-sided. Statistical 
analyses were performed with SAS software version 9.4 
(SAS Institute, USA) and the rms package implemented 
in R software version 3.6.1 (R Foundation for Statistical 
Computing, Austria).

Before analysis, we expected to identify approximately 
13,000 patients receiving general anesthesia for cesarean 
delivery in the Multicenter Perioperative Outcomes Group 
database. The incidence of difficult intubation for patients 
receiving general anesthesia for cesarean delivery has been 
reported as 0.2 to 3.0%.1–5 Assuming a 1.0% incidence of 
difficult tracheal intubation, we determined that analysis 
of 13,000 patients would allow for a 99% probability of 
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obtaining a 95% Wilson CI half-width for the incidence 
of ±0.2%.

results
We identified 14,537 cases of cesarean delivery performed 
under general anesthesia in the Multicenter Perioperative 
Outcomes Group database in which difficult and/or failed 
intubation status was reported. Of these, 1,236 cases were 
identified as potentially difficult (fig. 1). Upon manual review, 
there were 295 cases of difficult intubation; the frequency of 
difficult intubation was 2.03% (95% CI, 1.81 to 2.27). There 
were 18 cases of failed intubation; the frequency of failed 
intubation was 0.12% (95% CI, 0.08 to 0.20). There were 45 
unique institutions in which cesarean deliveries were identi-
fied: 31 academic, medical school–affiliated hospitals and 14 
community hospitals. The interrater reliability (κ) between 
independent reviewers for the outcome of difficult intuba-
tion was 0.88 (95% CI, 0.85 to 0.90); κ for the outcome of 
failed intubation was 0.82 (95% CI, 0.78 to 0.86).

Methods for managing difficult and failed intubations 
are seen in table 1. Of difficult intubations, 87.8% involved 
difficult laryngoscopy, defined as a direct or video laryngos-
copy Cormack–Lehane grade 3 or 4 view (68.5% of cases 
were classified as difficult intubations solely due to difficult 
laryngoscopy); 16.3% required three or more attempts at 
intubation; 11.5% of cases required a supraglottic airway 
and were followed by a successful intubation; and 2.4% of 
cases required flexible scope intubation and were followed 
by a successful intubation. Of the 18 failed intubations, all 
were rescued by supraglottic airway placement. One case 
additionally had a failed flexible scope intubation attempt 
and a subsequent successful rescue surgical airway. There 
was one maternal cardiac arrest in the difficult intubation 
cohort, with ensuing cardiopulmonary resuscitation and 
eventual return of spontaneous circulation; the etiology 
of arrest was unknown, but hysterectomy was required for 
ongoing bleeding. There were no maternal deaths in either 
the difficult or failed intubation cohorts. Of the difficult 
intubation cases, there was one noted aspiration event, one 
noted instance of dental injury, and four instances of pha-
ryngeal injury; however, these outcomes were not routinely 
commented upon in each case and were only noted if spe-
cifically found to be mentioned in the intraoperative anes-
thetic record.

We evaluated 16 different patient characteristics for a 
potential association with difficult intubation (tables 2 and 3).  
Potential risk factors with 40% or more missing data were 
assessed using complete case analysis, whereas factors with 
less than 40% missing data were assessed using multiple 
imputation analysis. Appendix 3 shows similar distributions 
of observed versus imputed values in each of the first five 
imputed data sets for each imputed variable, suggesting 
acceptable imputation model fit. Elevated body mass index 
was strongly associated with increased odds of difficult intu-
bation. Compared to women with a body mass index less 

than 25 kg/m2, women with a body mass index of 25 to 
39.9 kg/m2 had an odds ratio of 1.55 for difficult intuba-
tion (95% CI, 0.88 to 2.73), and women with a body mass 
index 40 kg/m2 or higher had an odds ratio of 2.71 (95% 
CI, 1.53 to 4.8). Of 28 women with a body mass index 
of 40 kg/m2 or more, 1 experienced a difficult intubation. 
Several airway factors were also strongly associated with the 

Fig. 1. Cohort selection of obstetric patients. Automated elec-
tronic screening criteria were documentation of any of the fol-
lowing: observed or labeled difficult tracheal intubation, direct or 
video laryngoscopy Cormack–Lehane view of 3 or higher, three or 
more intubation attempts, fiberoptic intubation, laryngeal mask 
airway placement, surgical airway, documentation of neuromus-
cular blockade administration without concurrent documentation 
of endotracheal tube placement, or any documented attempt at 
direct or video laryngoscopy without concurrent documentation 
of endotracheal tube placement.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:697–708 701

Frequency of Difficult Intubation in Obstetrics

Reale et al.

risk of difficult intubation. Compared to a Mallampati score 
of I or II, a Mallampati score of III had an odds ratio of 
2.37 (95% CI, 1.72 to, 3.27) for difficult intubation, and a 
Mallampati score of IV had an odds ratio of 4.6 (95% CI, 
2.61 to 8.2) for difficult intubation, such that 1 in 28 women 
with a Mallampati score of III and 1 in 12 women with a 
Mallampati score of IV experienced a difficult intubation. 
Small hyoid-to-mentum distance, limited jaw protrusion, 
limited mouth opening, and cervical spine limitations were 
all associated with an increased risk of difficult intubation. 
Notably, one in nine women with a limited mouth opening 
experienced a difficult intubation. Of obstetric factors, 1 in 
33 women with preeclampsia or eclampsia experienced a 
difficult intubation.

Factors that retained the strongest associations with the 
risk of difficult intubation with odds ratios for difficult 
intubation greater than 1.5 after adjustment for all other 
potential risk factors (with the exception of small hyoid-
to-mentum distance, limited jaw protrusion, limited mouth 
opening, altered neck anatomy, and cervical spine limita-
tions due to large amounts of missing data) included age 
35 yr or more (odds ratio, 1.65; 95% CI, 1.23 to 2.21), age 
40 yr or more (odds ratio, 2.17; 95% CI, 1.34 to 3.51); 
body mass index 40 kg/m2 or higher (odds ratio, 2.02; 95% 
CI, 1.12 to 3.63), American Society of Anesthesiologists 
Physical Status IV (odds ratio, 1.65; 95% CI, 0.93 to 2.92), 
Mallampati score of III (odds ratio, 2.05; 95% CI, 1.46 to 
2.86), and Mallampati score of IV (odds ratio, 3.79; 95% CI, 
2.10 to 6.9; table 3).

Figure  2 shows the frequency of difficult intubation 
stratified by the number of risk factors present, with 1,066 
patients having complete documentation of all the factors 

associated with difficult intubation. Factors included in this 
analysis were those with odds ratios for difficult intubation 
of 1.5 or higher without adjustment for other potential risk 
factors. With increasing numbers of risk factors present, an 
increasing frequency of difficult intubation was observed. 
With one risk factor for difficult intubation, the frequency 
of difficult intubation was 0.8% (95% CI, 0.3 to 2.2); with 
two risk factors, the frequency was 1.0% (95% CI, 0.3 to 2.8);  
with three risk factors, the frequency was 3.7% (95% CI, 
1.8 to 7.4); with four risk factors, the frequency was 3.8% 
(95% CI, 1.3 to 10.6); and with five or more risk factors, the 
frequency was 8.8% (95% CI, 3.0 to 23.0). Figure 3 shows 
the frequency of difficult intubation over time from 2004 
to 2019 as modeled with a restricted cubic spline with four 
knots. The estimated odds ratio and 95% CI for difficult 
intubation on January 11, 2019 (representing the last day 
of data), versus July 25, 2011 (halfway between the start and 
end of data), were 0.41 (95% CI, 0.254 to 0.66).

discussion
In this large, multicenter study, we examined the frequency 
of difficult intubation in more than 14,000 general anes-
thetics for cesarean delivery; we observed a risk of diffi-
cult intubation of 1:49 and a risk of failed intubation of 
1:808. Most cases of difficult intubation were classified as 
such due to difficult laryngoscopy, as defined by a grade 
III or IV Cormack–Lehane view. A total of 18% of dif-
ficult intubation cases required three or more attempts at 
laryngoscopy, and 12% of cases were rescued by a supra-
glottic airway. We identified several risk factors for difficult 
intubation in obstetrics, and for some patient characteristics, 

table 1. Characteristics of Difficult and Failed Intubations in Obstetric Patients Undergoing General Anesthesia for Cesarean Delivery, 
2004 to 2019

characteristics difficult intubations, no. (%) Failed intubations, no. (%)

Total 295 (2.0) 18 (0.1)
Criteria for difficult intubation   
 Cormack–Lehane view grade III or IV* 259 (87.8) 8 (44.4)
 Requiring three or more attempts at intubation† 48 (16.3) 3 (16.7)
 Flexible bronchoscopy attempted after previous failed laryngoscopy 7 (2.4) 1 (5.6)
 Supraglottic airway attempted 34 (11.5) 18 (100)
 Surgical airway attempted 1 (0.3) 1 (5.6)
Approach to management   
 Failed direct laryngoscopy (if attempted)‡ 49 (19.2) 14 (100)
 Failed video laryngoscopy (if attempted)§ 26 (32.1) 10 (100)
 Facemask ventilation Han scale 3 or 4 7 (2.4) 2 (11.1)
Complications   
 Aspiration noted 1 (0.3) 1 (5.6)
 Dental injury noted 1 (0.3) 0
 Pharyngeal injury noted 4 (1.4) 0
 Cardiac arrest 1 (0.3) 0
 Intraoperative death 0 0

*Cormack–Lehane View recorded in 68.3% of patients undergoing general anesthesia for cesarean delivery. †Number of intubation attempts recorded in 63.5% of patients under-
going general anesthesia for cesarean delivery. ‡Direct laryngoscopy attempted in 255 difficult intubations and 14 failed intubations. §Video laryngoscopy attempted in 81 difficult 
intubations and 10 failed intubations.
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table 2. Obstetric Patient Characteristics

characteristics total, no.
difficult  

intubation, no.
Frequency of difficult  

intubations per 1,000 (95% ci)
data  

complete, %

Age    100
 Less than 35 yr 11,526 209 18.1 (15.9–20.7)  
 35–39 yr 2,368 66 27.9 (22.0–35.3)  
 40 yr or older 637 20 31.4 (20.4–48.0)  
Body mass index    69.6
 Less than 25 kg/m2 1,252 8 6.4 (3.2–12.6)  
 25–39.9 kg/m2 7,089 124 17.5 (14.7–20.8)  
 40 kg/m2 or higher 1,768 63 35.6 (28.0–45.3)  
Race/ethnicity    100
 Asian or Pacific Islander 522 6 11.5 (5.3–24.8)  
 Black 2,921 72 24.6 (19.6–30.9)  
 Hispanic 383 12 31.3 (18.0–54.0)  
 White 7,160 126 17.6 (14.8–20.9)  
 Other/unknown 3,545 79 22.3 (17.9–27.7)  
ASA Physical Status    96.9
 I 519 16 30.8 (19.1–49.5)  
 II 8,289 138 16.6 (14.1–19.6)  
 III 4,703 119 25.3 (21.2–30.2)  
 IV 536 15 28.0 (17.0–45.7)  
 V 35 0 0 (0–98.9)  
 VI 1 0 0 (0–793.5)  
Year of delivery    100
 2004 to 2005 125 2 16.0 (4.4–56.5)  
 2006 to 2007 253 1 4.0 (0.7–22.0)  
 2008 to 2009 579 15 25.9 (15.8–42.3)  
 2010 to 2011 1,346 38 28.2 (20.6–38.5)  
 2012 to 2013 2,249 59 26.2 (20.4–33.7)  
 2014 to 2015 3,141 70 22.3 (17.7–28.1)  
 2016 to 2017 4,722 89 18.8 (15.3–23.1)  
 2018 to 2019 2,116 21 9.9 (6.5–15.1)  
Mallampati score    63.9
 I or II 7,450 118 15.8 (13.2–18.9)  
 III 1,673 59 35.3 (27.4–45.2)  
 IV 163 14 85.9 (51.9–139.0)  
Small hyoid-to-mentum distance, n    26.0
 No 3,683 78 21.2 (17.0–26.4)  
 Yes 88 6 68.2 (31.6–140.9)  
Limited jaw protrusion, n    29.8
 No 4,227 74 17.5 (14.0–21.9)  
 Yes 107 5 46.7 (20.1–104.8)  
Limited mouth opening, n    29.3
 No 4,183 67 16.0 (12.6–20.3)  
 Yes 71 8 112.7 (58.2–206.9)  
Altered neck anatomy, n    33.9
 No 4,555 68 14.9 (11.8–18.9)  
 Yes 376 9 23.9 (12.6–44.9)  
Cervical spine limitations, n    26.3
 No 3,771 77 20.4 (16.4–25.4)  
 Yes 54 4 74.1 (29.2–175.5)  
Labor to cesarean status, n    72.1
 No 8,482 180 21.2 (18.4–24.5)  
 Yes 1,990 49 24.6 (18.7–32.4)  
Induction of labor, n    83.9
 No 11,701 241 20.6 (18.2–23.3)  
 Yes 492 15 30.5 (18.6–49.7)  
Presence of preterm delivery, n    72.4
 No 9,098 195 21.4 (18.7–24.6)  
 Yes 1,423 27 19.0 (13.1–27.5)  
Presence of multiple gestation, n    72.4
 No 9,986 211 21.1 (18.5–24.1)  
 Yes 535 11 20.6 (11.5–36.4)  
Presence of preeclampsia or eclampsia, n    72.4
 No 9,320 186 20.0 (17.3–23.0)  
 Yes 1,201 36 30.0 (21.7–41.2)  

ASA, American Society of Anesthesiologists.
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the risk of difficult intubation was substantial. One in 28 
women with a body mass index 40 kg/m2 or more, 1 in 12 
women with a Mallampati score of IV, and 1 in 9 women 
with a limited mouth opening experienced a difficult 
intubation. Most factors strongly associated with difficult 
intubation were nonobstetric in nature and were related 
to patient or airway characteristics. When examining the 
rates of difficult intubation over time, we found a decrease 
in the frequency of difficult intubation in the second half 
of the study period. The proliferation of video laryngos-
copy during the time period may be associated with this 
observation,15–17 although additional studies are needed to 
confirm this finding.

The frequencies of difficult and failed intubation that we 
observed in our study are in line with those seen in the pub-
lished literature.1–13 However, these frequencies are difficult 
to compare directly among studies, as there is no standard 

definition for such outcomes, and the patient populations 
and time frames in which the studies were conducted vary 
widely. For example, definitions for failed intubation vary 
from unsuccessful intubations after a single dose of succi-
nylcholine to inability to intubate during general anesthesia, 
with the latter being closer to the relatively more strin-
gent definition for failed intubation we have adopted.3,8,9 
Nonetheless, our rate of difficult intubation, 1:49, is con-
sistent with results in the published literature, which range 
widely from 1:30 to 1:400; our rate of failed intubation, 
1:808, is also within the range of the published literature, 
from no cases of failed intubation in one community- 
based case series to 1:200.1–5 We also found that all 18  
cases of failed intubation were rescued with a supraglottic 
airway device, which is also consistent with a trend in the 
literature toward increasing supraglottic airway use in cases 
of failed intubation.5,29 However, our large, multicenter, 

table 3. Associations between Obstetric Patient Characteristics and Odds of Difficult Intubation

characteristics
Site-adjusted  

odds ratio (95% ci)
Site- and Factor-adjusted  

odds ratio (95% ci)
risk of  

difficult intubation

Overall   1:49
Age    
 Less than 35 yr Reference Reference 1:55
 35–39 yr 1.66 (1.24–2.21) 1.65 (1.23–2.21) 1:36
 40 yr or more 2.14 (1.33–3.44) 2.17 (1.34–3.51) 1:32
Body mass index    
 Less than 25 kg/m2 Reference Reference 1:156
 25–39.9 kg/m2 1.55 (0.88–2.73) 1.48 (0.84–2.60) 1:57
 40 kg/m2 or higher 2.71 (1.53–4.8) 2.02 (1.12–3.63) 1:28
Race/ethnicity    
 Asian or Pacific Islander 0.89 (0.388–2.06) 0.89 (0.383–2.07) 1:87
 Black 1.46 (1.06–2.02) 1.34 (0.96–1.87) 1:41
 Hispanic 2.06 (1.07–4.0) 1.91 (0.98–3.75) 1:32
 White Reference Reference 1:57
 Other/unknown 1.17 (0.86–1.59) 1.10 (0.80–1.52) 1:45
ASA status    
 I or II Reference Reference 1:57
 III 1.61 (1.25–2.07) 1.23 (0.93–1.63) 1:40
 IV–VI 2.01 (1.17–3.48) 1.65 (0.93–2.92) 1:38
Year of delivery, 2004–2011* 1.21 (0.88–1.67) 1.37 (0.98–1.92) 1:41
Mallampati score    
 I or II Reference Reference 1:63
 III 2.37 (1.72–3.27) 2.05 (1.46–2.86) 1:28
 IV 4.6 (2.61–8.2) 3.79 (2.10–6.85) 1:12
Small hyoid-to-mentum distance† 3.03 (1.27–7.3)  1:15
Limited jaw protrusion† 2.67 (1.04–6.9)  1:21
Limited mouth opening† 8.2 (3.72–17.9)  1:9
Altered neck anatomy† 1.85 (0.89–3.86)  1:42
Cervical spine limitation† 4.5 (1.54–13.0)  1:14
Labor to cesarean status 1.11 (0.78–1.59) 1.20 (0.82–1.75) 1:41
Induction of labor 1.13 (0.62–2.06) 1.03 (0.54–1.94) 1:33
Presence of preterm delivery 1.02 (0.67–1.55) 0.98 (0.63–1.51) 1:53
Presence of multiple gestation 1.09 (0.58–2.05) 1.09 (0.57–2.09) 1:49
Presence of preeclampsia or eclampsia 1.67 (1.16–2.40) 1.28 (0.87–1.89) 1:33

All odds ratio and CI values were obtained via combination of point estimates and standard errors from 65 imputed data sets using Rubin’s rules, except where otherwise specified. 
*Reference 2012 to 2019. †Due to missingness of 40% or more, site-adjusted odds ratios and CI values for factors obtained using complete case analysis and factors not included in 
site- and factor-adjusted model were estimated using multiple imputation.
ASA, American Society of Anesthesiologists.
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United States–based study encompassed multiple hospital 
types and a variety of patient populations. Further, in con-
trast to many previous studies in this area, we were also able 
to examine risk factors for difficult intubation.

Our findings suggest that difficult intubation in women 
undergoing general anesthesia for cesarean delivery remains 
a significant concern, particularly among a subset of patients 
that we have identified with substantial risk factors for diffi-
cult intubation, such as elevated body mass index and abnor-
mal airway anatomy. These patients are the ones in whom 
early anesthetic planning may be preferable to reduce the 
likelihood that their airway will need to be instrumented. 
Despite the proliferation of video laryngoscopy and the 
shift toward neuraxial anesthesia, airway concerns in women 
undergoing general anesthesia for cesarean delivery remain, 
and providers should be cognizant of the possibility of diffi-
cult intubation, as well as the increased risk of difficult intu-
bation with an increasing number of risk factors.

Strengths of this study include the expansion of our 
current understanding of difficult intubation in women 
undergoing general anesthesia for cesarean delivery, based 
on the largest multicenter sample evaluated to date. Our 
large sample size provides us with adequate power to more 

precisely estimate the risk of difficult intubation associated 
with a variety of patient characteristics and to examine 
obstetrical risk factors for difficult intubation. Limitations 
of this study include those inherent to an observational 
study based on electronic health record data. Risk factors 
for difficult tracheal intubation may be incompletely iden-
tified if documentation is not comprehensive for each case. 
In particular, many airway factors of interest (small hyoid-
to-mentum distance, limited jaw protrusion, limited mouth 
opening, altered neck anatomy, and cervical spine limita-
tions) had more than 65% missing data, precluding multiple 
imputation analysis and estimation of their association with 
difficult intubation while adjusting for other potential risk 
factors. We attempted to account for missing data in poten-
tial risk factors without significant missingness (i.e., less 
than 40%) using multiple imputation analysis and appeared 
to obtain a well-fit imputation model. However, all esti-
mates and CI values from both complete case and multiple 
imputation analyses must be interpreted in the context of 
this missingness. In addition, there were multiple cases that 
were labeled as difficult intubations by the provider in the 
anesthetic record but either did not have a documented 
reason for this designation or did not meet our criteria for 

Fig. 2. Frequency of difficult intubation stratified by number of risk factors present. The x axis shows the number of factors associated with 
difficult intubation. The factors included in the analyses are those with univariate odds ratio for difficult intubation greater than 1.50: age 35 
yr or more, body mass index of 25 or higher, American Society of Anesthesiologists Physical Status III or IV, Mallampati score III or IV, small 
hyoid-to-mentum distance, limited jaw protrusion, limited mouth opening, altered neck anatomy, cervical spine limitations, and presence of 
preeclampsia or eclampsia (race excluded given widely varying estimates). The y axis shows the frequency of difficult intubation, with error 
bars representing 95% CI.
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difficult intubation. Therefore, these cases were not counted 
as difficult intubations in our final manual review, and this 
discrepancy could potentially mean that our calculated 
frequency of difficult intubation is lower than the actual 
frequency of difficult intubation. Further, although wors-
ening of Mallampati scores throughout labor is a known 
phenomenon,30 the Multicenter Perioperative Outcomes 
Group database contained only one airway examination per 
patient. It is also not possible to determine provider experi-
ence level with each given device or attempt; some attempts 
at intubation may be performed by relatively inexperienced 
providers at teaching hospitals. Institutional factors may also 
differ in determining whether direct versus video laryngos-
copy is attempted initially, potentially altering the ability to 
compare rescue device success rates. We were also not able to 
determine whether cesarean delivery cases were performed 
on an emergent basis, which might have an impact on a 
provider’s ability to secure an airway. While the Multicenter 
Perioperative Outcomes Group database consists of a large 
database of multiple institutions, academic institutions are 
overrepresented. As a result, the patient population may 
skew toward a higher acuity and may not be representative 
of community practices. Furthermore, our results may not 
be generalizable to all obstetric patients as a whole, given 
that women with a known or suspected difficult airway may 
be more likely to have had a planned regional anesthetic.

These data from a large, multicenter sample from the 
United States demonstrate that we need to continue to be 
vigilant for the possibility of difficult intubation in women 
undergoing general anesthesia for cesarean delivery. A thor-
ough evaluation and early epidural analgesia for patients in 
whom it is appropriate may help minimize the need for 
intubation in the highest-risk patients.
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appendix 3. Distribution of Observed versus Imputed Values for Five Imputed Data Sets

characteristics
observed  

values
imputed 
values 1

imputed  
values 2

imputed  
values 3

imputed  
values 4

imputed  
values 5

Body mass index, No. (%)       
 Less than 25 kg/m2 1,246 (12.5) 550 (12.5) 575 (13.0) 556 (12.6) 553 (12.5) 554 (12.6)
 25–39.9 kg/m2 7,015 (70.1) 3,110 (70.5) 3,078 (69.8) 3,029 (68.7) 3,116 (70.7) 3,004 (68.1)
 40 kg/m2 or more 1,746 (17.5) 750 (17.0) 757 (17.2) 825 (18.7) 741 (16.8) 852 (19.3)
ASA Physical Status       
 I or II 8,740 (62.6) 311 (69.9) 298 (67.0) 293 (65.8) 298 (67.0) 311 (69.9)
 III 4,664 (33.4) 118 (26.5) 133 (29.9) 141 (31.7) 138 (31.0) 123 (27.6)
 IV–VI 568 (4.1) 16 (3.6) 14 (3.2) 11 (2.5) 9 (2.0) 11 (2.5)
Mallampati score, No. (%)       
 I or II 7,369 (80.2) 4,263 (81.5) 4,226 (80.8) 4,278 (81.8) 4,213 (80.5) 4,257 (81.4)
 III 1,655 (18.0) 884 (16.9) 929 (17.8) 861 (16.5) 915 (17.5) 886 (16.9)
 IV 162 (1.8) 84 (1.6) 76 (1.5) 92 (1.8) 103 (2.0) 88 (1.7)
Labor to cesarean status, No. (%)       
 No 8,432 (81.3) 3,309 (81.9) 3,291 (81.4) 3,312 (81.9) 3,288 (81.3) 3,321 (82.1)
 Yes 1,942 (18.7) 734 (18.2) 752 (18.6) 731 (18.1) 755 (18.7) 722 (17.9)
Induction of labor, No. (%)       
 No 11,608 (96.0) 2,224 (95.8) 2,203 (94.9) 2,213 (95.4) 2,203 (94.9) 2,217 (95.5)
 Yes 488 (4.0) 97 (4.2) 118 (5.1) 108 (4.7) 118 (5.1) 104 (4.5)
Presence of preterm delivery, No. (%)       
 No 9,008 (86.4) 3,415 (85.5) 3,446 (86.3) 3,411 (85.4) 3,374 (84.5) 3,450 (86.4)
 Yes 1,414 (13.6) 580 (14.5) 549 (13.7) 584 (14.6) 621 (15.5) 545 (13.6)
Presence of multiple gestations, No. (%)       
 No 9,895 (94.9) 3,799 (95.1) 3,793 (94.9) 3,799 (95.1) 3,769 (94.3) 3,797 (95.0)
 Yes 527 (5.1) 196 (4.9) 202 (5.1) 196 (4.9) 226 (5.7) 198 (5.0)
Presence of preeclampsia or eclampsia, No. (%)       
 No 9,230 (88.6) 3,537 (88.5) 3,548 (88.8) 3,589 (89.8) 3,524 (88.2) 3,557 (89.0)
 Yes 1,192 (11.4) 458 (11.5) 447 (11.2) 406 (10.2) 471 (11.8) 438 (11.0)

ASA, American Society of Anesthesiologists.
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Background: The neural circuitry underlying sevoflurane-induced modula-
tion of consciousness is poorly understood. This study hypothesized that the 
paraventricular thalamus bed nucleus of the stria terminalis pathway plays 
an important role in regulating states of consciousness during sevoflurane 
anesthesia.

Methods: Rabies virus–based transsynaptic tracing techniques were 
employed to reveal the neural pathway from the paraventricular thalamus 
to the bed nucleus of the stria terminalis. This study investigated the role of 
this pathway in sevoflurane anesthesia induction, maintenance, and emer-
gence using chemogenetic and optogenetic methods combined with cortical 
electroencephalogram recordings. Both male and female mice were used 
in this study.

results: Both γ-aminobutyric acid–mediated and glutamatergic neurons 
in the bed nucleus of the stria terminalis receive paraventricular thalamus 
glutamatergic projections. Chemogenetic inhibition of paraventricular thala-
mus glutamatergic neurons prolonged the sevoflurane anesthesia emergence 
time (mean ± SD, hM4D–clozapine N-oxide vs. mCherry–clozapine N-oxide, 
281 ± 88 vs. 172 ± 48 s, P < 0.001, n = 24) and decreased the induction 
time (101 ± 32 vs. 136 ± 34 s, P = 0.002, n = 24), as well as the EC

5 0
 for 

the loss or recovery of the righting reflex under sevoflurane anesthesia (mean 
[95% CI] for the concentration at which 50% of the mice lost their righting 
reflex, 1.16 [1.12 to 1.20] vs. 1.49 [1.46 to 1.53] vol%, P < 0.001, n = 20; 
and for the concentration at which 50% of the mice recovered their righting 
reflex, 0.95 [0.86 to 1.03] vs. 1.34 [1.29 to 1.40] vol%, P < 0.001, n = 20).  
Similar results were observed during suppression of the paraventricular thal-
amus bed nucleus–stria terminalis pathway. Optogenetic activation of this 
pathway produced the opposite effects. Additionally, transient stimulation of 
this pathway efficiently induced behavioral arousal during continuous steady-
state general anesthesia with sevoflurane and reduced the depth of anesthe-
sia during sevoflurane-induced burst suppression.

conclusions: In mice, axonal projections from the paraventricular thalamic 
neurons to the bed nucleus of the stria terminalis contribute to regulating 
states of consciousness during sevoflurane anesthesia.

(ANESTHESIOLOGY 2022; 136:709–31)
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What We Already Know about This Topic

• The paraventricular thalamus plays a critical role in the mainte-
nance of wakefulness

• The contribution of the paraventricular thalamus to mediating anes-
thesia mechanisms of actions is incompletely understood

What This Article Tells Us That Is New

• Chemogenetic inhibition of paraventricular glutamatergic neurons 
in the mouse thalamus projecting to the bed nucleus of the stria 
terminalis reduced induction time and prolonged emergence from 
sevoflurane anesthesia, while activation of this pathway had oppo-
site effects

• These observations suggest that glutamatergic neurons of the 
paraventricular thalamus contribute to the mechanisms of actions 
of sevoflurane anesthesia via their projections to the bed nucleus 
of the stria terminalis

General anesthetics have been widely used in surgery 
for nearly two centuries because they can induce 

reversible unconsciousness and maintain physiologic sta-
bility. While great progress has been made in our under-
standing of how general anesthetics work at the molecular 
level, little is known about how anesthetics cause a loss 
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of consciousness in neural networks.1–3 Recent studies 
have indicated that anesthetic-induced unconsciousness 
arises via specific interactions with neural circuits that 
regulate the endogenous sleep–wake systems in the cen-
tral nervous system,1,4 such as the parabrachial nucleus,5 
lateral hypothalamus,6 locus coeruleus,7,8 tuberomammil-
lary nucleus,9 ventral tegmental area,10,11 basal forebrain,12 
ventrolateral preoptic nucleus,13 and lateral habenula.14 
Multiple sites participate in the maintenance of wake-
fulness and promote arousal from general anesthesia. 
However, whether other critical arousal-promoting areas 
and their neural circuits are implicated in the modulation 
of consciousness under general anesthesia remains largely 
unknown.

The paraventricular thalamus, a vital constituent of the 
midline nucleus of the thalamus, plays a pivotal role in the 
maintenance of wakefulness.15 The paraventricular thalamus 
receives afferent projections from multiple regions involved 
in the regulation of general anesthesia, including the parab-
rachial nucleus,5,16 locus coeruleus,7,17 dorsal raphe nuclei,18 
hypothalamus,6,19 and prefrontal cortex,20 and sends exten-
sive outputs to the limbic system.21 Recent studies have 
revealed that the limbic system plays an essential role in 
anesthetic-induced loss of consciousness.22 Therefore, we 
hypothesized that the paraventricular thalamus may be the 
key hub for the regulation of states of consciousness in gen-
eral anesthesia. However, the potential mechanism in neural 
circuits remains unclear.

The bed nucleus of the stria terminalis, located in the 
limbic forebrain, regulates a variety of endocrine and 
autonomic nervous responses mainly by projecting to the 
relay nucleus of the autonomic nervous system, hypo-
thalamus, and central amygdala and plays an important 
role in stress, fear, and anxiety.23 The activation of γ-am-
inobutyric acid–mediated (GABAergic) neurons in the 
bed nucleus of the stria terminalis promotes the rapid 
transition from non–rapid eye movement sleep to an 
awake state in mice.24 Recent studies have shown that 

calretinin-positive neurons in the paraventricular thala-
mus project directly to the bed nucleus of the stria ter-
minalis, and this pathway mediates starvation-induced 
arousal behavior.25 Therefore, we speculate that the glu-
tamatergic neurons of the paraventricular thalamus also 
project to the bed nucleus of the stria terminalis and play 
a role in modulating the states of consciousness in sevo-
flurane anesthesia.

To test this hypothesis, we first investigated c-Fos 
expression in the paraventricular thalamus during 
sevoflurane anesthesia. We then used anterograde and 
retrograde tracing strategies to identify the synaptic con-
nections between the paraventricular thalamus and the 
bed nucleus of the stria terminalis, respectively. Next, 
we selectively inhibited the paraventricular thalamus 
bed nucleus of the stria terminalis pathway chemo-
genetically to explore its role in the time of induction 
and emergence during sevoflurane anesthesia. Cortical 
electroencephalogram (EEG) activity was also recorded 
during the induction and recovery period of sevoflu-
rane anesthesia. We further optogenetically activated 
paraventricular thalamus glutamatergic neurons or their 
pathways to observe their effects on the maintenance of 
light sevoflurane anesthesia under continuous steady-
state general anesthesia and deep anesthesia with burst- 
suppression conditions.

Materials and Methods

Animal Care

In all experiments, male and female C57BL/6J mice 
and male Vglut2-IRES-Cre and Vgat-IRES-Cre 
mice weighing 20 to 30 g (8 to 10 weeks old) were 
used in this study. The male C57BL/6J mice were 
obtained from Tongji Medical College Experimental 
Animal Center (Huazhong University of Science and 
Technology, Wuhan, China; certificate 42009800002519/
SCXK(E)2016-0009). The Vglut2-IRES-Cre and Vgat-
IRES-Cre mice were obtained from Wuhan National 
Laboratory for Optoelectronics (Huazhong University of 
Science and Technology). All mice were housed in a tem-
perature-controlled (22 ± 1°C) and humidity-controlled 
(50 ± 5%) room with food and water ad libitum under an 
automatically controlled 12 h light/12 h dark cycle (lights 
on from 7 am to 7 pm). All procedures involving ani-
mals were approved by the Hubei Provincial Animal Care 
and Use Committee (Wuhan China) and were in accor-
dance with the experimental guidelines of the Animal 
Experimentation Ethics Committee of Tongji Hospital, 
Huazhong University of Science and Technology. In this 
study, we applied online randomization tools (https://
www.random.org/lists/) to assign animals to each group, 
and the animals were tested in sequential order. The 
experimenters conducting all behavior tests were blinded 
to group allocation.
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Virus Injection

The mice were anesthetized with sodium pentobarbital 
(50 mg/kg, intraperitoneally) and fixed in a stereotaxic appa-
ratus (RWD Life Science Co. Ltd., China). The eyes were 
covered with ophthalmic ointment. The body temperature 
of the anesthetized animals was monitored and maintained 
at 35 to 37°C by a far-infrared warming pad (RightTemp, 
Kent Scientific, USA). The heart rate and oxygen saturation 
were monitored by a MouseSTAT clip sensor (MouseSTAT, 
Kent Scientific, USA) during surgery. Additional subcutane-
ous bupivacaine for analgesia was applied to expose the skull, 
and virus was injected using a glass pipette (opening, 15 to 
20 μm) with a stereotaxic injector from Stoelting (USA) as 
previously described.26 After injection, the syringe was left 
in place for 10 min to allow the diffusion of the virus and 
then slowly retracted. For EEG recordings, 3 weeks after 
virus injection, the mice were implanted with extradural 
EEG electrodes for EEG recordings. Briefly, two stainless 
steel screws were placed in the prefrontal cortex (anteri-
or-posterior, 1.75 mm anterior to bregma; medio-lateral, 
0.4 mm lateral to bregma) and cerebellum. Electrodes were 
then secured to the skull using dental adhesive resin cement 
(C&B-Superbond; Parkell Inc., USA).

For anterograde tracing, AAV-Ef1α-DIO-ChR2-
mCherry (AAV2/9, 4.33E+13 vg/ml, 200 nl; Obio 
Technology Co. Ltd., China) was injected into the para-
ventricular thalamus of vglut2-Cre mice. After 4 weeks, the 
mice were perfused with 4% paraformaldehyde, and the 
projections from paraventricular thalamus glutamatergic 
neurons to other brain regions were explored by imaging 
whole-brain sections using an automatic scanning fluores-
cence microscope (SV120, Olympus, Japan).

For retrograde monosynaptic tracing, Cre-dependent 
helper viruses, including AAV-EF1α-DIO-TVA-green 
fluorescent protein (AAV2/9, 2.0E+12 vg/ml) and AAV-
EF1α-DIO-RVG (AAV2/9, 2.0E+12 vg/ml, 1:1, 100 nl), 
were injected into the bed nucleus of the stria terminalis 
(anterior-posterior‚: +0.26 mm; medio-lateral: –1.0 mm; 
dorsal-ventral: –4.05 mm) of vglut2-Cre mice or vgat-Cre 
mice, respectively. After 3 weeks, rabies virus (RV-ENVA-
ΔG-dsRed, 2.0E+08 infectious units/ml, 200 nl) was 
microinjected into the same site of the bed nucleus of the 
stria terminalis.

Anesthesia Behavioral Experiments

We produced an open-circuit anesthetizing apparatus 
that ensured identical gaseous anesthetic delivery to each 
of eight mice in isolated transparent cylindrical chambers 
while maintaining a constant 37°C environment. The mice 
were placed in a cylinder with 100% oxygen for habituation 
for 2 h for 3 consecutive days before testing. The time to the 
loss of the righting reflex was measured after 1 l/min 100% 
oxygen with 2.4% sevoflurane was administered, the cham-
bers were rotated 180° every 15 s, and the time to the loss 

of the righting reflex (induction time) was considered as the 
time when mice first lost their righting reflex for more than 
30 s from the time of sevoflurane initiation. After a 30-min 
exposure to 2.4% sevoflurane, the sevoflurane was shut off, 
and the time to the recovery of the righting reflex (emer-
gence time) was defined as the interval from the termina-
tion of anesthetic inhalation to the return of the righting 
reflex. The concentration of sevoflurane was monitored by 
an anesthetic agent analyzer (G60, Philips, China).

To assess sevoflurane responsiveness with a higher pre-
cision, the concentration at which 50% of the mice lost 
their righting reflex and the concentration at which 50% 
of the mice recovered their righting reflex were measured 
as described previously.27 The EC

50
 was calculated from the 

dose–response equation. To determine the concentration at 
which 50% of the mice lost their righting reflex, the initial 
concentration of sevoflurane was set at 0.7 vol%, and the 
concentrations were increased by 0.2 vol% every 15 min. 
The chambers were rotated 180° during the last 2 min of 
this period to observe whether the righting reflex of the 
mice had disappeared, and the number of animals that lost 
their righting reflex at each concentration was recorded. The 
experiments ended when all animals had lost their righting 
reflex. To determine the concentration at which 50% of the 
mice recovered their righting reflex, all of the mice were 
anesthetized with 2.1% sevoflurane for 30 min, and the con-
centration was decreased in decrements of 0.2% until all of 
the mice had recovered their righting reflex. The number of 
mice that had recovered their righting reflex at each con-
centration was counted. The concentration of sevoflurane 
was monitored by an anesthetic agent analyzer (G60, Philips, 
China). The chamber temperature was maintained at 37°C 
using a heating pad during the whole experiment.

Arousal Scoring

Arousal behaviors were scored as described previously.10,28 
Briefly, spontaneous actions of the limbs, head, and tail were 
rated on a scoring sheet with three levels, including absent, 
mild, or moderate in intensity, and were scored 0, 1, or 2, 
respectively. In addition, if the loss of the righting reflex 
remained in the mouse, righting was scored as 0, and if all 
four paws of the mouse touched the ground, righting was 
scored as 2. Walking was also scored with three levels as fol-
lows: made no further movements (0), crawled without rais-
ing the abdomen off the floor (1), and walked with all four 
paws with the abdomen off the floor (2). The total score for 
each mouse was determined by the sum of all categories.

Whole-cell Recordings

Whole-cell recordings were conducted as described previ-
ously.29 Briefly, after 4 weeks of viral expression, the mouse 
brain was rapidly removed from the skull and submerged 
in ice-cold oxygenated slice-cutting solution containing 
125 mM NaCl, 3.5 mM KCl, 25 mM NaHCO

3
, 1.25 mM 
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NaH
2
PO

4
, 0.1 mM CaCl

2
, 3 mM MgCl

2
, and 10 mM glu-

cose. Acute coronal brain slices containing the paraven-
tricular thalamus were cut at 200- or 400-μm thickness 
with a vibratome (VT1000S, Leica, Germany). For neu-
ronal whole-cell recording, the slices were kept at 32°C 
for 1 h after cutting, kept at subsequently at room tem-
perature before use, and then maintained in ice-cold arti-
ficial cerebrospinal fluid containing 125 mM NaCl, 25 mM 
NaHCO

3
, 1.25 mM NaH

2
PO

4
, 3.5 mM KCl, 2 mM CaCl

2
, 

1 mM MgCl
2
, and 10 mM glucose (saturated with 95% O

2
 

and 5% CO
2
). Neurons in the paraventricular thalamus 

expressing mCherry were clamped with borosilicate glass 
micropipettes (4 to 7 MΩ). The pipette intracellular solution 
contained 140 mM potassium gluconate, 13.4 mM sodium 
gluconate, 0.5 mM CaCl

2
, 1.0 mM MgCl

2
, 5 mM EGTA, 

10 mM HEPES, 3 mM Mg2+–adenosine triphosphate, and 
0.3 mM Na+-guanosine triphosphate; 280 to 290 mOsm/l 
(pH 7.4; osmolarity, 280 to 290 mOsm/kg). The data were 
obtained using a MultiClamp 700B amplifier and pClamp 
10 software (Molecular Devices, USA), digitized at 2 to 
10 kHz, and filtered at 2 kHz. The patch-clamp recording 
data were analyzed by Clampfit 9.0 (Molecular Devices).

To verify the functional validity of AAV-hM4D(Gi), 
after baseline data were recorded for 5 min, clozapine 
N-oxide was applied to the bath for 2 min, and the cells 
were inhibited using clozapine N-oxide (10 µM). To verify 
the function of AAV-ChR2, mCherry-expressing neurons 
were stimulated by blue light (473 nm, 10 Hz, a duration of 
10 ms) through an optical fiber placed above the cell.

EEG Recording and Analysis

EEG signals were amplified using a Microelectrode AC 
amplifier model 1700 (A-M Systems, USA) and digitized 
at a sampling rate of 500 Hz using a PCIe 6323 data acqui-
sition board (National Instruments, USA), and EEG signals 
were recorded using Spikehound software (Neurobiological 
Instrumentation Engineer‚ USA). The raw EEG signals 
were analyzed using multitaper methods from the Chronux 
toolbox (version 2.1.2, http://chronux.org/) in MATLAB 
2016a (MathWorks, United Kingdom). EEG power spectra 
were analyzed as described in previous studies.30 Briefly, 
raw EEG data were band-pass filtered (1 to 80 Hz) and 
band-block filtered (48 to 52 Hz) to remove line noise and 
were computed for a window size of 4 s (50% overlapping) 
within the frequency range of 0.5 to 50 Hz using a 5-taper 
in fast Fourier transform. The average power spectral den-
sity and the normalized power spectral density were cal-
culated for the delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha  
(8 to 15 Hz), beta (15 to 25 Hz), and gamma (25 to 50 
Hz) bands. The normalized power spectral density was 
performed on the data from the period of induction 
(5 min after the initiation of anesthesia) and emergence 
(5 min after the discontinuation of the anesthetic), and 
the average power spectral density was determined during 
the optogenetic stimulation period (120 s before and 

after blue light stimulation during the 2.5% sevoflurane  
anesthesia-induced burst-suppression period).

The burst-suppression ratio was used to quantify the 
state of burst suppression and calculated as described pre-
viously.31 Briefly, the original EEG data were first band-
pass filtered (10 to 80 Hz) and band-block filtered (48 to 
52 Hz) and then detrended and smoothed by convolution 
with a Gaussian function. Next, EEG bursts were prelim-
inarily assigned a value of 0, and EEG suppressions were 
assigned a value of 1 to produce a binary time series. Finally, 
this binary time series was smoothed to calculate the burst- 
suppression ratio over time with a window function. EEG 
suppression events were defined based on their voltage 
(amplitude within –15 to 15 μV) and duration (minimal 
duration, 200 ms or less), and the events were also regarded 
as the same suppression when the interevent interval was 
less than 50 ms. EEG epochs between suppression periods 
were viewed as EEG burst events.

In Vivo Chemogenetic Manipulation

To inhibit paraventricular thalamus glutamatergic neu-
rons, C57BL/6J mice were injected with AAV-CaMKIIa-
hM4D(Gi)-mCherry (AAV2/9, 1.18E + 13 vg/ml, 200 
nl; Obio Technology Co. Ltd., China) or AAV-CaMKIIa-
mCherry (AAV2/9, 1.08E + 13 vg/ml 200 nl; Obio 
Technology Co. Ltd.) as a control. To inhibit the paraven-
tricular thalamus bed nucleus of the stria terminalis pathway, 
AAV

retro
-hSyn-Cre (AAV2/retro, 2.0E+12 vg/ml; BrainVTA 

Co. Ltd., China) was bilaterally injected into the bed 
nucleus of the stria terminalis, and then AAV-EF1α-DIO-
hM4D(Gi)-mCherry (AAV2/9, 2.0E+12 vg/ml; BrainVTA 
Co. Ltd.) or AAV-EF1α-DIO-mCherry (AAV2/9, 2.0E+12 
vg/ml; BrainVTA Co. Ltd.) was injected into the paraven-
tricular thalamus of C57BL/6J mice. For chemogenetic 
experiments, 3 weeks after virus injection, 3 mg/kg clozap-
ine N-oxide (Sigma, USA) or saline was administered intra-
peritoneally 1 h before all behavior testing.

In Vivo Optogenetic Manipulation

For optogenetic activation of paraventricular thalamus 
glutamatergic neurons, AAV-CaMKIIa-ChR2-mCherry-
WPREs (AAV2/9, 2.0E + 12 vg/ml, 200 nl; BrainVTA 
Co. Ltd., China) or AAV-CaMKIIa-mCherry-WPREs 
(AAV2/9, 2.0E+12 vg/ml, 200 nl; BrainVTA Co. 
Ltd.) were delivered into the paraventricular thalamus  
(anterior-posterior = –1.00 mm; medio-lateral 
= +0.55 mm; dorsal-ventral = –2.95 mm, with a 
10-degree angle to the midline), and an optical fiber 
was implanted above the paraventricular thalamus  
(anterior-posterior = –1.00 mm; medio-lateral = +0.55 mm; 
dorsal-ventral = –2.85 mm, with a 10-degree angle to the 
midline). To optogenetically activate the paraventricu-
lar thalamus bed nucleus of the stria terminalis pathway, 
AAV-EF1α-DIO-ChR2-mCherry (AAV2/9, 4.33E+12 
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vg/ml, 200 nl; Obio Technology Co. Ltd., China) or AAV-
EF1α-DIO-mCherry (control) was injected into the para-
ventricular thalamus of vglut2-Cre mice, and the optical 
fiber cable was implanted into the bed nucleus of the stria 
terminalis (anterior-posterior = +0.26 mm; medio-lateral 
= –1.0 mm; dorsal-ventral = –3.95 mm) and then fixed to 
the skull using dental cement. The mice were connected 
via an optical fiber cannula to a laser diode (Newton Inc., 
China). To stimulate paraventricular thalamus glutamatergic 
neurons or the paraventricular thalamus bed nucleus of the 
stria terminalis pathway, optogenetic manipulation (laser of 
473 nm, 10-ms pulses at 10 Hz for 120 s) was conducted 
during all behavior testing as described previously.15 Light 
intensities at the tip of the optical fiber cannula were tested 
by a power meter (PM100D, Thorlabs, Germany) before the 
experiment and calibrated to emit 10 to 15 mW/mm2.

For anesthesia behavior testing, the mice were optically 
stimulated at the initiation of sevoflurane exposure until they 
lost their righting reflex during induction. During emergence, 
optical stimulation was delivered from the time sevoflurane 
administration stopped until the animals recovered their right-
ing reflex. For optogenetic manipulation during sevoflurane 
anesthesia maintenance, the animals were initially adminis-
tered 2.5% sevoflurane for 20 min and then placed in a supine 
position. Then the sevoflurane concentration was reduced to 
1.4%. If the animals showed any signs of the recovery of their 
righting reflex, the concentration was increased by 0.1% until 
the loss of the righting reflex was maintained at a constant 
concentration for at least 20 min. In our experiments, sevo-
flurane concentrations ranging from 1.4 to 1.5% were used to 
maintain light sevoflurane anesthesia. Optogenetic manipula-
tion was performed for 2 min during continuous, steady-state 
general anesthesia with sevoflurane to score arousal behavior.  
In addition, 2.5% sevoflurane was delivered for 30 min 
to induce a stable burst-suppression pattern, and optoge-
netic stimulation was performed for 2 min under burst- 
suppression conditions.

Histology
For c-Fos immunofluorescence staining, the mice were 
administered 2.4% (1 minimum alveolar concentration) 
sevoflurane inhalation for 2 h. After sevoflurane anesthesia, 
the mice were killed immediately and perfused with 0.01 
M phosphate-buffered saline followed by 4% paraformalde-
hyde. After perfusion, the brains were removed and stored 
in 4% paraformaldehyde overnight at 4°C for postfixation 
and dehydrated in 30% sucrose at 4°C until they sank. The 
brains were then serially sectioned on a freezing micro-
tome (CM1900, Leica, Germany) at –20°C. For c-Fos or 
vglut2 immunofluorescence staining, briefly, the mem-
brane permeability of sections was strengthened with 0.3%  
Triton X-100/phosphate-buffered saline for 15 min, and the 
sections were blocked with 10% goat serum in phosphate- 
buffered saline for 1 h and incubated overnight at 4°C 
with rabbit anti-c-Fos antibody (1:250; Abcam, United 

Kingdom) or anti-vglut2 antibody (1:200; Abcam, United 
Kingdom). After rinsing with phosphate-buffered saline, the 
sections were incubated with anti-rabbit secondary antibod-
ies coupled to DyLight-488 (1:300; Alexa Fluor, Molecular 
Probes Inc., USA) for 2 h at room temperature. After another 
three 10-min washes with phosphate-buffered saline, the 
slides were covered with DAPI (AR1177, Boster, China) for 
5 min, and the sections were washed, mounted, and covers-
lipped. Images were captured on a fluorescence microscope 
(DM2500, Leica Microsystems, Germany). The experiment-
ers involved in microscopy analysis were blinded to group 
allocation. The mean fluorescence intensity of c-Fos–posi-
tive neurons was analyzed on alternate sections in the para-
ventricular thalamus (approximately from bregma –1.06 to 
–2.06 mm; n = 6, where n refers to the number of animals, 
three sections per mouse). In response to peer review, addi-
tional experiments for the change in c-Fos expression in the 
paraventricular thalamus in female mice during sevoflurane 
anesthesia were added.

Statistical Analysis

In this study, we injected virus into the paraventricular 
thalamus in 135 male mice. Histological tests were carried 
out after the behavior tests to identify the position of virus 
infection. Forty-seven mice with inaccurate injection sites, 
inaccurate placement of optic fibers, or poor recovery after 
virus injection were excluded, and the other 88 mice were 
included in the data analysis. The paraventricular thalamus 
bed nucleus of the stria terminalis pathway was manipu-
lated in 112 male mice. Eighty-nine mice were used for 
data analysis, and 23 mice with inaccurate injection sites 
or poor conditions were excluded. In this study, n refers 
to the number of animals. In response to peer review, the 
paraventricular thalamus was manipulated in an additional 
60 female mice; 12 mice with inaccurate injection sites 
were excluded, and the other 48 mice were included in 
the data analysis. No a priori statistical power calculation 
was performed. Sample sizes were chosen based on similar 
experiments using chemogenetic and optogenetic meth-
ods. Before analysis, all data were tested by the Shapiro–
Wilk normality test. Parametric tests or nonparametric tests 
were used according to the results of the normality tests. 
Group differences in cell counts were tested with unpaired 
Student’s t tests. To determine the EC

50
 at the loss of the 

righting reflex or the recovery of the righting reflex and 
the corresponding 95% CI, the population percentage of 
loss/recovery of the righting versus the log scale of inhaled 
anesthetic concentration curve was generated by nonlinear 
regression with a variable slope (multiple parameters) using 
GraphPad Prism 6.0 (GraphPad Software, USA). A Bayesian 
Monte Carlo method was applied to evaluate the efficacy 
of optical stimulation for the restoration of righting during 
continuous, steady-state general anesthesia with sevoflurane, 
as previously described.10,28 For this calculation, we assumed 
a binomial model as the sampling density or likelihood 
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function for the tendency of mice in a given group to have 
the righting response. We considered the uniform density 
in the interval (0,1) as the prior density of each group since 
it is noninformative. The posterior density of each group is 
the beta density because the prior density is proportional 
to the likelihood function of the binomial model, and this 
uniform density was regarded as the conjugate prior density 
for the beta density. We calculated the posterior probability 
that the propensity to right of one group was greater than 
that of the other group. The posterior probability of the dif-
ference in the propensity to right between the two groups 
(ChR2-on and mCherry-on) was obtained from beta dis-
tributions. The Bayesian CIs that did not include 0 and a 
posterior probability greater than 0.95 were considered sta-
tistically significant. The Bayesian estimation was conducted 
and analyzed by applying appropriate codes in MATLAB 
2016a (MathWorks, United Kingdom). Arousal scoring was 
tested using a Mann–Whitney U test on the total score. 
Differences in the burst-suppression ratio and the average 
power spectral density before and during optical stimulation 
were analyzed using paired Student’s t tests. Behavior test-
ing, data were analyzed by ordinary one-way ANOVA fol-
lowed by a post hoc Bonferroni test. EEG-normalized power 
spectral density changes during the induction or emer-
gence period were analyzed by two-way repeated-measures 
ANOVA followed by a post hoc Bonferroni test. The data 
are expressed as the mean ± SD or median ± interquartile 
range (25th, 75th). In all cases, a value of P < 0.05 was con-
sidered statistically significant.

results

Sevoflurane Inhibits Neuronal Activity in the 
Paraventricular Thalamus

To determine whether sevoflurane anesthesia is associated 
with neuron activities in the paraventricular thalamus, we 
explored the changes in neuronal activities in the paraven-
tricular thalamus under sevoflurane anesthesia. In response 
to peer review, we examined the expression of c-Fos, a 
marker of neuronal activity, after treatment with 2.4% (1 
minimum alveolar concentration) sevoflurane inhalation for 
2 h in both male and female mice. We found that neuronal 
activities in the paraventricular thalamus were suppressed 
in both male and female mice under sevoflurane anesthe-
sia, suggesting that neuronal activities in the paraventricular 
thalamus can be regulated by sevoflurane anesthesia (fig. 1, 
A and B; Supplemental Digital Content 1, fig. S1, A and B 
[http://links.lww.com/ALN/C836]).

Effects of Paraventricular Thalamus Glutamatergic 
Neuron Inhibition on Sevoflurane Induction, Emergence 
Time, and Anesthesia Sensitivity

To selectively manipulate paraventricular thala-
mus glutamatergic neurons, an adeno-associated virus 

expressing engineered hM4D(Gi) receptor (AAV-CaMKIIa-
hM4D(Gi)-mCherry) or a control virus (AAV-CaMKIIa-
mCherry) was microinjected into the paraventricular 
thalamus (fig.  2A). Extensive mCherry fluorescence was 
detected in the paraventricular thalamus at 3 weeks after 
microinjection (fig. 2B). By obtaining whole-cell recordings 
from acute brain slices (fig. 2C), we further confirmed that 
the application of clozapine N-oxide (10 µM) could signifi-
cantly inhibit paraventricular thalamus glutamatergic neu-
rons, suggesting that the activity of hM4D(Gi)-expressing  
paraventricular thalamus glutamatergic neurons could be 
suppressed by clozapine N-oxide in vitro.

The loss of the righting reflex and the recovery of the 
righting reflex in mice have been considered surrogates of 
anesthetic-induced loss and recovery of consciousness in 
humans.32 To further explore the effects of paraventricu-
lar thalamus glutamatergic neuron inhibition on sevoflu-
rane-induced loss and recovery of consciousness, the mice 
were exposed to 2.4% sevoflurane, and the time to the loss 
of the righting reflex was investigated in male mice. In 
response to peer review, female mice were added to this 
experiment. In addition, we found that the induction time 
was reduced in the hM4D–clozapine N-oxide group com-
pared with that in the hM4D-saline group (male and female: 
101 ± 32 vs. 132 ± 30 s, P = 0.009, n = 24; fig. 2D; male: 
116 ± 36 vs. 154 ± 23 s, P = 0.012, n = 12; Supplemental 
Digital Content 1, fig. S2A [http://links.lww.com/ALN/
C836]; female: 86 ± 20 vs. 109 ± 15 s, P = 0.025, n = 12; 
Supplemental Digital Content 1, fig. S3A [http://links.lww.
com/ALN/C836]) and the mCherry–clozapine N-oxide 
group (male and female: 101 ± 32 vs. 136 ± 34 s, P = 0.002, 
n = 24; fig. 2D; male: 116 ± 36 vs. 163 ± 22 s, P = 0.001,  
n = 12; Supplemental Digital Content 1, fig. S2A [http://
links.lww.com/ALN/C836]; female: 86 ± 20 vs. 110 ± 18 s, 
P = 0.019, n = 12; Supplemental Digital Content 1, fig. 
S3A [http://links.lww.com/ALN/C836]). After a 30-min 
2.4% sevoflurane exposure, the sevoflurane was shut off, and 
the hM4D group with the delivery of clozapine N-oxide 
showed a significant increase in the duration to the recovery 
of the righting reflex compared to that in the hM4D-saline 
group (male and female: 281 ± 88 vs. 156 ± 40 s, P < 0.001, 
n = 24; fig.  2E; male: 267 ± 84 vs. 157 ± 41 s, P < 0.001,  
n = 12; Supplemental Digital Content 1, fig. S2B [http://
links.lww.com/ALN/C836]; female: 295 ± 92 vs. 154 ± 42 s, 
P < 0.001, n = 12; Supplemental Digital Content 1, fig. S3B 
[http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: 281 ± 88 vs. 
172 ± 48 s, P < 0.001, n = 24; fig.  2E; male: 267 ± 84 vs. 
169 ± 45 s, P < 0.001, n = 12; Supplemental Digital Content 1,  
fig. S2B [http://links.lww.com/ALN/C836]; female: 
295 ± 92 vs. 176 ± 53 s, P < 0.001, n = 12; Supplemental 
Digital Content 1, fig. S3B [http://links.lww.com/ALN/
C836]), indicating that the inhibition of paraventricular 
thalamus glutamatergic neurons prolonged the sevoflurane 
anesthesia emergence time.
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To further determine the role of paraventricular thalamus 
glutamatergic neurons in sevoflurane anesthesia sensitivity, the 
dose–response curve of the percentage of loss of the righting 
reflex or the recovery of the righting reflex versus sevoflurane 
concentration was plotted. We found that the dose–response 
curves of both the loss and the recovery of the righting reflex 
were left-shifted for the hM4D–clozapine N-oxide group 
compared with those in the hM4D-saline group and the 
mCherry–clozapine N-oxide group in male mice. In response 
to peer review, additional experiments in female mice were 
added in this experiment. The concentration at which 50% 
of the mice lost their righting reflex of sevoflurane was sig-
nificantly decreased in the hM4D–clozapine N-oxide group 
compared with that in the hM4D-saline group (male and 
female: mean [95% CI], 1.16 [1.12 to 1.20] vs. 1.43 [1.40 
to 1.46] vol%, P < 0.001, n = 20; fig.  2F; Supplemental 
Digital Content 1, table S1 [http://links.lww.com/ALN/
C836]; male: 1.20 [1.18 to 1.21] vs. 1.45 [1.44 to 1.46] vol%,  
P < 0.001, n = 10; Supplemental Digital Content 1, fig. 
S2C, table S2 [http://links.lww.com/ALN/C836]; female: 
1.11 [1.04 to 1.18] vs. 1.40 [1.35 to 1.46] vol%, P < 0.001,  
n = 10; Supplemental Digital Content 1, fig. S3C, table S3 
[http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: 1.16 [1.12 to 
1.20] vs. 1.49 [1.46 to 1.53] vol%, P < 0.001, n = 20; fig. 2F; 
Supplemental Digital Content 1, table S1 [http://links.lww.
com/ALN/C836]; male: 1.20 [1.18 to 1.21] vs. 1.50 [1.44 to 
1.57] vol%, P < 0.001, n = 10; Supplemental Digital Content 1, 
fig. S2C, table S2 [http://links.lww.com/ALN/C836]; female: 
1.11 [1.04 to 1.18] vs. 1.48 [1.43 to 1.53] vol%, P < 0.001, 
n = 10; Supplemental Digital Content 1, fig. S3C, table S3 
[http://links.lww.com/ALN/C836]), and the concentration 

at which 50% of the mice recovered their righting reflex 
(EC

50
) of sevoflurane was lowered in the hM4D–clozap-

ine N-oxide group compared with that in the hM4D-sa-
line group (male and female: mean [95% CI], 0.95 [0.86 to 
1.03] vs. 1.32 [1.29 to 1.34] vol%, P < 0.001, n = 20; fig. 2G; 
Supplemental Digital Content 1, table S1 [http://links.lww.
com/ALN/C836]; male: 1.07 [0.94 to 1.22] vs. 1.32 [1.29 to 
1.36] vol%, P = 0.009, n = 10; Supplemental Digital Content 
1, fig. S2D, table S2 [http://links.lww.com/ALN/C836]; 
female: 0.86 [0.81 to 0.91] vs. 1.32 [1.27 to 1.36] vol%, P < 
0.001, n = 10; Supplemental Digital Content 1, fig. S3D, table 
S3 [http://links.lww.com/ALN/C836]) and the mCherry–
clozapine N-oxide group (male and female: mean [95% CI], 
0.95 [0.86 to 1.03] vs. 1.34 [1.29 to 1.40] vol%, P < 0.001, n = 
20; fig. 2G; Supplemental Digital Content 1, table S1 [http://
links.lww.com/ALN/C836]; male: 1.07 [0.94 to 1.22] vs. 1.38 
[1.34 to 1.42] vol%, P = 0.003, n = 10; Supplemental Digital 
Content 1, fig. S2D, table S2 [http://links.lww.com/ALN/
C836]; female: 0.86 [0.81 to 0.91] vs. 1.30 [1.23 to 1.36] 
vol%, P < 0.001, n = 10; Supplemental Digital Content 1,  
fig. S3D, table S3 [http://links.lww.com/ALN/C836]). Taken 
together, our results indicate that the blockade of the activi-
ties of paraventricular thalamus glutamatergic neurons facili-
tated induction, delayed emergence, and increased sevoflurane 
anesthesia sensitivity.

Chemogenetic Inhibition of Paraventricular Thalamus 
Glutamatergic Neurons Accelerates Cortical Sedation 
and Suppresses Cortical Arousal from Sevoflurane 
Anesthesia
To further determine how the inhibition of paraventricu-
lar thalamus glutamatergic neurons could affect induction 

Fig. 1. c-Fos expression in the paraventricular thalamus under sevoflurane anesthesia. (A) Representative images of c-Fos immunofluores-
cence in the paraventricular thalamus between the awake and sevoflurane anesthesia groups in male mice. (Left) Representative brain sec-
tions stained with c-Fos (green). Scale bars, 200 μm. (Right) Magnified images. Scale bars, 100 μm. (B) Quantitative analysis of the intensity 
of c-Fos staining in the paraventricular thalamus. The data are shown as the mean ± SD. ***P < 0.001 (n = 6 for each group). D3V, dorsal 3rd 
ventricle; PVT, paraventricular thalamus; Sevo, sevoflurane.
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and arousal, we obtained EEG recordings from the somato-
sensory cortex in male mice. As shown in figure  3, A to 
C, compared with saline administration, hM4D expression 
group delivery of clozapine N-oxide induced a quick tran-
sition from an awake-EEG state to an anesthesia-EEG state 
because at baseline, the animals were already sedated, with 

higher delta activity, as described previously.15 Power spec-
tral density analysis of the EEG signal suggested a promi-
nent interaction between clozapine N-oxide and the EEG 
frequency band during the sevoflurane anesthesia induc-
tion and recovery periods. During the anesthesia induction 
period, the group with the delivery of clozapine N-oxide 

Fig. 2. Effects of chemogenetic inhibition of paraventricular thalamus glutamatergic neurons on sevoflurane induction, emergence time, and 
anesthesia sensitivity. (A) Schematic of virus injection. (B) Representative images showing the expression of hM4D(Gi) receptors (red) in the 
paraventricular thalamus. Scale bar, 100 μm. (C) Whole-cell patch clamping of paraventricular thalamus glutamatergic neurons expressing 
hM4D showing suppressed action potential responses to the application of clozapine N-oxide (10 μM) in vitro. (D and E) Time to induction 
(D) and emergence (E) with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) for 30 min after pretreatment with saline or 
clozapine N-oxide in the control group (AAV-CaMKIIa-mCherry) and the hM4D group (AAV-CaMKIIa-hM4D-mCherry), respectively. The data 
are shown as the mean ± SD (one-way ANOVA). **P < 0.01; ***P < 0.001 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-sa-
line/mCherry–clozapine N-oxide, n = 24 for each group). (F and G) Dose–response curves of the loss of the righting reflex (F) and the recovery 
of the righting reflex (G) between paraventricular thalamus inhibition and control mice.
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Fig. 3. Chemogenetic inhibition of paraventricular thalamus glutamatergic neurons induced electroencephalogram changes during sevoflurane 
anesthesia. (A) Representative raw electroencephalogram traces during the sevoflurane induction period in hM4D mice after the delivery of 
clozapine N-oxide or saline. (B and C) Representative electroencephalogram power spectrograms during the induction period after the administra-
tion of saline (B) or clozapine N-oxide (C). Time zero on the timeline represents the initiation of sevoflurane anesthesia. (D) Electroencephalogram 
traces 5 min after the initiation of sevoflurane anesthesia were analyzed. Normalized power spectral densities in the hM4D-saline (black) and 
hM4D–clozapine N-oxide (green) groups during the sevoflurane induction period. (E) Quantitative analysis of normalized power spectral density. 
Compared with the hM4D-saline group, the hM4D–clozapine N-oxide group showed a significant increase in electroencephalogram delta power. 
The data are shown as the mean ± SD (two-way ANOVA). **P < 0.01 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8 
for each group). (F) Representative raw electroencephalogram traces during the emergence period in hM4D mice after the delivery of clozapine 
N-oxide or saline. (G and H) Representative electroencephalogram power spectrograms during the sevoflurane anesthesia recovery period in the 
hM4D-saline (black) and hM4D–clozapine N-oxide (green) groups. Time zero on the timeline indicates the cessation of sevoflurane anesthesia. (I) 
Electroencephalogram traces 5 min after the discontinuation of sevoflurane anesthesia were analyzed. Normalized power spectral density in the 
hM4D-saline (black) and hM4D–clozapine N-oxide (green) groups during the sevoflurane emergence period. (J) In the recovery period, quantita-
tive analysis of normalized power spectral density shows that in the hM4D group, the delivery of clozapine N-oxide led to a significant increase 
in delta power and a decrease in theta power compared with those resulting from the delivery of saline. The data are shown as the mean ± SD  
(two-way ANOVA). **P < 0.01; ****P < 0.0001 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8 for each group).
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showed a significant increase in the delta band (45.0 ± 5.5%) 
compared with that in the hM4D-saline group (39.1 ± 6.0%, 
P = 0.001, n = 8), while the other bands (theta, alpha, beta, 
and gamma bands) showed no significant difference (fig. 3, 
D and E), indicating that the inhibition of paraventricular 
thalamus glutamatergic neurons accelerated sevoflurane- 
induced sedation. During the sevoflurane anesthesia recov-
ery period, the transition from an anesthesia-EEG state to 
an awake-EEG state was delayed in the hM4D–clozapine 
N-oxide group (fig. 3, F and H). The power in the delta 
band showed a significant increase in the hM4D–clozapine  
N-oxide group (42.0 ± 3.1%) compared with that in the 
hM4D-saline group (34.9 ± 3.0%, P < 0.0001, n = 8), while 
the power in the theta band was decreased in the hM4D–
clozapine N-oxide group (17.6 ± 1.2%) compared with that 
in the control group (22.8 ± 3.3%, P = 0.004, n = 8; fig. 3, I 
and J). These findings suggest that the inhibition of paraven-
tricular thalamus glutamatergic neurons suppressed cortical 
arousal from sevoflurane anesthesia.

Optogenetic Activation of Paraventricular Thalamus 
Glutamatergic Neurons Induces Behavioral Arousal and 
Reduces the Depth of Anesthesia during the Sevoflurane 
Anesthesia Maintenance Period
To further test the effects of paraventricular thalamus glu-
tamatergic neurons on sevoflurane anesthesia, we stimu-
lated the neuronal activity of the paraventricular thalamus 
in vivo using optogenetics (fig. 4A). The immunofluores-
cence results verified that the paraventricular thalamus 
neurons had been successfully transfected with optoge-
netic viruses (fig. 4B). Whole-cell recordings showed that 
neurons expressing the ChR2 virus in the paraventricular 
thalamus were successfully activated by optical stimula-
tion (fig. 4C). We stimulated the paraventricular thalamus 
in vivo with a 10-ms pulse width of blue light (473 nm) 
at 10 Hz in male mice according to previous literature.15 
When exposed to 2.4% sevoflurane, constant optogenetic 
stimulation of the paraventricular thalamus significantly 
increased the time to the loss of the righting reflex in the 
ChR2-on group (188 ± 30 s) compared with that in the 
ChR2-off group (138 ± 33 s, P = 0. 021, n = 8; fig. 4D) 
and the mCherry-on group (144 ± 28 s, P = 0. 048, n = 8; 
fig. 4D). For sevoflurane anesthesia emergence, the time to 
recovery of the righting reflex was significantly reduced 
in the ChR2-on group (102 ± 27 s) compared with that in 
the ChR2-off group (166 ± 52 s, P = 0. 011, n = 8; fig. 4E) 
and the mCherry-on group (159 ± 33 s, P = 0. 029, n = 8; 
fig. 4E). These results indicate that the activation of para-
ventricular thalamus glutamatergic neurons delayed induc-
tion and accelerated behavioral arousal from sevoflurane 
anesthesia.

To further test whether the activation of paraventricu-
lar thalamus glutamatergic neurons is capable of restoring 
states of consciousness during the sevoflurane anesthesia 
maintenance period, we used optogenetics to instanta-
neously stimulate neuronal activities in the paraventricular 

thalamus when mice lost their righting reflex for 20 min 
during continuous steady-state general anesthesia with 1.4 
to 1.5% sevoflurane. We found that optical stimulation of 
paraventricular thalamus glutamatergic neurons in male 
mice induced similar evidence of arousal behavior (fig. 4F; 
Supplemental Digital Content 1, table S5 [http://links.lww.
com/ALN/C836]; Supplemental Digital Content 2, video 
S1 [http://links.lww.com/ALN/C837]), including leg, 
head, and tail movements (8 of 8), righting (6 of 8), and walk-
ing (5 of 8), in mice in the ChR2-on group during the light 
sevoflurane anesthesia maintenance period (Supplemental 
Digital Content 1, table S5 [http://links.lww.com/ALN/
C836]). To rule out the influence of the light stimulus, we 
injected AAV-CaMKIIa-mCherry into the paraventricular 
thalamus as a control experiment, and this evident arousal 
behavior was scarcely observed in mice in the mCherry-on 
(Supplemental Digital Content 1, table S5 [http://links.
lww.com/ALN/C836]; Supplemental Digital Content 3,  
video S2 [http://links.lww.com/ALN/C838]) or the 
ChR2-off group (Supplemental Digital Content 1, table 
S5 [http://links.lww.com/ALN/C836]). The Bayesian 95% 
CI for the difference in the propensity of righting derived 
from the beta distribution between the ChR2-on group 
and the mCherry-on group was 0.185 to 0.865 under 
sevoflurane continuous steady-state general anesthesia with 
optostimulation of paraventricular thalamus glutamatergic 
neurons at 10 Hz for 120 s (fig. 4, G and H). The poste-
rior probability of the difference in righting between the 
ChR2-on group and the mCherry-on group greater than 
0 was 0.997, which was statistically significant (fig.  4H). 
These results suggest that the stimulation of paraventricu-
lar thalamus glutamatergic neurons was sufficient to evoke 
behavioral arousal during the light anesthesia maintenance 
period. In addition, we further explored whether the acti-
vation of paraventricular thalamus glutamatergic neurons 
affects the maintenance period of deep anesthesia under 
burst suppression. As shown in figure 5, A to E, the photo-
stimulation of the paraventricular thalamus caused a rapid 
increase in EEG burst duration (fig. 5A) and decreased the 
burst-suppression ratio from 59.4 ± 19.5 to 11.7 ± 10.4%  
(P < 0. 001, n = 7; fig. 5E; Supplemental Digital Content 4, 
video S3 [http://links.lww.com/ALN/C839]) during the 
burst-suppression state induced by 2.5% sevoflurane in male 
mice. Additionally, the average power spectral density anal-
ysis of the EEG showed an increase in the delta, alpha, beta, 
and gamma bands during photostimulation compared with 
prestimulation (fig. 5, B to D). As shown in figure 5, F to J, 
there were no significant differences in raw EEG (fig. 5F; 
Supplemental Digital Content 5, video S4 [http://links.
lww.com/ALN/C840]), burst-suppression ratio (fig.  5J), 
or power spectral densities during optical stimulation com-
pared with prestimulation in mice in the mCherry group 
(fig. 5, G to I). These results suggest that the stimulation of 
paraventricular thalamus glutamatergic neurons can drive 
cortical activation and reduce anesthesia depth during the 
maintenance period of deep sevoflurane anesthesia.
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Fig. 4. Optogenetic activation of paraventricular thalamus glutamatergic neurons delayed induction, accelerated emergence, and induced 
arousal-like responses under continuous steady-state general anesthesia with sevoflurane. (A) Schematic representation of virus injection. 
(B) Representative image showing the expression of channelrhodopsin-2 (ChR2) –mCherry (red) in the paraventricular thalamus and confirm-
ing the location of the optic fiber in the paraventricular thalamus. Scale bar, 200 μm. (C) Example traces of neuronal firing of ChR2-expressing 
paraventricular thalamus glutamatergic neurons evoked by 473-nm photostimulation at 10 Hz. (D and E) Induction time (D) and emergence 
time (E) with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) during 10-Hz blue laser stimulation in ChR2-expressing and 
control mice. The data are shown as the mean ± SD (one-way ANOVA). *P < 0.05 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. 
hM4D-saline/mCherry–clozapine N-oxide, n = 8 for each group). (F) Total arousal response score for the optical stimulation of paraventricular 
thalamus glutamatergic neurons (10-ms pulses, 10 Hz, 120 s) during continuous steady-state general anesthesia with 1.4 to 1.5% sevoflu-
rane. The data are shown as the medians and interquartile ranges (25th, 75th). ***P < 0.001 (n = 8 in the ChR2-on/off group, and n = 6 in 
the mCherry-on group). (G) Posterior densities for the propensity of righting for the ChR2-on (red), ChR2-off (green), and mCherry-on (blue) 
groups. Posterior densities are obtained from beta distributions. (H) Posterior probability of the difference between the ChR2-on group and 
the mCherry-on group during continuous steady-state general anesthesia with sevoflurane.
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Fig. 5. Optogenetic activation of paraventricular thalamus glutamatergic neurons induced cortical activation under sevoflurane burst- 
suppression conditions. (A and B) Representative raw electroencephalogram traces (A) and electroencephalogram power spectra (B) in a 
mouse injected with AAV-CaMKIIa-ChR2-mCherry. The blue shading represents periods of light stimulation (10-ms pulses; 10 Hz; 120 s). 
Time zero indicates the beginning of optical stimulation during sevoflurane-induced burst suppression. (C) Average power spectral density 
in the PVT-ChR2 mice computed from 120 s before stimulation (blue) to 120 s during optical stimulation (red). (D) Quantitative analysis of the 
average power spectral density showed that photostimulation increased the delta, alpha, beta, and gamma power in PVT-ChR2 mice. The 
data are shown as the mean ± SD). *P < 0.05; **P < 0.01 (n = 8 in each group). (E) The electroencephalogram burst suppression ratio was 
significantly reduced by optical stimulation during continuous 2.5% sevoflurane anesthesia in PVT-ChR2 mice. ***P < 0.001 (n = 7 in each 
group). (F and G) Typical examples of electroencephalogram traces (F) and electroencephalogram power spectra (G) in the control group 
(AAV-CaMKIIa–mCherry). (H) Average power spectral density in the control group computed from 120 s before stimulation (blue) to 120 s 
after optical stimulation (red). (I) Quantitative analysis of the average power spectral density showed no significant difference between the 
prestimulation and stimulation periods in the control group. (J) Effect of optical stimulation on the electroencephalogram burst suppression 
ratio during continuous sevoflurane anesthesia in the control group (P = 0.912, n = 7 for each group).
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Fig. 6. The paraventricular thalamus glutamatergic neurons project onto the glutamatergic and γ-aminobutyric acid–mediated neurons in the bed 
nucleus of the stria terminalis. (A) Schematic representation of virus injection location and glutamatergic cell type–specific anterograde tracing. (B) 
Representative images showing ChR2-expressing cells in the vglut2+ neurons of the paraventricular thalamus (left; scale bars, 100 μm) and mCher-
ry-expressing axon terminals in the bed nucleus of the stria terminalis (right; scale bars, 1 mm) of vglut2-cre mice. (C) Coexpression of mCherry+ 
neurons (red) and vglut2+ neurons (green) in the paraventricular thalamus. Scale bars, 50 μm; blue, 4′,6-diamidino- 
2-phenylindole for nuclear staining. (D and E) Schematic diagrams of rabies virus–mediated monosynaptic tracing. (F) Representative images of the 
virus injection site and expression within the bed nucleus of the stria terminalis. Starter cells (yellow) coexpress avian tumor virus receptor A (TVA)-
green fluorescent protein (green), rabies virus G, and rabies virus–EnvA-ΔG-DsRed (red) in the bed nucleus of the stria terminalis of vgat-Cre mice 
(upper) and vglut2-Cre (lower) mice. Scale bars, 100 μm. (G) Representative images of presynaptic cells in the paraventricular thalamus. Rabies  
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Chemogenetic Dissection Identification of the 
Paraventricular Thalamus Bed Nucleus of the Stria 
Terminalis Pathway

Previous studies have shown that paraventricular thalamus 
neurons are primarily glutamatergic neurons and are posi-
tive for VGLUT2 mRNA but not VGLUT1 mRNA.33 To 
characterize contacts between the paraventricular thalamus 
and the bed nucleus of the stria terminalis, we first microin-
jected an adeno-associated virus expressing Cre-dependent 
channelrhodopsin-2 (AAV-DIO-ChR2-mCherry) into the 
paraventricular thalamus of vglut2-Cre mice (fig.  6, A to 
C). We observed that mCherry+ glutamatergic cell bodies 
in the paraventricular thalamus and mCherry+ fibers were 
mainly detected in the dorsolateral bed nucleus of the 
stria terminalis, as well as in other brain regions (fig. 6B; 
Supplemental Digital Content 1, fig. S4 [http://links.lww.
com/ALN/C836]).

To further identify the cell type–specific connections 
between the paraventricular thalamus and the bed nucleus 
of stria terminalis neurons, we applied a Cre-dependent 
retrograde transmonosynaptic tracing tactic to ascertain 
the specific neuronal type of the bed nucleus of the stria 
terminalis that receives paraventricular thalamus excitatory 
projections (fig. 6D). Since glutamatergic and GABAergic 
neurons are typical and dominant cells in the bed nucleus 
of the stria terminalis, Cre-dependent helper viruses (AAV-
EF1α-DIO-TVA-green fluorescent protein and AAV-
EF1α-DIO-RVG) were microinjected into the bed nucleus 
of the stria terminalis of vglut2-Cre mice or vgat-Cre 
mice (fig. 6E). After 3 weeks, rabies virus (RV-ENVA-ΔG-
dsRed) was microinjected into the same site and infected 
only the helper virus–positive neurons in the bed nucleus 
of the stria terminalis. Rabies virus could be transmitted 
retrogradely across monosynapses in the presence of these 
helper viruses. Glutamatergic or GABAergic neurons in the 
bed nucleus of the stria terminalis expressing both red and 
green fluorescent signals simultaneously were considered 
starter cells (fig. 6F). We observed intensely dsRed-labeled 
neurons in the paraventricular thalamus of vglut2-Cre mice 
and vgat-Cre mice (fig. 6G), suggesting that paraventricular 
thalamus neurons innervate glutamatergic and GABAergic 
neurons in the bed nucleus of the stria terminalis. 
Additionally, our immunofluorescence staining showed that 

the dsRed-labeled signal was largely colocalized with the 
vglut2 antibody signal (fig. 6, H and I), indicating that both 
GABAergic and glutamatergic neurons in the bed nucleus 
of the stria terminalis receive paraventricular thalamus glu-
tamatergic projections directly. Only male mice were used 
in these experiments.

Chemogenetic Inhibition of the Paraventricular 
Thalamus Bed Nucleus of the Stria Terminalis Pathway 
Modulates Sevoflurane Anesthesia

To further verify the necessity of this specific pathway in 
regulating states of consciousness during sevoflurane anes-
thesia, retrograde transport Cre recombinase AAV

retro
-Syn-

Cre was bilaterally microinjected into the bed nucleus 
of the stria terminalis, and Cre-dependent AAV-EF1α-
DIO-hM4D-mCherry or AAV-EF1α-DIO-mCherry was 
injected into the paraventricular thalamus for selective 
chemogenetic inhibition of paraventricular thalamus neu-
rons that projected to the bed nucleus of the stria termina-
lis (fig. 7, A to C). We explored the effects on sevoflurane 
induction and emergence after the delivery of saline or 
clozapine N-oxide into hM4D-mCherry and mCherry 
(control) mice, respectively. The experiments were per-
formed only in male mice. Our results showed that when 
exposed to 2.4% sevoflurane, the hM4D–clozapine N-oxide 
group showed a significant decrease in the induction time 
(87 ± 24 s) compared with that in the hM4D-saline group 
(136 ± 36 s, P = 0.002, n = 12; fig. 7D) and the mCherry–
clozapine N-oxide group (124 ± 29 s, P = 0. 032, n = 12; 
fig. 7D). The time to recovery of the righting reflex of sevo-
flurane anesthesia was prolonged in the hM4D–clozapine 
N-oxide group (292 ± 108 s) compared with that in the 
hM4D-saline group (174 ± 59 s, P = 0. 003, n = 12; fig. 7E) 
and the mCherry–clozapine N-oxide group (160 ± 73 s,  
P < 0. 001, n = 12; fig. 7E) after a 30-min exposure to 2.4% 
sevoflurane. The concentration at which 50% of the mice 
lost their righting reflex (EC

50
) of sevoflurane was decreased 

in the hM4D–clozapine N-oxide group compared with 
that in the hM4D-saline group (1.13 [1.09 to 1.17] vs. 
1.40 [1.36 to 1.44] vol%, n = 10; fig.  7F; Supplemental 
Digital Content 1, table S4 [http://links.lww.com/ALN/
C836]) and the mCherry–clozapine N-oxide group (1.13 
[1.09 to 1.17] vs. 1.42 [1.38 to 1.47] vol%, n = 10; fig. 7F; 
Supplemental Digital Content 1, table S4 [http://links.
lww.com/ALN/C836]). The concentration at which 50% 
of the mice recovered their righting reflex (EC

50
) of sevo-

flurane was also reduced in the hM4D–clozapine N-oxide 
group compared with that in the hM4D-saline group (1.03 
[0.97 to 1.09] vs. 1.30 [1.26 to 1.35] vol%, n = 10; fig. 7G; 
Supplemental Digital Content 1, table S4 [http://links.lww.
com/ALN/C836]) and the mCherry–clozapine N-oxide 
group (1.03 [0.97 to 1.09] vs. 1.33 [1.28 to 1.39] vol%,  
n = 10; fig. 7G; Supplemental Digital Content 1, table S4 
[http://links.lww.com/ALN/C836]). Taken together, these 
results suggest that the suppression of the paraventricular 

Fig. 6. (Continued ) virus–labeled cells within the paraventricu-
lar thalamus of vgat-Cre mice (left) and vglut2-Cre (right) mice. 
Scale bars, 100 μm. (H) Identification of rabies virus–labeled neu-
rons in the paraventricular thalamus. White arrows represent the 
colocalization of RV signals (red) and vglut2 antibody in vgat-Cre 
or vglut2-Cre mice. Scale bars, 50 μm. (I) Quantitation of the per-
centage of vglut2-expressing rabies virus–positive cells that pro-
jected onto the γ-aminobutyric acid–mediated and glutamatergic 
neurons in the bed nucleus of the stria terminalis (n = 4 for each 
group).
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thalamus bed nucleus of the stria terminalis pathway sped 
up the induction, delayed the recovery, and increased the 
sensitivity of sevoflurane anesthesia.

For cortical EEG activity, compared with saline injec-
tion, the inhibition of the paraventricular thalamus bed 
nucleus of the stria terminalis pathway in male mice led 
to an obvious increase in delta power during sevoflurane 

anesthesia induction (35.5 ± 3.8% vs. 47.2 ± 3.3%, P < 0. 0001,  
n = 8; fig. 8, D and E) and emergence periods (39.4 ± 1.5% 
vs. 43.7 ± 2.6%, P = 0. 001, n = 8; fig. 8, I and J), indicat-
ing that the paraventricular thalamus bed nucleus of the 
stria terminalis pathway could affect cortical sedation and 
arousal under sevoflurane anesthesia. Taken together, these 
results suggest that the paraventricular thalamus bed nucleus 

Fig. 7. The inhibition of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis promoted induction and 
prolonged behavioral arousal from sevoflurane anesthesia. (A and B) Schematic representation of virus injection. AAV-DIO-hM4D-mCherry (or 
AAV-DIO-mCherry) was injected into the paraventricular thalamus, and AAVretro-hSyn-Cre virus was injected into the bed nucleus of the stria 
terminalis. (C) Expression of hM4D-mCherry in neurons of the paraventricular thalamus that project to the bed nucleus of the stria terminalis. 
Scale bar, 100 μm. (D and E) Induction (D) and emergence (E) times with exposure to 2.4% sevoflurane (1 minimum alveolar concentration) in 
the inhibition group and the control group. The data are shown as the mean ± SD (one-way ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001 (post 
hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline/mCherry–clozapine N-oxide, n = 12 for each group). (F and G) Dose–response 
curves of the loss of the righting reflex (F) and the recovery of the righting reflex (G) for the inhibition group and the control group.
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Fig. 8. The inhibition of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis suppressed cortical electro-
encephalogram arousal during sevoflurane anesthesia. (A) Example of raw electroencephalogram traces during the induction period in hM4D 
mice after the delivery of clozapine N-oxide or saline. (B and C) Representative electroencephalogram power spectrograms of the suppres-
sion of the pathway from the paraventricular thalamus to the bed nucleus of the stria terminalis during the sevoflurane anesthesia induction 
period. Time zero on the timeline represents the initiation of sevoflurane anesthesia. (D) Normalized power spectral density changes during 
the sevoflurane induction period after intraperitoneal injection of saline or clozapine N-oxide (3 mg/kg). (E) Quantitative analysis of normal-
ized power spectral density. Compared with saline, clozapine N-oxide induced a significant increase in the electroencephalogram delta power  
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of the stria terminalis pathway plays a vital role in sevoflu-
rane anesthesia induction and emergence.

Optogenetic Activation of the Paraventricular Thalamus 
Bed Nucleus of the Stria Terminalis Pathway Modulates 
States of Consciousness during Sevoflurane Anesthesia

To further examine the role of projections from the para-
ventricular thalamus to the bed nucleus of the stria ter-
minalis in sevoflurane anesthesia induction, maintenance, 
and emergence, we injected AAV-DIO-ChR2-mCherry 
or AAV-DIO-mCherry into the paraventricular thalamus 
of vglut2-Cre mice and then implanted optical fibers above 
the bed nucleus of the stria terminalis (fig. 9, A to C). We 
stimulated PVTvglut2+ terminals in the bed nucleus of the 
stria terminalis with a 10-ms pulse width of blue light 
(473 nm) at 10 Hz in mice. Only male mice were used in 
this experiment.

Our results showed that the induction time in the 
ChR2-on group was significantly prolonged compared 
with that in the ChR2-off group (154 ± 24 s vs. 103 ± 36 s, 
P = 0.012, n = 8; fig.  9D) and the mCherry-on group 
(154 ± 24 s vs. 109 ± 33 s, P = 0.034, n = 8; fig. 9D). We also 
found that the emergence time in the ChR2-on group was 
significantly reduced compared with that in the ChR2-off 
group (107 ± 22 s vs. 169 ± 41 s, P = 0.012, n = 8; fig. 9E) 
and the mCherry-on group (107 ± 22 s vs. 160 ± 34 s,  
P = 0.042, n = 8; fig. 9E). All these results indicate that the 
paraventricular thalamus bed nucleus of the stria terminalis 
pathway may be the necessary pathway for the modulation 
of sevoflurane anesthesia induction and emergence.

Our results also showed that optical stimulation of 
PVTvglut2+ terminals in the bed nucleus of the stria termi-
nalis induced similar evidence of arousal behavior (fig. 9F; 
Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]; Supplemental Digital Content 6, 
video S5 [http://links.lww.com/ALN/C841]), including 

leg, head, and tail movements (8 of 8), righting (5 of 8), and 
walking (3 of 8), in mice of the ChR2-on group during 
continuous steady-state general anesthesia with sevoflurane 
(Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]), while this evident arousal behavior 
was barely seen in mice of the mCherry-on (Supplemental 
Digital Content 1, table S6 [http://links.lww.com/
ALN/C836]; Supplemental Digital Content 7, video S6 
[http://links.lww.com/ALN/C842]) or ChR2-off groups 
(Supplemental Digital Content 1, table S6 [http://links.
lww.com/ALN/C836]). The Bayesian 95% CI for the dif-
ference in the propensity of righting at 10 Hz between the 
ChR2-on group and the mCherry-on group was 0.081 to 
0.795 under sevoflurane continuous steady-state general 
anesthesia with the optostimulation of the paraventricular 
thalamus bed nucleus of the stria terminalis pathway (fig. 9, 
G and H). The posterior probability of the difference in 
righting between the two groups greater than 0 was 0.990, 
which was statistically significant (fig. 9H). In addition, the 
activation of the paraventricular thalamus bed nucleus of 
the stria terminalis projections caused a rapid increase in 
burst duration (fig.  10A; Supplemental Digital Content 
8, video S7 [http://links.lww.com/ALN/C843]) and a 
significant increase in delta power compared with those 
observed prestimulation (fig.  10, C and D) and a signifi-
cantly decreased burst-suppression ratio from 43.1 ± 10.4% 
to 2.8 ± 2.7% (P < 0.001, n = 8; fig. 10E) during sevoflu-
rane-induced burst-suppression conditions, which was not 
seen in mCherry mice (fig. 10, F to J; Supplemental Digital 
Content 9, video S8 [http://links.lww.com/ALN/C844]). 
Our results indicate that the activation of the paraventric-
ular thalamus bed nucleus of the stria terminalis pathway is 
sufficient to induce behavioral emergence during contin-
uous steady-state general anesthesia with sevoflurane and 
rapidly reduce the depth of anesthesia during deep sevoflu-
rane anesthesia.

discussion
In the current study, we verified the regulatory effects of 
paraventricular thalamus glutamatergic neurons and the 
paraventricular thalamus bed nucleus of the stria termi-
nalis pathway on sevoflurane-induced unconsciousness. 
Inhibition of paraventricular thalamus glutamatergic neu-
rons or their pathways promoted the loss of consciousness 
and prolonged the recovery of consciousness, whereas 
activation induced opposite effects. Moreover, the cortical 
EEG activity during the induction and recovery periods of 
sevoflurane anesthesia was remarkably affected by the inhi-
bition of paraventricular thalamus glutamatergic neurons 
or their pathways. Instantaneous optogenetic stimulation 
of paraventricular thalamus glutamatergic neurons or their 
pathways restored awake-like behavior during the mainte-
nance period of light sevoflurane anesthesia and reduced 
the depth of anesthesia during sevoflurane-induced burst- 
suppression states.

Fig. 8. (Continued ) of hM4D-expressing mice. The data are shown 
as the mean ± SD (two-way ANOVA). ****P < 0.0001 (post hoc 
Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline, n = 8  
for each group). (F) Representative raw electroencephalogram 
traces during the emergence period for the inhibition group and 
the control group. (G and H) Representative electroencephalogram 
power spectrograms during the sevoflurane anesthesia recovery 
period for the inhibition group (green) and control group (black). Zero 
on the timeline indicates the discontinuation of sevoflurane anes-
thesia. (I) Normalized power spectral density in the inhibition group 
(green) and control group (black) during the sevoflurane emergence 
period. (J) Quantitative analysis of normalized power spectral den-
sity shows that the suppression of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway led to a significant 
increase in the delta power compared with that in the control mice 
during the recovery period. The data are shown as the mean ± SD  
(two-way ANOVA). **P < 0.01 (post hoc Bonferroni test, hM4D–
clozapine N-oxide vs. hM4D-saline, n = 8 for each group).
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Fig. 9. Optogenetic activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway delayed the induction, acceler-
ated the emergence, and induced behavioral emergence during continuous steady-state general anesthesia with sevoflurane. (A) Schematic 
representation of virus injection and optical implantation. (B and C) Expression of AAV-DIO-ChR2-mCherry (red) in PVTvglut2+ neurons (B) 
and mCherry containing vglut2+ terminals (red) in the bed nucleus of the stria terminalis (C). Solid white lines show the locations of optical 
fibers. Scale bars, 100 μm. (D and E) Results of the induction time (D) and emergence time (E) with exposure to 2.4% sevoflurane during the 
activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway projections. The data are shown as the mean ± SD 
(one-way ANOVA). *P < 0.05 (post hoc Bonferroni test, hM4D–clozapine N-oxide vs. hM4D-saline/mCherry–clozapine N-oxide, n = 8 for each 
group). (F) Total arousal response score for the optical stimulation of the paraventricular thalamus bed nucleus of the stria terminalis pathway 
(10-ms pulses, 10 Hz, 120 s) during continuous steady-state general anesthesia with 1.4 to 1.5% sevoflurane. The data are reported as the 
median and interquartile range (25th, 75th). ***P < 0.001 (n = 8 in the ChR2-on/off group, and n = 6 in the mCherry-on group). (G) Posterior 
densities for the propensity of righting for the ChR2-on (red), ChR2-off (green), and mCherry-on (blue) groups during optical stimulation of the 
paraventricular thalamus bed nucleus of the stria terminalis pathway. Posterior densities are obtained from beta distributions. (H) Posterior 
probability of the difference between the ChR2-on group and the mCherry-on group during optical stimulation of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway under continuous steady-state general anesthesia with sevoflurane.
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Fig. 10. Optogenetic activation of the paraventricular thalamus bed nucleus of the stria terminalis pathway reduced the depth of anesthesia 
during sevoflurane-induced burst-suppression conditions. (A) Example raw electroencephalogram traces and electroencephalogram power 
spectra (B) in vglut2-cre mice injected with AAV-DIO-ChR2-mCherry. Blue shading represents the light stimulation period (10-ms pulses; 
10 Hz; 120 s). Time zero indicates the beginning of light stimulation during burst suppression conditions induced by 2.5% sevoflurane. (C) 
Average power spectral density in the stimulation of the paraventricular thalamus bed nucleus of the stria terminalis pathway computed 
from 120 s before stimulation (blue) to 120 s during optical stimulation (red). (D) Quantitative analysis of the average power spectral density 
between the prestimulation and stimulation periods in the stimulation of the paraventricular thalamus bed nucleus of the stria terminalis 
pathway in mice. *P < 0.05 (n = 8 for each group). (E) Effect of the activation of the paraventricular thalamus bed nucleus of the stria ter-
minalis pathway on the electroencephalogram burst-suppression ratio during continuous sevoflurane anesthesia. ***P < 0.001 (n = 8 for 
each group). (F and G) Typical examples of electroencephalogram traces (F) and electroencephalogram power spectra (G) in the control group 
(vglut2-cre mice injected with AAV-DIO-mCherry). (H) Average power spectral density in the control group computed from 120 s before stimu-
lation (blue) to 120 s after optical stimulation (red). (I) Quantitative analysis of the average power spectral density between the prestimulation 
and stimulation periods in the control group. (J) Effect of optical stimulation on the electroencephalogram burst-suppression ratio during 
continuous sevoflurane anesthesia in the control group (P = 0.527, n = 7 for each group).
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Recent studies have demonstrated that the central medial 
thalamus is the key hub for initiating sleep or anesthetic- 
induced unconsciousness.34 Patients with local lesions in the 
paramedian region of the thalamus showed disturbances of 
consciousness.35 Alkire et al.36 found that local injection of 
nicotine, a cholinergic nicotinic receptor agonist, into the 
central medial thalamus could reverse sevoflurane-induced 
loss of the righting reflex. Ren et al.15 found that optoge-
netic activation of the paraventricular thalamus promoted 
emergence from isoflurane anesthesia. In concordance with 
previous studies, we verified that paraventricular thalamus 
glutamatergic neurons can greatly affect the general anes-
thesia emergence time. It is generally believed that emer-
gence from general anesthesia is the reverse of the process 
of induction, caused by the passive elimination of anesthetic 
drugs at the site of action in the central nervous system. 
However, recent studies have shown that the neural sub-
strates mediating induction and emergence are not consis-
tent.4 Emerging evidence suggests that anesthetic-induced 
loss of consciousness is related to the disruption of corti-
cocortical or thalamocortical functional connections, while 
recovery from anesthesia is mostly controlled by ascend-
ing arousal pathways involved in sleep–wakefulness.37,38 In 
contrast to a previous study, inhibition of the dopaminer-
gic pathway of the paraventricular thalamus prolonged the 
isoflurane anesthesia recovery time but had no significant 
effect on the induction time.39 We found that the sevoflu-
rane anesthesia induction time and recovery time were both 
significantly affected by the paraventricular thalamus. Our 
results suggest that there are shared neural circuits involved 
in the process of regulating the sevoflurane-induced loss 
and recovery of consciousness.

There is robust evidence of an association between EEG 
oscillations in the frontal cortex and anesthetic-induced 
loss of consciousness.3,40 Recent evidence suggests that the 
delta power is a reliable predictor of transitions between 
consciousness and unconsciousness under anesthesia. Delta 
activity is a typical signature of unconsciousness.40,41 Our 
results showed that the delta power was affected by the 
paraventricular thalamus bed nucleus of the stria terminalis 
pathway during the period of sevoflurane induction. Delta 
oscillations during anesthesia resulted from a pronounced 
hyperpolarization of thalamocortical relay neurons caused 
by complete withdrawal of excitatory aminergic inputs.42 
Therefore, our results suggested that the inhibition of the 
paraventricular thalamus or its pathways during sevoflu-
rane anesthesia could exacerbate hyperpolarization and 
accelerate the synchronized activity of the cerebral cortex, 
thereby promoting the loss of consciousness. Furthermore, 
during the sevoflurane emergence period, we found that 
the inhibition of the paraventricular thalamus increased the 
delta power and decreased the theta power. Theta waves are 
associated with attention as an element of some forms of 
exploratory behavior and of the process of dream forma-
tion and expression, both of which are characterized by 

consciousness.43 Our results suggested that a reduction in 
theta power, combined with an increase in sleep-related 
delta oscillatory activity, might contribute to the delay in 
the recovery of consciousness. The difference in EEG results 
between the induction and recovery periods also indicates 
that the regulatory mechanism of paraventricular thalamus 
glutamatergic neurons during sevoflurane-induced loss and 
recovery of consciousness may be different.

Furthermore, inhibition of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway significantly 
increased only the delta power, without affecting the theta 
power, during the sevoflurane emergence period, suggesting 
that this pathway may be one of the nerve loops mediating 
the arousal-promoting effect of the paraventricular thala-
mus. Recent studies have found that neurons expressing 
dopamine D1 receptor in the nucleus accumbens played a 
significant role in wakefulness, and the stimulation of these 
neurons at 20 or 30 Hz regulated the state of conscious-
ness in sevoflurane anesthesia.28,44 Ren et al.15 reported 
that the activation of paraventricular thalamus-nucleus 
accumbens projections promoted the sleep–wake transition. 
However, Hua et al.25 found that photogenetic activation of 
the paraventricular thalamus-nucleus accumbens pathway 
at 5 Hz had no obvious arousal effect. The differences in 
these findings may be due to differences in the frequency 
of the stimulation, and it was also reasoned that high- 
frequency stimulation may cause retrograde activation.25 
Thus, whether the paraventricular thalamus-nucleus 
accumbens is involved in the regulation of sevoflurane- 
induced unconsciousness remains unclear.

Burst suppression is observed in various pathologic con-
ditions, including deep general anesthesia, hypoxia-induced 
deep coma, hypothermia, and childhood encephalopathies, 
and is often accompanied by a profound obliteration of 
consciousness.45 Recent studies have demonstrated that  
sevoflurane-induced unconsciousness during burst- 
suppression conditions results from the disruption of func-
tional connectivity between frontal and thalamic networks.46  
It was also reported that anesthetic-induced burst suppres-
sion calls for glutamate-mediated excitatory synaptic trans-
mission and that EEG burst activities can be evoked by 
barrages of glutamate-mediated excitatory events in intrin-
sic neocortical circuitry.47 Similar to previous studies,15 we 
found that optical stimulation of the paraventricular thalamus 
bed nucleus of the stria terminalis pathway increased burst 
duration and burst frequency and decreased the burst-sup-
pression ratio during anesthetic-induced burst-suppression 
states, suggesting that EEG bursts could be triggered by 
excitatory events in the paraventricular thalamus glutama-
tergic neurons and its network. Most EEG arousal represents 
the transition from mixed high-amplitude slow activity to 
higher-frequency low-amplitude activity. However, there is 
a paradoxical delta arousal; that is, the power in the delta 
band (0.5 to 4 Hz) is increased. Our results showed that 
optical stimulation of the paraventricular thalamus bed 
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nucleus of the stria terminalis pathway induced an increase 
in the delta band during sevoflurane-induced burst suppres-
sion. This paradoxical phenomenon has also been observed 
in the activation of histaminergic transmission in the basal 
forebrain, and the administration of histamine in the basal 
forebrain could shift neocortical electroencephalography 
from a burst-suppression pattern to delta activity, suggesting 
that EEG delta arousal was induced by histaminergic trans-
mission during deep isoflurane anesthesia.12 Delta arousal 
has also been shown to occur when a patient is exposed to 
noxious stimulation with inadequate analgesia under deep 
anesthesia.48 It has also been suggested that the increase in 
delta power could be induced by high-frequency midbrain 
reticular stimulation in anesthetized cats.49 While termed 
delta arousal, these delta responses may not necessarily imply 
the progression toward the restoration of consciousness.48 
In our experiments, the delta power and burst duration 
were increased after optical stimulation, suggesting cortical 
activation and a decrease in anesthesia depth, but we did not 
conclude that consciousness was restored after stimulation 
of the paraventricular thalamus during deep anesthesia with 
burst suppression. Another unexpected finding was that the 
activation of the paraventricular thalamus bed nucleus of 
the stria terminalis pathway was sufficient to induce behav-
ioral arousal during light sevoflurane anesthesia mainte-
nance, which was not seen in isoflurane anesthesia.15 This 
difference may be attributed to the different affinities of 
isoflurane and sevoflurane for the same molecule or recep-
tor in the paraventricular thalamus1,50 and suggests that the 
potential neural circuit mechanism of the two anesthetics 
may not be exactly the same.

However, there are still some limitations of our study. 
First, whether there are sex differences in the effect of the 
paraventricular thalamus bed nucleus of the stria termina-
lis pathway on anesthetic arousal still needs to be further 
explored. Second, we identified only the cell types of neu-
rons in the bed nucleus of the stria terminalis innervated 
by paraventricular thalamus glutamatergic neurons, and 
the functional connections of the paraventricular thala-
mus bed nucleus of the stria terminalis pathway need to 
be further characterized. We speculate that the arousal- 
promoting effect of paraventricular thalamus glutamatergic 
neurons may be directly mediated by GABAergic neurons 
in the bed nucleus of the stria terminalis. However, it is not 
known whether there is a local loop between glutamatergic 
and GABAergic neurons in the bed nucleus of the stria ter-
minalis, and whether paraventricular thalamus glutamater-
gic neurons can indirectly activate the GABAergic neurons 
in the bed nucleus of the stria terminalis through this local 
loop and then play a role in promoting the arousal effect of 
sevoflurane anesthesia still needs to be further investigated. 
Finally, experiments on off-target injections would further 
enhance the study.

In summary, our findings support the hypothesis that 
paraventricular thalamus glutamatergic neurons play a 

significant role in modulating states of consciousness during 
sevoflurane anesthesia by directly projecting to the bed 
nucleus of the stria terminalis. Improved general anesthetic 
drugs should satisfy the desirable outcomes, such as surgery 
without pain, awareness, or memory, and minimize unde-
sirable results, such as anesthesia-associated delirium, car-
diovascular depression, and death. Understanding the neural 
basis of general anesthesia will facilitate the development of 
new anesthetics.

Acknowledgments

The authors thank Haohong Li, Ph.D. (Wuhan National 
Laboratory for Optoelectronics, Huazhong University 
of Science and Technology, Hubei, China), for providing 
vglut2-Cre and vgat-Cre mice, and Pengcheng Huang, 
Ph.D. (Wuhan National Laboratory for Optoelectronics, 
Huazhong University of Science and Technology), for tech-
nical support, and Xinfeng Chen, Ph.D. (Chinese Institute 
for Brain Research, Beijing, China), for technical support.

Research Support

Supported by grant Nos. 82071556 and 81873793 from the 
National Natural Science Foundation of China (Beijing, 
China).

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Mei: Tongji Hospital, Tongji 
Medical College, Huazhong University of Science and 
Technology, Jiefang Avenue 1095, Wuhan 430030, China. 
wmei@hust.edu.cn. Anesthesiology’s articles are made 
freely accessible to all readers on www.anesthesiology.org, 
for personal use only, 6 months from the cover date of the 
issue.

references

 1. Franks NP: General anaesthesia: From molecular tar-
gets to neuronal pathways of sleep and arousal. Nat 
Rev Neurosci 2008; 9:370–86

 2. Kelz MB, Mashour GA: The biology of general anes-
thesia from paramecium to primate. Curr Biol 2019; 
29:R1199–210

 3. Hemmings HC Jr, Riegelhaupt PM, Kelz MB, Solt 
K, Eckenhoff RG, Orser BA, Goldstein PA: Towards a 
comprehensive understanding of anesthetic mechanisms 
of action: A decade of discovery. Trends Pharmacol Sci 
2019; 40:464–81

 4. Kelz MB, Sun Y, Chen J, Cheng Meng Q, Moore JT, 
Veasey SC, Dixon S, Thornton M, Funato H, Yanagisawa 
M: An essential role for orexins in emergence from 

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024

mailto:wmei@hust.edu.cn


730 Anesthesiology 2022; 136:709–31 

PERIOPERATIVE MEDICINE

Li et al.

general anesthesia. Proc Natl Acad Sci U S A 2008; 
105:1309–14

 5. Wang TX, Xiong B, Xu W, Wei HH, Qu WM, Hong 
ZY, Huang ZL: Activation of parabrachial nucleus 
glutamatergic neurons accelerates reanimation from 
sevoflurane anesthesia in mice. Anesthesiology 2019; 
130:106–18

 6. Yin L, Li L, Deng J, Wang D, Guo Y, Zhang X, Li H, 
Zhao S, Zhong H, Dong H: Optogenetic/chemoge-
netic activation of GABAergic neurons in the ventral 
tegmental area facilitates general anesthesia via projec-
tions to the lateral hypothalamus in mice. Front Neural 
Circuits 2019; 13:73

 7. Vazey EM, Aston-Jones G: Designer receptor manip-
ulations reveal a role of the locus coeruleus noradren-
ergic system in isoflurane general anesthesia. Proc Natl 
Acad Sci U S A 2014; 111:3859–64

 8. Hu FY, Hanna GM, Han W, Mardini F, Thomas SA, 
Wyner AJ, Kelz MB: Hypnotic hypersensitivity to vol-
atile anesthetics and dexmedetomidine in dopamine 
β-hydroxylase knockout mice. Anesthesiology 2012; 
117:1006–17

 9. Luo T, Leung LS: Involvement of tuberomamil-
lary histaminergic neurons in isoflurane anesthesia. 
Anesthesiology 2011; 115:36–43

 10. Taylor NE, Van Dort CJ, Kenny JD, Pei J, Guidera 
JA, Vlasov KY, Lee JT, Boyden ES, Brown EN, Solt 
K: Optogenetic activation of dopamine neurons in 
the ventral tegmental area induces reanimation from 
general anesthesia. Proc Natl Acad Sci U S A 2016; 
113:12826–31

 11. Solt K, Van Dort CJ, Chemali JJ, Taylor NE, Kenny JD, 
Brown EN: Electrical stimulation of the ventral teg-
mental area induces reanimation from general anesthe-
sia. Anesthesiology 2014; 121:311–9

 12. Luo T, Leung LS: Basal forebrain histaminergic 
transmission modulates electroencephalographic 
activity and emergence from isoflurane anesthesia. 
Anesthesiology 2009; 111:725–33

 13. Moore JT, Chen J, Han B, Meng QC, Veasey SC, Beck 
SG, Kelz MB: Direct activation of sleep-promoting 
VLPO neurons by volatile anesthetics contributes to 
anesthetic hypnosis. Curr Biol 2012; 22:2008–16

 14. Gelegen C, Miracca G, Ran MZ, Harding EC, Ye Z, 
Yu X, Tossell K, Houston CM, Yustos R, Hawkins 
ED, Vyssotski AL, Dong HL, Wisden W, Franks 
NP: Excitatory pathways from the lateral habenula 
enable propofol-induced sedation. Curr Biol 2018; 
28:580–7.e5

 15. Ren S, Wang Y, Yue F, Cheng X, Dang R, Qiao Q, Sun 
X, Li X, Jiang Q, Yao J, Qin H, Wang G, Liao X, Gao D, 
Xia J, Zhang J, Hu B, Yan J, Wang Y, Xu M, Han Y, Tang 
X, Chen X, He C, Hu Z: The paraventricular thalamus 
is a critical thalamic area for wakefulness. Science 2018; 
362:429–34

 16. Liang SH, Yin JB, Sun Y, Bai Y, Zhou KX, Zhao WJ, 
Wang W, Dong YL, Li YQ: Collateral projections from 
the lateral parabrachial nucleus to the paraventricular 
thalamic nucleus and the central amygdaloid nucleus 
in the rat. Neurosci Lett 2016; 629:245–50

 17. Otake K, Ruggiero DA, Nakamura Y: Adrenergic 
innervation of forebrain neurons that project to the 
paraventricular thalamic nucleus in the rat. Brain Res 
1995; 697:17–26

 18. Hsu DT, Price JL: Paraventricular thalamic nucleus: 
Subcortical connections and innervation by sero-
tonin, orexin, and corticotropin-releasing hormone in 
macaque monkeys. J Comp Neurol 2009; 512:825–48

 19. Lee JS, Lee EY, Lee HS: Hypothalamic, feeding/
arousal-related peptidergic projections to the paraven-
tricular thalamic nucleus in the rat. Brain Res 2015; 
1598:97–113

 20. Otis JM, Namboodiri VM, Matan AM, Voets ES, 
Mohorn EP, Kosyk O, McHenry JA, Robinson JE, 
Resendez SL, Rossi MA, Stuber GD: Prefrontal cortex 
output circuits guide reward seeking through divergent 
cue encoding. Nature 2017; 543:103–7

 21. Li S, Kirouac GJ: Projections from the paraventricular 
nucleus of the thalamus to the forebrain, with special 
emphasis on the extended amygdala. J Comp Neurol 
2008; 506:263–87

 22. Crone JS, Lutkenhoff ES, Bio BJ, Laureys S, Monti MM: 
Testing proposed neuronal models of effective connec-
tivity within the cortico-basal ganglia-thalamo-cortical 
loop during loss of consciousness. Cereb Cortex 2017; 
27:2727–38

 23. Lebow MA, Chen A: Overshadowed by the amyg-
dala: The bed nucleus of the stria terminalis emerges 
as key to psychiatric disorders. Mol Psychiatry 2016; 
21:450–63

 24. Kodani S, Soya S, Sakurai T: Excitation of GABAergic 
neurons in the bed nucleus of the stria terminalis trig-
gers immediate transition from non-rapid eye move-
ment sleep to wakefulness in mice. J Neurosci 2017; 
37:7164–76

 25. Hua R, Wang X, Chen X, Wang X, Huang P, Li P, Mei 
W, Li H: Calretinin neurons in the midline thalamus 
modulate starvation-induced arousal. Curr Biol 2018; 
28:3948–59.e4

 26. Yang Y, Liu DQ, Huang W, Deng J, Sun Y, Zuo Y, Poo 
MM: Selective synaptic remodeling of amygdalocor-
tical connections associated with fear memory. Nat 
Neurosci 2016; 19:1348–55

 27. Sun Y, Chen J, Pruckmayr G, Baumgardner JE, Eckmann 
DM, Eckenhoff RG, Kelz MB: High throughput mod-
ular chambers for rapid evaluation of anesthetic sensi-
tivity. BMC Anesthesiol 2006; 6:13

 28. Bao WW, Xu W, Pan GJ, Wang TX, Han Y, Qu WM, 
Li WX, Huang ZL: Nucleus accumbens neurons 
expressing dopamine D1 receptors modulate states 

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:709–31 731

Paraventricular Thalamus in Sevoflurane Anesthesia

Li et al.

of consciousness in sevoflurane anesthesia. Curr Biol 
2021; 31:1893–902.e5

 29. Du H, Deng W, Aimone JB, Ge M, Parylak S, Walch K, 
Zhang W, Cook J, Song H, Wang L, Gage FH, Mu Y: 
Dopaminergic inputs in the dentate gyrus direct the 
choice of memory encoding. Proc Natl Acad Sci U S 
A 2016; 113:E5501–10

 30. Arena A, Lamanna J, Gemma M, Ripamonti M, 
Ravasio G, Zimarino V, De Vitis A, Beretta L, Malgaroli 
A: Linear transformation of the encoding mechanism 
for light intensity underlies the paradoxical enhance-
ment of cortical visual responses by sevoflurane. J 
Physiol 2017; 595:321–39

 31. Chemali JJ, Wong KF, Solt K, Brown EN: A state-space 
model of the burst suppression ratio. Annu Int Conf 
IEEE Eng Med Biol Soc 2011; 2011:1431–4

 32. McCarren HS, Moore JT, Kelz MB: Assessing changes 
in volatile general anesthetic sensitivity of mice after 
local or systemic pharmacological intervention. J Vis 
Exp 2013; 80: e51079

 33. Liang SH, Zhao WJ, Yin JB, Chen YB, Li JN, Feng B, 
Lu YC, Wang J, Dong YL, Li YQ: A neural circuit from 
thalamic paraventricular nucleus to central amygdala 
for the facilitation of neuropathic pain. J Neurosci 
2020; 40:7837–54

 34. Baker R, Gent TC, Yang Q, Parker S, Vyssotski AL, 
Wisden W, Brickley SG, Franks NP: Altered activity 
in the central medial thalamus precedes changes in 
the neocortex during transitions into both sleep and 
propofol anesthesia. J Neurosci 2014; 34:13326–35

 35. Kundu B, Brock AA, Englot DJ, Butson CR, Rolston 
JD: Deep brain stimulation for the treatment of dis-
orders of consciousness and cognition in traumatic 
brain injury patients: A review. Neurosurg Focus 2018; 
45:E14

 36. Alkire MT, McReynolds JR, Hahn EL, Trivedi AN: 
Thalamic microinjection of nicotine reverses sevo-
flurane-induced loss of righting reflex in the rat. 
Anesthesiology 2007; 107:264–72

 37. Voss LJ, García PS, Hentschke H, Banks MI: 
Understanding the effects of general anesthetics on 
cortical network activity using ex vivo preparations. 
Anesthesiology 2019; 130:1049–63

 38. Akeju O, Loggia ML, Catana C, Pavone KJ, Vazquez R, 
Rhee J, Contreras Ramirez V, Chonde DB, Izquierdo-
Garcia D, Arabasz G, Hsu S, Habeeb K, Hooker JM, 
Napadow V, Brown EN, Purdon PL: Disruption of 
thalamic functional connectivity is a neural correlate 
of dexmedetomidine-induced unconsciousness. Elife 
2014; 3:e04499

 39. Ao Y, Yang B, Zhang C, Li S, Xu H: Application of 
quinpirole in the paraventricular thalamus facilitates 
emergence from isoflurane anesthesia in mice. Brain 
Behav 2021; 11:e01903

 40. Mashour GA, Avidan MS: Black swans: Challenging 
the relationship of anaesthetic-induced unconscious-
ness and electroencephalographic oscillations in the 
frontal cortex. Br J Anaesth 2017; 119:563–5

 41. Lee M, Sanders RD, Yeom SK, Won DO, Seo KS, Kim 
HJ, Tononi G, Lee SW: Network properties in transi-
tions of consciousness during propofol-induced seda-
tion. Sci Rep 2017; 7:16791

 42. Brown RE, Basheer R, McKenna JT, Strecker RE, 
McCarley RW: Control of sleep and wakefulness. 
Physiol Rev 2012; 92:1087–187

 43. Valle AC, Timo-Iaria C, Fraga JL, Sameshima K, 
Yamashita R: Theta waves and behavioral manifesta-
tions of alertness and dreaming activity in the rat. Braz 
J Med Biol Res 1992; 25:745–9

 44. Luo YJ, Li YD, Wang L, Yang SR, Yuan XS, Wang J, 
Cherasse Y, Lazarus M, Chen JF, Qu WM, Huang ZL: 
Nucleus accumbens controls wakefulness by a subpop-
ulation of neurons expressing dopamine D1 receptors. 
Nat Commun 2018; 9:1576

 45. Amzica F: What does burst suppression really mean? 
Epilepsy Behav 2015; 49:234–7

 46. Ranft A, Golkowski D, Kiel T, Riedl V, Kohl P, Rohrer 
G, Pientka J, Berger S, Thul A, Maurer M, Preibisch 
C, Zimmer C, Mashour GA, Kochs EF, Jordan D, Ilg 
R: Neural correlates of sevoflurane-induced uncon-
sciousness identified by simultaneous functional mag-
netic resonance imaging and electroencephalography. 
Anesthesiology 2016; 125:861–72

 47. Lukatch HS, Kiddoo CE, Maciver MB: Anesthetic-
induced burst suppression EEG activity requires gluta-
mate-mediated excitatory synaptic transmission. Cereb 
Cortex 2005; 15:1322–31

 48. García PS, Kreuzer M, Hight D, Sleigh JW: Effects 
of noxious stimulation on the electroencephalogram 
during general anaesthesia: A narrative review and 
approach to analgesic titration. Br J Anaesth 2021; 
126:445–57

 49. Kaada BR, Thomas F, Alnaes E, Wester K: EEG synchro-
nization induced by high frequency midbrain reticular 
stimulation in anesthetized cats. Electroencephalogr 
Clin Neurophysiol 1967; 22:220–30

 50. Kim D, Kim HJ, Ahn S: Anesthetics mechanisms: 
A review of putative target proteins at the cellu-
lar and molecular level. Curr Drug Targets 2018; 
19:1333–43

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



CritiCal Care MediCine

732 May 2022 aNESTHESIOLOGy, V 136   •   NO 5

editOr’S PerSPeCtiVe

What We already Know about This Topic

• Venovenous extracorporeal membrane oxygenation is increasingly 
used for managing severe respiratory failure; however, the character-
istics, management, and patient outcomes continue to be determined

• Determining factors associated with in-hospital mortality for both 
COVID-19 and non–COVID-19 patients are important factors to 
consider in patient management

What This article Tells Us That Is New

• In this investigation, most patients were cannulated by a mobile 
extracorporeal membrane oxygenation unit without a negative 
impact on mortality

• Based on this report, venovenous extracorporeal membrane oxy-
genation support should be considered within the first week of 
mechanical ventilation initiation for optimal outcomes

Early reports of severe manifestations of COVID-19 
such as acute respiratory distress syndrome (ARDS) 

and acute myocardial injury have suggested a possible role 
for extracorporeal membrane oxygenation (ECMO) sup-
port.1 Recent experience during the influenza A (H1N1) 

aBStraCt
Background: Despite expanding use, knowledge on extracorporeal mem-
brane oxygenation support during the COVID-19 pandemic remains limited. 
The objective was to report characteristics, management, and outcomes of 
patients receiving extracorporeal membrane oxygenation with a diagnosis of 
COVID-19 in France and to identify pre-extracorporeal membrane oxygenation 
factors associated with in-hospital mortality. A hypothesis of similar mortality 
rates and risk factors for COVID-19 and non–COVID-19 patients on venove-
nous extracorporeal membrane oxygenation was made.

Methods: The Extracorporeal Membrane Oxygenation for Respiratory 
Failure and/or Heart failure related to Severe Acute Respiratory Syndrome-
Coronavirus 2 (ECMOSARS) registry included COVID-19 patients supported 
by extracorporeal membrane oxygenation in France. This study analyzed 
patients included in this registry up to October 25, 2020, and supported by 
venovenous extracorporeal membrane oxygenation for respiratory failure with 
a minimum follow-up of 28 days after cannulation. The primary outcome was 
in-hospital mortality. Risk factors for in-hospital mortality were analyzed.

results: Among 494 extracorporeal membrane oxygenation patients 
included in the registry, 429 were initially supported by venovenous extracor-
poreal membrane oxygenation and followed for at least 28 days. The median 
(interquartile range) age was 54 yr (46 to 60 yr), and 338 of 429 (79%) were 
men. Management before extracorporeal membrane oxygenation cannulation 
included prone positioning for 411 of 429 (96%), neuromuscular blockage for 
419 of 427 (98%), and NO for 161 of 401 (40%). A total of 192 of 429 (45%) 
patients were cannulated by a mobile extracorporeal membrane oxygenation 
unit. In-hospital mortality was 219 of 429 (51%), with a median follow-up of 49 
days (33 to 70 days). Among pre-extracorporeal membrane oxygenation modifi-
able exposure variables, neuromuscular blockage use (hazard ratio, 0.286; 95% 
CI, 0.101 to 0.81) and duration of ventilation (more than 7 days compared to 
less than 2 days; hazard ratio, 1.74; 95% CI, 1.07 to 2.83) were independently 
associated with in-hospital mortality. Both age (per 10-yr increase; hazard ratio, 
1.27; 95% CI, 1.07 to 1.50) and total bilirubin at cannulation (6.0 mg/dl or more 
compared to less than 1.2 mg/dl; hazard ratio, 2.65; 95% CI, 1.09 to 6.5) were 
confounders significantly associated with in-hospital mortality.

Conclusions: In-hospital mortality was higher than recently reported, but 
nearly half of the patients survived. A high proportion of patients were cannu-
lated by a mobile extracorporeal membrane oxygenation unit. Several factors 
associated with mortality were identified. Venovenous extracorporeal mem-
brane oxygenation support should be considered early within the first week of 
mechanical ventilation initiation.

(ANESTHESIOLOGY 2022; 136:732–48)
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pandemic demonstrated the value of ECMO support 
for patients with severe ARDS related to influenza.2–6 
Additionally, a recent meta-analysis of patients from two 
major randomized controlled trials on ECMO support in 
severe ARDS patients showed a significant benefit of the 
technique for improving both morbidity and mortality.7–9

Several early retrospective case series showed encour-
aging results of ECMO support in COVID-19–related 
respiratory failure.10–13 However, these case series were 
limited in sample size (fewer than 90 patients) and 

restricted to few centers. Consequently, the interna-
tional report from the Extracorporeal Life Support 
Organization  (Ann Arbor, Michigan)  registry, gathering 
1,035 ECMO patients from 213 centers in 36 countries, 
was an important landmark. The study showed an esti-
mated in-hospital mortality of less than 40% for critically 
ill adults with COVID-19 treated with ECMO in a col-
lection of self-selected and experienced centers world-
wide.14 Recently, a similar mortality rate was reported in 
a multicenter cohort study of 190 critically ill adults with 
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COVID-19 who received ECMO at 35 sites across the 
United States.15

In France, 485 ECMO consoles are available in 103 aca-
demic or nonacademic, public, or private centers due to 
the wide interest in the technique in the country. During 
the first wave of the pandemic, a central system was estab-
lished to coordinate national ECMO resources in France. 
Regional coordinators met weekly to check the national 
availability of consoles and circuits. Specific recommenda-
tions and algorithms were issued on ECMO indications 
and organization in the context of the outbreak (https://
www.iledefrance.ars.sante.fr/system/files/2020-12/038_
ARSIdF-CRAPS_2020-12-02_Doctrine_ECMO.pdf).16 
Collecting data on this initiative is essential to evaluate the 
results of our organization, to inform clinicians, and to adapt 
our response to the future developments of the outbreak. 
Therefore, the goals of our study were (1) to report char-
acteristics, management, and outcomes of patients receiving 
ECMO with a diagnosis of COVID-19 in France and (2) 
to identify potentially modifiable variables associated with 
in-hospital mortality. We hypothesized that the mortal-
ity rate and risk factors would be similar for COVID-19  
and non–COVID-19 patients on venovenous ECMO.

Materials and Methods
The ECMOSARS registry was launched in April 2020 
(ClinicalTrials.gov Identifier: NCT04397588, Extracorporeal 
Membrane Oxygenation for Respiratory Failure and/or 
Heart failure related to Severe Acute Respiratory Syndrome-
Coronavirus 2 [ECMOSARS] registry, principal investigators: 
Nicolas Nesseler and André Vincentelli, date of registration: 
May 21, 2020) and is currently still recruiting. The regis-
try includes 47 centers, academic or nonacademic, which 
represent 77% of the ECMO consoles available in France. 
The registry has been endorsed by the French Society of 
Thoracic and Cardiovascular (Société Française de Chirurgie 
Thoracique et Cardio-Vasculaire [SFCTCV], Paris, France), 
the French Society of Thoracic and Cardiovascular Critical 
Care and Anesthesia (Anesthésie-Réanimation Coeur-
Thorax-Vaisseaux [ARCOTHOVA], Paris, France), and the 
French Society of Anesthesiology and Critical Care Medicine 
(Société Française d’Anesthésie-Réanimation [SFAR], Paris, 
France) research network.

The data were collected by research assistants using an 
electronic case report form from each patient’s medical 
record. Automatic checks were generated for missing or 
incoherent data, and additional consistency tests were per-
formed by data managers. The nationwide objective of our 
registry implied the collection of all available data of ECMO 
patients in France, including data for some patients already 
published in retrospective studies or case series.12,14,17 Two 
studies focused on a specific French area (e.g., the city of 
Strasbourg or the Greater Paris area), and one study included 
only a fraction of French patients in an international cohort, 
which involved only self-selected and experienced centers.

The registry has been approved by the University 
Hospital of Rennes ethics committee (approval No. 20.43). 
According to French legislation, written consent is waived 
because of the study’s observational design that does not 
imply any modification of existing diagnostic or thera-
peutic strategies. After the information was provided, only 
non-opposition of patients or their legal representative was 
obtained for use of the data.

ECMOSaRS Registry Inclusion Criteria

All patients, adults or children, tested positive by reverse 
transcription–polymerase chain reaction for SARS-CoV2 
(nasopharyngeal swabs, sputum, endotracheal aspiration, 
bronchoalveolar lavage, or stool sample) and/or with a 
diagnosis of COVID-19 made on chest computed tomog-
raphy findings and supported by venovenous, venoarterial, 
or venoarterio-venous ECMO can be included in the reg-
istry. Patients or proxies who refused consent were excluded 
from the study, as were legally protected adults.

Data Collection

The data were collected prospectively in the ECMOSARS 
registry, except for patients whose ECMO was implanted 
before April 21, 2020. Those data were collected retro-
spectively. Collected data included patient characteristics 
and comorbidities, management of COVID-related ARDS 
before ECMO cannulation, patient characteristics at ECMO 
cannulation and the day after, management, complications, 
and patient outcomes on ECMO (see Supplemental Digital 
Content 1, table S1, http://links.lww.com/ALN/C809, for 
the definition of the main variables).

Study Population

For the current study, we analyzed all patients included in the 
registry up to October 25, 2020, initially supported by venove-
nous ECMO for respiratory failure and with a minimum fol-
low-up of 28 days after ECMO cannulation for alive patients.

Outcomes

Our primary outcome was in-hospital mortality. Secondary 
outcomes were mortality at day 28, mortality at day 90, 
ECMO-free days, and intensive care unit (ICU)–free days to 
day 28. ECMO-free days or ICU-free days are composite out-
comes that combine survival and ECMO support duration or 
survival and ICU length of stay. The numbers of ECMO-free 
days or ICU-free days were calculated as 28 minus the number 
of days on ECMO or in the ICU during the first 28 days after 
ECMO cannulation. Patients who died were assigned the worst 
possible outcome of 0 ECMO-free days or ICU-free days.

Statistical analysis

Patient characteristics are expressed as number and percent-
age for categorical variables and median with interquartile 
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range for continuous variables. For bivariate comparison 
between deceased and alive patients, a chi-square test or 
a Fisher exact test was used for categorical variables, and 
an independent t test or a Wilcoxon rank sum test was 
used for continuous variables. Blood gases values and ven-
tilator settings before and after ECMO cannulation were 
compared using a repeated measures ANOVA model. 
The ventilatory ratio was defined as [minute ventilation 
(ml/min) × Paco

2
 (mmHg)]/(predicted body weight × 

100 × 37.5).18

A statistical analysis plan was made before accessing the 
data. No a priori statistical power calculation was conducted. 
Regarding the primary outcome, no minimum clinically 
meaningful hazard ratio was defined before data access. In 
accordance with reviewers’ recommendations, modeling 
and variable selection strategies were modified and are thus 
considered post hoc analyses. Only pre-ECMO variables 
were included in these analyses to prevent competing risk 
bias.

A directed acyclic graph was used to describe the associ-
ations between pre-ECMO modifiable exposure variables, 
patient-related confounders, pre-ECMO hospitalization- 
related confounders, and in-hospital mortality using 
DAGitty software (Supplemental Digital Content 1, fig. 
S1, http://links.lww.com/ALN/C809).19 No variables 
were analyzed as effect modifiers. Pre-ECMO modifiable 
exposure variables comprised anticoagulation, antibiotic 
therapy, antiviral therapy, noninvasive ventilation, selective 
digestive decontamination, neuromuscular blocking agents, 
prone position, high-flow oxygen therapy, cannulation 
mode, inotropes use, vasopressors use, renal replacement 
therapy, ECMO cannulation, inhaled NO, positive end- 
expiratory pressure, tidal volume at cannulation, and venti-
lation duration before ECMO. The set of pre-ECMO con-
founders sufficient for adjustment comprised patient-related 
confounders (sex, age, body mass index, diabetes, chronic 
obstructive pulmonary disease, chronic respiratory failure, 
congestive heart failure, chronic kidney disease, malignancy, 
and previous corticotherapy) and pre-ECMO hospitaliza-
tion-related confounders (septic shock, total bilirubin at 
cannulation, pH at cannulation, Paco

2
 at cannulation, Pao

2
/

fractional inspired oxygen tension (Fio
2
) ratio at cannu-

lation, driving pressure, left ventricular ejection fraction, 
ventilator-associated pneumonia, and delay from hospital-
ization to ICU admission).

To estimate hazard ratios between exposure variables 
and in-hospital mortality, we fitted a univariate and multi-
variable Cox proportional hazards model including expo-
sure variables and confounders identified using the directed 
acyclic graph. Four different models were built, for sensitiv-
ity analysis (see Supplemental Digital Content 1, table S2, 
http://links.lww.com/ALN/C809). Model 1 was a univari-
able Cox model; model 2 was a multivariable Cox model 
of modifiable exposure variables, adjusted for patient-re-
lated confounders; model 3 was a multivariable Cox model 
of modifiable exposure variables, adjusted for pre-ECMO 

hospitalization-related confounders; and model 4 was a 
multivariable Cox model of modifiable exposure variables, 
fully adjusted for all confounders. Centers were included as 
a random effect using a γ frailty model. Patients who were 
still hospitalized were censored at the time of the database 
lock, and those who were discharged alive were censored 
at the time of their discharge date. Proportional hazard 
assumption was assessed using simultaneous time-depen-
dent covariates. To comply with log-linearity assumptions, 
several continuous variables (body mass index, pH, left ven-
tricular ejection fraction, delay from hospitalization to ICU 
admission, driving pressure, positive end-expiratory pres-
sure, tidal volume, and ventilation duration before ECMO) 
were split into categorical variables in accordance with pre-
viously published works and guidelines.8,20–26

Multiple imputation was used to account for missing 
values in variables (Supplemental Digital Content 1, table 
S3, http://links.lww.com/ALN/C809). We used fully spec-
ified chained equations in the SAS multiple imputation 
procedure (SAS Institute, USA). For continuous variables, 
the regression method was used to impute missing values, 
and discriminant function methods were used for binary 
and categorical variables. Passive imputation was used for 
the derived variables (body mass index, tidal volume, Pao

2
/

Fio
2
 ratio, anticoagulation before ECMO, and malignancy), 

meaning that each variable needed for the calculation was 
imputed before the calculation of the derived variable. A 
total of 50 imputed data sets were created and combined 
using standard between/within-variance techniques. All 
tests used a two-tailed hypothesis. Statistical significance 
was achieved for P < 0.05. Statistical analyses were com-
puted with SAS version 9.4 software (SAS Institute, USA).

results
At the time of the database lock, 38 centers had included 
494 patients in the ECMOSARS registry, of whom 462 
patients were followed for at least 28 days after ECMO 
cannulation; 429 patients were initially supported by 
venovenous ECMO, and 33 were supported by venoarte-
rial ECMO (fig. 1). No patients were initially supported by 
venoarterio-venous ECMO.

The first venovenous ECMO included in the analysis 
was implanted on February 25, 2020, and the last venove-
nous ECMO included in the analysis was implanted on 
September 17, 2020. Most of the patients (257 [59.9%]) 
were admitted from another hospital. Venovenous ECMO 
was cannulated in-hospital by mobile ECMO units in 192 
(45%) patients, of whom 79% were transferred subsequently 
to a referral ECMO center. In total, 13 centers included 
fewer than 5 patients, 12 centers included between 5 and 
10 patients, 5 centers included between 10 and 20 patients, 
2 centers included between 20 and 30 patients, 3 centers 
included between 30 and 40 patients, and 1 center included 
124 (26.8%) patients (see Supplemental Digital Content 1, 
figs. S2 and S3, http://links.lww.com/ALN/C809).
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Study Population

The median age was 54 (46 to 60) years, 79% of the patients 
were men, and the median body mass index was 30 (27 to 
34). Management before ECMO cannulation included 
prone positioning (96% [411 of 429]), neuromuscular block-
ing agent (98% [419 of 427]), and NO (40% [161 of 401]; 
table 1). Median ventilation duration before ECMO was 5.0 
(3.0 to 8.0) days. The median total Sequential Organ Failure 
Assessment (SOFA) score at cannulation (n = 395) was 9 (8 to 
12), and 51% (216 of 422) of the patients had a cardiovascular 
SOFA score of 3 or higher. The blood lactate level was 1.7 (1.2 
to 2.3) mmol/l (n = 366), and 12% (51 of 423) of the patients 
were on renal replacement therapy. Finally, 99% of the patients 
met the Berlin ARDS criteria at ECMO cannulation (table 2).

The ventilation settings at the time of the cannulation 
and the day after the cannulation are shown in table  3. 
ECMO cannulation was associated with reduced tidal vol-
ume, respiratory rate, and Fio

2
, as well as lower plateau and 

driving pressures. A tracheostomy was performed in 21% 
(90 of 424) of the patients.

Complications on ECMO

Hemorrhagic complications on ECMO were observed in 40% 
(169 of 426) of the patients, while thrombosis occurred in 37% 
(159 of 427), and neurologic complications occurred in 11% 

(47 of 425), including 38 hemorrhagic strokes (table 4). Renal 
replacement therapy was required in 35%. Bacteremia and can-
nula site infection were observed in 41% (176 of 428) and 8% (36 
of 428) of the patients, respectively. According to cannulation 
by mobile ECMO units (see Supplemental Digital Content 1,  
table S4, http://links.lww.com/ALN/C809), cannula site 
infections were observed significantly more frequently after 
cannulation by mobile ECMO units, but less cannula site 
bleeding, although nonsignificant, was observed.

Outcomes

In-hospital mortality was 219 of 429 (51%) with a median 
follow-up of 49 (33 to 70) days (see Supplemental Digital 
Content 1, fig. S4, http://links.lww.com/ALN/C809). 
The extent of missing data across all variables included in 
the statistical models is described in Supplemental Digital 
Content 1 (table S3, http://links.lww.com/ALN/C809). 
Mortality at days 28 and 90 was 42% (180 of 429) and 60% 
(215 of 357), respectively. At day 28, ventilator-free days  
(n = 425), ECMO-free days (n = 414), and ICU-free days (n 
= 412) were 0 (0 to 0), 0 (0 to 14), and 0 (0 to 0) days, respec-
tively. More male patients died, and they were significantly 
older (table 1). At cannulation, pH was significantly lower, and 
the Paco

2
, the ventilatory ratio, and the serum lactate levels 

were significantly higher in the patients who ultimately died 
(table 2). Patients who died also had a significantly higher 

Fig. 1. Flow chart of extracorporeal membrane oxygenation (ECMO) patients included in the study.
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SOFA score at cannulation, with significantly more patients 
with a liver (6.0 mg/dl bilirubin or more) and cardiovascular 
scores of 3 or higher and significantly more patients with 
renal replacement therapy than patients who survived. While 
on ECMO, patients who ultimately died experienced sig-
nificantly more hemorrhagic complications, membrane lung 
failure, acute kidney injury, and neurologic complications 
than patients who survived (table 4).

Effect of Pre-ECMO Modifiable Exposure Variables on 
In-hospital Mortality

Among pre-ECMO modifiable exposure variables, neuro-
muscular blockage use (hazard ratio, 0.286; 95% CI, 0.101 
to 0.81) and duration of ventilation (more than 7 days com-
pared to less than 2 days; hazard ratio, 1.74; 95% CI, 1.07 
to 2.83) were independently associated with in-hospital 
mortality (table 5). Among patient-related and pre-ECMO 
hospitalization-related confounders, age (per 10-yr increase; 
hazard ratio, 1.27; 95% CI, 1.07 to 1.50) and total bilirubin 

at cannulation (6.0 mg/dl or more compared to less than 
1.2 mg/dl; hazard ratio, 2.65; 95% CI, 1.09 to 6.5) were 
both significantly associated with in-hospital mortality. 
These results remained consistent after sensitivity analysis in 
two distinct models: (1) modifiable exposure variables and 
patient-related baseline characteristics and (2) modifiable 
exposure variables and pre-ECMO hospitalization-related 
variables (see Supplemental Digital Content 1, table S2,  
http://links.lww.com/ALN/C809). In the latter model, 
septic shock (hazard ratio, 1.69; 95% CI, 1.03 to 2.77) at 
cannulation and pH lower than 7.25 at cannulation (hazard 
ratio, 1.56; 95% CI, 1.05 to 2.31) were also associated with 
in-hospital mortality.

discussion
Our study reports, at a nationwide level, the characteris-
tics, management, and outcomes of COVID-19 patients 
treated with venovenous ECMO for respiratory failure. We 
found an in-hospital mortality of 51%, numerically higher 

table 1. Patient Characteristics before Hospitalization

Characteristics no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

age 428 54 (46–60) 56 (49–62) 51 (43–58) < 0.001
 < 40 yr  56 (13) 19 of 218 (9) 37 of 210 (18)  
 40–49 yr  96 (22) 38 of 218 (17) 58 of 210 (28)  
 50–59 yr  160 (37) 85 of 218 (39) 75 of 210 (36)  
 60–69 yr  103 (24) 66 of 218 (30) 37 of 210 (18)  
 > 70 yr  13 (3) 10 of 218 (5) 3 of 210 (1)  
Sex 429    0.046
 Female  91 (21) 38 of 219 (17) 53 of 210 (25)  
 Male  338 (79) 181 of 219 (83) 157 of 210 (75)  
Body mass index 413 30 (27–34) 29 (27–34) 31 (28–35) 0.132
 < 25 kg of m2  53 (13) 28 of 206 (14) 25 of 207 (12)  
 25–30 kg of m2  147 (36) 79 of 206 (38) 68 of 207 (33)  
 30–35 kg of m2  121 (29) 61 of 206 (30) 60 of 207 (29)  
 35–40 kg of m2  56 (14) 20 of 206 (10) 36 of 207 (17)  
 > 40 kg of m2  36 (9) 18 of 206 (9) 18 of 207 (9)  
Comorbidities      
 Hypertension 429 165 (38) 83 of 219 (38) 82 of 210 (39) 0.807
 Diabetes 425 127 (30) 70 of 218 (32) 57 of 207 (28) 0.303
 Chronic obstructive pulmonary disease 429 14 (3) 8 of 219 (4) 6 of 210 (3) 0.643
 Chronic respiratory failure 429 13 (3) 7 of 219 (3) 6 of 210 (3) 0.838
 Congestive heart failure 308 3 (1) 1 of 169 (1) 2 of 169 (1) 0.591
 Coronary artery disease 429 21 (5) 10 of 219 (5) 11 of 139 (8) 0.747
 Chronic kidney disease 309 11 (4) 7 of 171 (4) 4 of 138 (3) 0.760
Malignancy      
 Cancer 306 6 (2) 6 of 168 (4) 0 of 138 (0) 0.034
 Hematological malignancy 306 3 (1) 1 of 168 (1) 2 of 138 (1) 0.591
 active smoker 423 17 (4) 10 of 216 (5) 7 of 207 (3) 0.514
 alcohol abuse 301 8 (3) 3 of 166 (2) 5 of 135 (4) 0.474
 History of venous thromboembolism 306 11 (4) 7 of 168 (4) 4 of 138 (3) 0.760
Pre-ECMO medications      
 Steroids (corticotherapy) 307 17 (6) 10 of 169 (6) 7 of 138 (5) 0.748
 Nonsteroidal anti-inflammatory drugs 307 7 (2) 4 of 167 (2) 3 of 140 (2) > 0.999
 angiotensin-converting enzyme inhibitors 305 29 (10) 14 of 167 (8) 15 of 138 (11) 0.461
 angiotensin receptor blockers 306 44 (14) 23 of 168 (14) 21 of 138 (15) 0.705

The results are presented as n (%) or median (interquartile range).
ECMO, extracorporeal membrane oxygenation.
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table 2. Clinical Condition and Management before ECMO

Condition/Management no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

Delay from hospitalization to ICU admission 428 0 (0–0) 0 (0–0) 0 (0–0) 0.622
 < 24 h  329 (77) 169 of 218 (78) 160 of 210 (76)  
 24–48 h  52 (12) 30 of 218 (14) 22 of 210 (10)  
 > 72 h  47 (11) 19 of 218 (9) 28 of 210 (13)  
ECMO cannulation 426    0.141
Referral center  234 (55) 128 of 216 (59) 106 of 210 (50)  
Mobile ECMO unit, no transfer  41 (10) 21 of 216 (10) 20 of 210 (10)  
Mobile ECMO unit, transfer to referral center  151 (35) 67 of 216 (31) 84 of 210 (40)  
aRDS (Berlin criteria) at cannulation 421 417 (99) 210 of 213 (99) 207 of 208 (100) 0.623
Noninvasive ventilation 426 104 (24) 64 of 217 (29) 40 of 209 (19) 0.013
High-flow oxygen therapy 307 125 (41) 74 of 168 (44) 51 of 139 (37) 0.192
Ventilation duration before ECMO 428 5 (3–8) 6 (3–8) 5 (3–7) 0.057
 < 2 days  94 (22) 43 of 218 (20) 51 of 210 (24)  
 2–7 days  221 (52) 105 of 218 (48) 116 of 210 (55)  
 > 7 days  113 (26) 70 of 218 (32) 43 of 210 (20)  
pH at cannulation 408 7.33 (7.25–7.39) 7.31 (7.22–7.37) 7.35 (7.29–7.41) < 0.001
Paco

2 at cannulation, mmHg 406 55 (46–65) 57 (48–68) 54 (45–62) 0.005
Pao2 of Fio2 ratio at cannulation, mmHg 404 67 (57–82) 67 (58–84) 67 (57–81) 0.625
PEEP at cannulation, cm H2O 385 12 (10–14) 12 (10–14) 12 (10–14) 0.747
VT at cannulation 353 5.9 (5.2–6.3) 5.8 (5.1–6.2) 5.9 (5.3–6.3) 0.244
 < 6 ml/kg ideal body weight  216 (61) 113 of 178 (63) 103 of 175 (59)  
 6–8 ml/kg ideal body weight  132 (37) 63 of 178 (35) 69 of 175 (39)  
 > 8 ml/kg ideal body weight  5 (1) 2 of 178 (1) 3 of 175 (2)  
Respiratory rate at cannulation, breaths/min 348 28 (20–30) 28 (22–30) 28 (20–30) 0.321
Ventilatory ratio* 315 2.2 (1.5–3.0) 2.4 (1.7–3.1) 2.1 (1.5–2.9) < 0.001
Plateau pressure at cannulation, cm H

2O 331 30 (27–32) 30 (26–33) 30 (27–32) 0.414
Driving pressure at cannulation, cm H2O 327 17 (14–20) 17 (13–21) 17 (14–20) 0.297
Neuromuscular blocking agents 427 419 (98) 213 of 218 (98) 206 of 209 (99) 0.725
Prone position 429 411 (96) 207 of 219 (95) 204 of 210 (97) 0.176
Inhaled NO 401 161 (40) 90 of 206 (44) 71 of 195 (36) 0.137
Renal replacement therapy 423 51 (12) 34 of 213 (16) 17 of 210 (8) 0.013
antiviral therapy 305 179 (59) 96 of 168 (57) 83 of 137 (61) 0.544
 Remdesivir  7 (2) 4 of 168 (2) 4 of 137 (3) > 0.999
 Lopinavir/ritonavir  58 (19) 36 of 168 (21) 36 of 137 (26) 0.130
 Hydroxychloroquine  102 (33) 52 of 168 (31) 52 of 137 (38) 0.360
 Interferon-β  4 (1) 4 of 168 (2) 4 of 137 (3) 0.125
 Others  59 (19) 34 of 168 (20) 34 of 137 (25) 0.486
antibiotic therapy 305 296 (97) 162 of 168 (96) 134 of 137 (98) 0.522
anticoagulation 294    0.033
 No  19 (6) 5 of 161 (3) 14 of 133 (11)  
 Curative  139 (47) 77 of 161 (48) 62 of 133 (47)  
 Prophylactic  136 (46) 79 of 161 (49) 57 of 133 (43)  
Selective digestive decontamination 304 13 (4) 10 of 166 (6) 3 of 138 (2) 0.099
SOFa score at cannulation 395 9 (8–12) 11 (8–13) 9 (8–12) 0.004
Septic shock 312 35 (11) 25 of 172 (15) 10 of 140 (7) 0.040
Cardiovascular SOFa ≥ 3 at cannulation 422 216 (51) 126 of 215 (59) 90 of 207 (43) 0.002
Left ventricular ejection fraction, % 191 60 (60–65) 60 (55–60) 60 (60–65) 0.722
Vasoactive/inotropic drugs      
 Norepinephrine 306 176 (58) 103 of 168 (61) 73 of 138 (53) 0.139
 Epinephrine 304 10 (3) 8 of 166 (5) 2 of 138 (1) 0.119
 Dobutamine 304 8 (3) 5 of 166 (3) 3 of 137 (2) 0.732
Lactatemia at cannulation, mmol/l 366 1.7 (1.2–2.3) 1.7 (1.3–2.4) 1.6 (1.2–2.1) 0.012
Total bilirubin at cannulation 409    0.023
 < 1.2 mg/dl  291 (71) 147 of 207 (71) 144 of 202 (71)  
 1.2–1.9 mg/dl  50 (12) 20 of 207 (10) 30 of 202 (15)  
 2.0–5.9 mg/dl  57 (14) 30 of 207 (14) 27 of 202 (13)  
 ≥ 6.0 mg/dl  11 (3) 10 of 207 (5) 1 of 202 (0)  

The results are presented as n (%) or median (interquartile range).
*The ventilatory ratio is defined as [minute ventilation (ml/min) × Paco2 (mmHg)]/(predicted body weight × 100 × 37.5).
aRDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; Fio2, fractional inspired oxygen tension; ICU, intensive care unit; PEEP, positive  
end-expiratory pressure; SOFa, Sequential Organ Failure assessment; VT, tidal volume.
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than that reported in two recent studies of venovenous 
ECMO use in COVID-19 patients.14,15 The international 
Extracorporeal Life Support Organization study reported 
an estimated cumulative incidence of in-hospital mortal-
ity 90 days after ECMO initiation of 37%.13 The Study of 
the Treatment and Outcomes in Critically Ill Patients with 
COVID-19 study reported a 60-day mortality rate of 33% 
in the United States.15 Similarly, the ECMO to Rescue 
Lung Injury in Severe ARDS trial reported a mortality of 
35% at 60 days in non–COVID-19 ARDS patients sup-
ported by venovenous ECMO.8

Several factors may explain the higher mortality rate 
observed in this study. First, this population was older 
than the populations in the Extracorporeal Life Support 
Organization or the Study of the Treatment and Outcomes 
in Critically Ill Patients with COVID-19 studies (median 
age, 54 [interquartile range, 46 to 60] yr vs. 49 [41 to 57] yr 
in the Extracorporeal Life Support Organization or 49 [41 
to 57] years in the Study of the Treatment and Outcomes in 
Critically Ill Patients with COVID-19 cohort). Second, this 
population had more severe ARDS at the time of cannula-
tion. In addition, 99% of the patients in this study met the 
Berlin criteria for ARDS, compared with only 79% in the 
Extracorporeal Life Support Organization study.14 Patients 
in this study tended to have been mechanically ventilated 
for longer before ECMO cannulation (median 6 days vs. 
4 days in the Extracorporeal Life Support Organization 
and 2 days in the Study of the Treatment and Outcomes 
in Critically Ill Patients with COVID-19), which is known 
to be associated with worse outcomes.24 Our patients were 
also more likely to have been proned (96% vs. 60% in the 
Extracorporeal Life Support Organization or 71% in the 
Study of the Treatment and Outcomes in Critically Ill 

Patients with COVID-19 cohort) and/or paralyzed before 
ECMO cannulation (98% vs. 72% or 78%), both suggesting 
the use of ECMO later in the disease process. Finally, this 
study included patients from a wide range of both high- 
and low-volume centers, reflecting the broad use of ECMO 
in France during the COVID-19 pandemic.9

We found several factors independently associated with 
in-hospital mortality in our cohort, including older age, liver 
failure (6 mg/dl bilirubin or more) at ECMO cannulation, 
and a duration of ventilation before ECMO cannulation of 
more than 7 days; in contrast, only neuromuscular blocking 
agent use before ECMO was found as a protective factor. 
These findings were consistent with previous studies14,24,27,28 
and could be useful to the bedside clinician. First, they 
emphasize the value of early consideration of ECMO when 
indicated. This finding is particularly important as it can be 
easily modifiable at the bedside. In our cohort, 26% of the 
patients were canulated after 7 days of mechanical ventila-
tion. Thus, the clinicians should be strongly encouraged to 
consider ECMO within 7 days after mechanical ventilation 
initiation. Second, these findings emphasize that ECMO 
support seems less beneficial in the sickest patients, as previ-
ously described for non–COVID-19 ARDS patients.24,27,28 
In our cohort, liver failure at cannulation appears to be an 
especially strong marker of severity, which should alert the 
clinicians before considering ECMO support. Of course, 
only a limited number of patients presented liver failure, 
which underlined that the majority of clinicians are already 
fully aware of the poor results of ECMO support in the sick-
est patients. Third, the data from this study again emphasize 
the comparatively poorer outcomes in older patients who 
received ECMO for COVID-19. Notably, patients of more 
than 70 yr of age were excluded from the U.S. Study of 

table 3. Blood Gases and Ventilator Settings Pre-ECMO the Day of Implantation and the Day after Cannulation

Blood Gases/Settings

nonsurvivors (n = 219) Survivors (n = 210)

Pre-eCMO day  
of Cannulation Post-eCMO day 1

P Value

Pre-eCMO day  
of Cannulation Post-eCMO day 1

P Valueno.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range)

pH 207 7.31 (7.22–7.37) 209 7.40 (7.34–7.45) 0.010 201 7.35 (7.29–7.41) 206 7.42 (7.37–7.47) < 0.001
Pao2, mmHg 208 64 (57–77) 209 79 (65–101) 0.001 199 65 (54–73) 206 83 (70–106) < 0.001
Paco2, mmHg 206 57 (48–68) 206 44 (40–50) < 0.001 200 54 (45–62) 206 45 (39–50) < 0.001
Fio2, % 210 100 (100–100) 210 70 (50–100) < 0.001 201 100 (100–100) 206 60 (50–80) < 0.001
Pao2/Fio2 ratio, mmHg 208 67 (58–84) 209 116 (90–160) < 0.001 196 67 (57–81) 204 134 (104–208) < 0.001
PEEP, cm H2O 201 12 (10–14) 199 12 (10–14) 0.134 184 12 (10–14) 182 12 (10–14) 0.176
VT, ml/kg ideal body weight 178 5.8 (5.1–6.2) 178 3.2 (2.2–4.5) < 0.001 175 5.9 (5.3–6.3) 185 3.5 (2.6–4.5) < 0.001
Respiratory Rate, breaths/min 183 28 (22–30) 190 16 (12–20) < 0.001 165 28 (20–30) 184 18 (12–20) < 0.001
Plateau pressure, cm H

2O 173 30 (26–33) 171 26 (24–28) < 0.001 158 30 (27–32) 166 25 (23–28) < 0.001
Driving pressure, cm H2O 171 17 (13–21) 168 14 (11–16) < 0.001 156 17 (14–20) 159 12 (11–15) < 0.001

The results are presented as median (interquartile range). The P values are for bivariate analysis between pre- and post-ECMO.
ECMO, extracorporeal membrane oxygenation; Fio2, fractional inspired oxygen tension; PEEP, positive end-expiratory pressure; VT, tidal volume.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



740 anesthesiology 2022; 136:732–48 Nesseler et al.

CRITICAL CARE MEDICINE

the Treatment and Outcomes in Critically Ill Patients with 
COVID-19.15 Finally, the favorable results in patients in this 
cohort who received neuromuscular blocking agent before 
ECMO cannulation are in line with previous work24 but 
should be interpreted with caution here as the vast majority 

of patients in our cohort received neuromuscular blocking 
agent before ECMO. Indeed, the very few patients who did 
not receive neuromuscular blocking agent before cannula-
tion must be considered outliers whose management may 
have been out of the standard of care.

table 4. Outcomes and Complications on ECMO

Outcomes and Complications no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

Total ECMO duration, days  12 (8–21) 11 (6–21) 13 (8–21) 0.751
ECMO-free days at day 28, days 414 0 (0–14) 0 (0–0) 14 (6–19) < 0.001
Conversion to venoarterial-venous ECMO 429 9 (2) 8 of 219 (4) 1 of 210 (0) 0.038
Cannulation mode 425    0.823
 Femoro-jugular  388 (91) 196 of 217 (90) 192 of 208 (92)  
 Femoro-femoral  27 (6) 16 of 217 (7) 11 of 208 (5)  
 Bicaval dual lumen  6 (1) 2 of 217 (1) 4 of 208 (2)  
 Not specified  4 (1) 3 of 217 (1) 1 of 208 (0)  
Total ventilation duration, days 390 27 (16–41) 18 (12–34) 31 (24–46) < 0.001
Ventilator-free days at day 28, days 425 0 (0–0) 0 (0–0) 0 (0–4) < 0.001
Tracheostomy 424 90 (21) 11 of 217 (5) 79 of 207 (38) < 0.001
Prone position 425 301 (71) 145 of 216 (67) 156 of 209 (75) 0.089
Respiratory ECMO Survival Prediction score 240 1 (0–3) 1 (0–3) 2 (0–4) < 0.001
Vasoactive/inotropic drugs      
 Norepinephrine 304 255 (84) 154 of 167 (92) 101 of 137 (74) < 0.001
 Epinephrine 305 15 (5) 13 of 168 (8) 2 of 137 (1) 0.012
 Dobutamine 304 16 (5) 11 of 167 (7) 5 of 137 (4) 0.254
Hemorrhagic complications 426 169 (40) 107 of 217 (49) 62 of 209 (30) < 0.001
 Cannula site bleeding  77 (18) 54 of 107 (50) 23 of 62 (37)  
 Gastrointestinal bleeding  26 (6) 20 of 107 (19) 6 of 62 (10)  
 Pulmonary hemorrhage  37 (9) 27 of 107 (25) 10 of 62 (16)  
 Retroperitoneal bleeding  4 (1) 3 of 107 (3) 1 of 62 (2)  
 Massive hemorrhage  20 (5) 15 of 107 (14) 5 of 62 (8)  
Number of packed red blood cells transfused 300 4 (2–8) 6 (3–10) 3 (0–6) < 0.001
Thrombotic complications 427 159 (37) 84 of 217 (39) 75 of 210 (36) 0.522
 Deep vein thrombosis  33 (8) 9 of 84 (11) 24 of 75 (32)  
 Pulmonary embolism  48 (11) 28 of 84 (33) 20 of 75 (27)  
 Circuit clot  66 (15) 32 of 84 (38) 34 of 75 (45)  
 Circuit change  56 (13) 32 of 84 (38) 24 of 75 (32)  
 Membrane lung failure  35 (8) 25 of 84 (30) 10 of 75 (13)  
Neurologic complications 425 47 (11) 41 of 216 (19) 6 of 209 (3) < 0.001
 Seizures  2 (0) 2 of 41 (5) 0 of 6 (0)  
 Ischemic stroke  5 (1) 3 of 41 (7) 2 of 6 (33)  
 Hemorrhagic stroke  38 (9) 35 of 41 (85) 3 of 6 (50)  
acute limb ischemia 424 4 4 (100) 0 (0) 0.124
acute mesenteric ischemia 427 4 4 (100) 0 (0) 0.123
acute kidney injury on ECMO 424 192 (45) 134 of 216 (62) 58 of 208 (28) < 0.001
Renal replacement therapy  149 (35) 104 of 134 (78) 45 of 58 (78)  
Extracorporeal blood purification device 326 50 (15) 34 of 178 (19) 16 of 148 (11) 0.039
Ventilator-associated pneumonia 426 277 (65) 137 of 219 (63) 140 of 210 (67) 0.405
Timing of ventilator-associated pneumonia 169    0.235
 Before ECMO  83 (49) 50 of 94 (53) 33 of 75 (44)  
 after ECMO  86 (51) 44 of 94 (47) 42 of 75 (56)  
Infectious complications 428 235 (55) 112 of 218 (51) 123 of 210 (59) 0.135
 Bacteremia  176 (41) 87 of 112 (78) 89 of 123 (72)  
 Cannula site infection  36 (8) 16 of 112 (14) 20 of 123 (16)  
Infection under ECMO-free days, days* 323 9 (3–21) 7 (2–12) 13 (5–28) < 0.001
ICU duration, days 411 35 (17–54) 18 (10–34) 34 (26–54) < 0.001
ICU-free days at day 28, days 412 0 (0–0) 0 (0–0) 0 (0–2) < 0.001
Hospitalization duration, days 395 35 (17–54) 21 (12–36) 52 (37–71) < 0.001

The results are presented as n (%) or median (interquartile range).
*Infection under ECMO includes ventilator-associated pneumonia, bacteremia, and cannula site infection.
ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit.
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While on ECMO, patients who ultimately died expe-
rienced significantly more hemorrhagic complications, 
neurologic complications (mainly hemorrhagic stroke), 
membrane lung failure, and acute kidney injury than 
patients who survived. We report more frequent bleed-
ing complications than in the U.S. Study of the Treatment 
and Outcomes in Critically Ill Patients with COVID-19 
study (28% vs. 40%) or in the Extracorporeal Life Support 
Organization study, including cannula site bleeding (18% 
vs. 7%, respectively), gastrointestinal hemorrhage (6% vs. 
3%, respectively), and pulmonary hemorrhage (8% vs. 4%, 
respectively). Although our definitions of bleeding events 
were less restrictive, this might be also related to the contem-
poraneous publication of French guidelines on anticoagula-
tion in COVID-19 patients, which recommended elevated 
unfractionated heparin targets in ECMO patients after early 
reports of prothrombotic state in COVID-19 patients.29 Of 
note, the ECMO to Rescue Lung Injury in Severe ARDS 
trial reported 46% of bleeding leading to transfusion. 
Similarly, we observed a higher proportion of hemorrhagic 
stroke (9%) than previously reported (2, 4, and 6% in the 
ECMO to Rescue Lung Injury in Severe ARDS trial, the 
U.S. Study of the Treatment and Outcomes in Critically 
Ill Patients with COVID-19, and the Extracorporeal Life 
Support Organization studies, respectively).

Membrane lung failures were higher than in the 
Extracorporeal Life Support Organization study (12% vs. 
8%), and the higher proportion in the nonsurvivors might 
reflect the hypercoagulopathy pattern described in the 
more severe patients.30 Interestingly, the proportion of acute 
kidney injury (AKI) requiring renal replacement therapy 
(35%) was higher than in the Study of the Treatment and 

Outcomes in Critically Ill Patients with COVID-19 study 
(22%) but lower than in the Extracorporeal Life Support 
Organization study (44%) or the ECMO to Rescue Lung 
Injury in Severe ARDS trial (52%). Nevertheless, as in in 
the Study of the Treatment and Outcomes in Critically Ill 
Patients with COVID-19 study, the proportion of AKI was 
significantly higher in the nonsurvivors, highlighting how 
the development of AKI might be a turning point in the 
trajectories of COVID-19 patients on ECMO.

Critically ill patients with COVID-19 have been found at 
high risk for hospital-acquired infections.31 In non-ECMO 
critically ill patients with COVID-19, ventilator-associated 
pneumonia was found in 25 to 50%, and bacteremia was 
found in 15 to 34%.31,32 However, few data are available in 
COVID-19 patients on ECMO. We found a high propor-
tion of ventilator-associated pneumonia (51%) and bacte-
remia while on ECMO (41%). The Study of the Treatment 
and Outcomes in Critically Ill Patients with COVID-19 
study reported 35% of ventilator-associated pneumonia and 
18% of other documented infections. A similar proportion 
of 39% of ventilator-associated pneumonia on ECMO was 
reported in the ECMO to Rescue Lung Injury in Severe 
ARDS trial. The discrepancy between our study and other 
reports remains to be elucidated. One hypothesis might be 
the difficulty of applying infection control procedures in 
a context of increased workload and a shortage in health-
care workers related to the pandemic surge. Variations in 
ventilator-associated pneumonia definition applications 
and microbiologic sampling methods across ICUs and 
countries might also explain these differences, and further 
studies are mandated to explore these questions. In contrast, 
in our cohort, the cannula site infection proportion (8%) 
was lower than previously described in non–COVID-19 
patients.8,33

A high proportion of patients were cannulated by 
mobile ECMO units in our cohort (45%), similar to the 
percentage previously reported in the Extracorporeal Life 
Support Organization study (47%). Cannulation by mobile 
ECMO unit was not found associated with higher mortal-
ity, highlighting the importance of mobile ECMO program 
to rescue patients hospitalized outside of the referral centers 
as previously suggested.34 Of note, cannulation by a mobile 
ECMO unit was not associated with more cannula site 
bleeding, but more cannula site infections were observed.

Our study has several strengths. This cohort is one of 
the largest samples of patients supported by venovenous 
ECMO for COVID-19–related ARDS published to date. 
Second, the participating centers represented most of the 
ECMO sites available in France, giving this study a good 
representation of the ECMO activity between the end 
of February and September 2020. Additionally, a central 
system was established to coordinate national ECMO 
resources, allowing relocation of consoles and circuits, 
when needed, in the areas the most affected by the virus. 
Third, the wide adherence during the pre-ECMO period 

table 5. Pre-ECMO Variables associated with In-hospital 
Mortality in Multivariable analysis

Variables Hazard ratio (95% Ci)*

Neuromuscular blocking agents† 0.286 (0.101–0.81)
Ventilation duration before ECMO†  
 < 2 days 1
 2–7 days 1.37 (0.89–2.10)
 > 7 days 1.74 (1.07–2.83)
age (10-yr increase)‡ 1.27 (1.07–1.50)
Total bilirubin at implantation‡  
 < 1.2 mg/dl 1
 1.2–1.9 mg/dl 0.88 (0.51–1.50)
 2.0–5.9 mg/dl 1.16 (0.72–1.86)
 ≥ 6.0 mg/dl 2.65 (1.09–6.4)

*Hazard ratio with 95% CI, based on multivariable Cox model of exposure variables 
fully adjusted for all confounders, after multiple imputation (see model 4, Supplemental 
Digital Content 1, table S2, http://links.lww.com/aLN/C809). †Defined as pre-ECMO 
modifiable exposure variables in the model (see Supplemental Digital Content 1,  
fig. S1, http://links.lww.com/aLN/C809). ‡Defined as patient-related confounders and 
pre-ECMO hospitalization-related confounders in the model (see Supplemental Digital 
Content 1, fig. S1, http://links.lww.com/aLN/C809). 
ECMO, extracorporeal membrane oxygenation.
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to known medical interventions in ARDS patient manage-
ment, such as protective ventilation, prone positioning, or 
neuromuscular blocking agent infusions, must be empha-
sized. These data strengthen the fact that in our cohort, 
ECMO support was proposed to highly severe patients 
as a rescue therapy after adequate management. Fourth, 
the multicenter design enables generalization of the data. 
Finally, the database quality was regularly assessed by dedi-
cated data managers.

However, there are some limitations. Despite broad rep-
resentation among French ECMO centers, the cohort did 
not include all ECMO centers, creating potential selection 
bias. Within our cohort, a significant proportion (26%) 
of patients came from a single center in Paris, which is a 
high-volume ECMO center and is also located in an area 
that was severely affected by the pandemic. In addition, at 
the time of the database lock, 34 patients (8%) were still 
hospitalized, leading to a possible underestimation of the 
in-hospital mortality. Further, as an observational study 
relying on patients’ medical records, this study might be 
subject to information bias. There were no specific rec-
ommendations on cannulation or management of ECMO, 
introducing variability in management across the study 
population. However, because we anticipated regional dif-
ferences in the burden of the pandemic, as well as exper-
tise disparities between participating centers, centers were 
included as a random effect using a γ frailty model in the 
Cox model. Additionally, considering that the vast majority 
of patients in our cohort received neuromuscular block-
ing agent before ECMO, we underline that the association 
found between neuromuscular blocking agent use and sur-
vival must be interpreted with caution. Finally, it is worth 
remembering that our study analyzed only patients already 
receiving ECMO, and thus the results obtained might not 
be fully relevant in a general population of severe COVID-
19 patients.

In conclusion, this analysis of the ECMOSARS regis-
try provides results and outcomes of COVID-19–related 
respiratory failure patients supported by venovenous 
ECMO between February and September 2020 in France. 
In-hospital mortality was higher than recently reported in 
a multicenter international cohort, but nearly half of the 
patients survived. A high proportion of patients were can-
nulated by mobile ECMO unit without negative impact 
on mortality. Several factors associated with mortality 
were identified, which may help to guide future clinical 
decision-making. In particular, venovenous ECMO sup-
port should be considered early, within the first week of 
mechanical ventilation initiation.
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reFleCtiOn
The Stars Align in Support of Morton’s “Anaesthesia”

“Never before…did such a brilliant galaxy of medical and surgical talent unite on any one measure.” Penned 
by the brightest stars of Massachusetts General Hospital in 1852, a petition to the United States Congress 
(right) shined a favorable light on Morton, who in a quest for recognition had ignited a national controversy 
over primacy for the discovery of surgical anesthesia. These medical luminaries declared “that, in their opinion, 
Dr. William T.G. Morton first proved to the world that ether would produce insensibility to the pain of surgi-
cal operations… [and asked for] recognition by [U.S.] Congress of his services to his country and mankind.” 
Among these leading lights were John C. Warren, M.D. (upper left), founding father of Massachusetts General 
Hospital and senior surgeon on Ether Day; Henry J. Bigelow, M.D. (middle left), surgeon and organizer of that 
celebrated day; and Oliver W. Holmes, M.D. (lower left), physician-poet who bestowed the name “anaesthesia” 
onto this new discovery. Whether this was a true endorsement of Morton or the medical discovery that ele-
vated surgical practice may be lost among the stars. (Copyright © the American Society of Anesthesiologists’ 
Wood Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)

Melissa L. Coleman, M.D., Assistant Professor, Department of Anesthesiology and Perioperative Medicine, Penn State 
College of Medicine, Hershey, Pennsylvania.

aneStHeSiOlOGY reFleCtiOnS FrOM tHe WOOd liBrarY-MUSeUM
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What We already Know about This Topic

• Venovenous extracorporeal membrane oxygenation is increasingly 
used for managing severe respiratory failure; however, the character-
istics, management, and patient outcomes continue to be determined

• Determining factors associated with in-hospital mortality for both 
COVID-19 and non–COVID-19 patients are important factors to 
consider in patient management

What This article Tells Us That Is New

• In this investigation, most patients were cannulated by a mobile 
extracorporeal membrane oxygenation unit without a negative 
impact on mortality

• Based on this report, venovenous extracorporeal membrane oxy-
genation support should be considered within the first week of 
mechanical ventilation initiation for optimal outcomes

Early reports of severe manifestations of COVID-19 
such as acute respiratory distress syndrome (ARDS) 

and acute myocardial injury have suggested a possible role 
for extracorporeal membrane oxygenation (ECMO) sup-
port.1 Recent experience during the influenza A (H1N1) 

aBStraCt
Background: Despite expanding use, knowledge on extracorporeal mem-
brane oxygenation support during the COVID-19 pandemic remains limited. 
The objective was to report characteristics, management, and outcomes of 
patients receiving extracorporeal membrane oxygenation with a diagnosis of 
COVID-19 in France and to identify pre-extracorporeal membrane oxygenation 
factors associated with in-hospital mortality. A hypothesis of similar mortality 
rates and risk factors for COVID-19 and non–COVID-19 patients on venove-
nous extracorporeal membrane oxygenation was made.

Methods: The Extracorporeal Membrane Oxygenation for Respiratory 
Failure and/or Heart failure related to Severe Acute Respiratory Syndrome-
Coronavirus 2 (ECMOSARS) registry included COVID-19 patients supported 
by extracorporeal membrane oxygenation in France. This study analyzed 
patients included in this registry up to October 25, 2020, and supported by 
venovenous extracorporeal membrane oxygenation for respiratory failure with 
a minimum follow-up of 28 days after cannulation. The primary outcome was 
in-hospital mortality. Risk factors for in-hospital mortality were analyzed.

results: Among 494 extracorporeal membrane oxygenation patients 
included in the registry, 429 were initially supported by venovenous extracor-
poreal membrane oxygenation and followed for at least 28 days. The median 
(interquartile range) age was 54 yr (46 to 60 yr), and 338 of 429 (79%) were 
men. Management before extracorporeal membrane oxygenation cannulation 
included prone positioning for 411 of 429 (96%), neuromuscular blockage for 
419 of 427 (98%), and NO for 161 of 401 (40%). A total of 192 of 429 (45%) 
patients were cannulated by a mobile extracorporeal membrane oxygenation 
unit. In-hospital mortality was 219 of 429 (51%), with a median follow-up of 49 
days (33 to 70 days). Among pre-extracorporeal membrane oxygenation modifi-
able exposure variables, neuromuscular blockage use (hazard ratio, 0.286; 95% 
CI, 0.101 to 0.81) and duration of ventilation (more than 7 days compared to 
less than 2 days; hazard ratio, 1.74; 95% CI, 1.07 to 2.83) were independently 
associated with in-hospital mortality. Both age (per 10-yr increase; hazard ratio, 
1.27; 95% CI, 1.07 to 1.50) and total bilirubin at cannulation (6.0 mg/dl or more 
compared to less than 1.2 mg/dl; hazard ratio, 2.65; 95% CI, 1.09 to 6.5) were 
confounders significantly associated with in-hospital mortality.

Conclusions: In-hospital mortality was higher than recently reported, but 
nearly half of the patients survived. A high proportion of patients were cannu-
lated by a mobile extracorporeal membrane oxygenation unit. Several factors 
associated with mortality were identified. Venovenous extracorporeal mem-
brane oxygenation support should be considered early within the first week of 
mechanical ventilation initiation.
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pandemic demonstrated the value of ECMO support 
for patients with severe ARDS related to influenza.2–6 
Additionally, a recent meta-analysis of patients from two 
major randomized controlled trials on ECMO support in 
severe ARDS patients showed a significant benefit of the 
technique for improving both morbidity and mortality.7–9

Several early retrospective case series showed encour-
aging results of ECMO support in COVID-19–related 
respiratory failure.10–13 However, these case series were 
limited in sample size (fewer than 90 patients) and 

restricted to few centers. Consequently, the interna-
tional report from the Extracorporeal Life Support 
Organization  (Ann Arbor, Michigan)  registry, gathering 
1,035 ECMO patients from 213 centers in 36 countries, 
was an important landmark. The study showed an esti-
mated in-hospital mortality of less than 40% for critically 
ill adults with COVID-19 treated with ECMO in a col-
lection of self-selected and experienced centers world-
wide.14 Recently, a similar mortality rate was reported in 
a multicenter cohort study of 190 critically ill adults with 
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COVID-19 who received ECMO at 35 sites across the 
United States.15

In France, 485 ECMO consoles are available in 103 aca-
demic or nonacademic, public, or private centers due to 
the wide interest in the technique in the country. During 
the first wave of the pandemic, a central system was estab-
lished to coordinate national ECMO resources in France. 
Regional coordinators met weekly to check the national 
availability of consoles and circuits. Specific recommenda-
tions and algorithms were issued on ECMO indications 
and organization in the context of the outbreak (https://
www.iledefrance.ars.sante.fr/system/files/2020-12/038_
ARSIdF-CRAPS_2020-12-02_Doctrine_ECMO.pdf).16 
Collecting data on this initiative is essential to evaluate the 
results of our organization, to inform clinicians, and to adapt 
our response to the future developments of the outbreak. 
Therefore, the goals of our study were (1) to report char-
acteristics, management, and outcomes of patients receiving 
ECMO with a diagnosis of COVID-19 in France and (2) 
to identify potentially modifiable variables associated with 
in-hospital mortality. We hypothesized that the mortal-
ity rate and risk factors would be similar for COVID-19  
and non–COVID-19 patients on venovenous ECMO.

Materials and Methods
The ECMOSARS registry was launched in April 2020 
(ClinicalTrials.gov Identifier: NCT04397588, Extracorporeal 
Membrane Oxygenation for Respiratory Failure and/or 
Heart failure related to Severe Acute Respiratory Syndrome-
Coronavirus 2 [ECMOSARS] registry, principal investigators: 
Nicolas Nesseler and André Vincentelli, date of registration: 
May 21, 2020) and is currently still recruiting. The regis-
try includes 47 centers, academic or nonacademic, which 
represent 77% of the ECMO consoles available in France. 
The registry has been endorsed by the French Society of 
Thoracic and Cardiovascular (Société Française de Chirurgie 
Thoracique et Cardio-Vasculaire [SFCTCV], Paris, France), 
the French Society of Thoracic and Cardiovascular Critical 
Care and Anesthesia (Anesthésie-Réanimation Coeur-
Thorax-Vaisseaux [ARCOTHOVA], Paris, France), and the 
French Society of Anesthesiology and Critical Care Medicine 
(Société Française d’Anesthésie-Réanimation [SFAR], Paris, 
France) research network.

The data were collected by research assistants using an 
electronic case report form from each patient’s medical 
record. Automatic checks were generated for missing or 
incoherent data, and additional consistency tests were per-
formed by data managers. The nationwide objective of our 
registry implied the collection of all available data of ECMO 
patients in France, including data for some patients already 
published in retrospective studies or case series.12,14,17 Two 
studies focused on a specific French area (e.g., the city of 
Strasbourg or the Greater Paris area), and one study included 
only a fraction of French patients in an international cohort, 
which involved only self-selected and experienced centers.

The registry has been approved by the University 
Hospital of Rennes ethics committee (approval No. 20.43). 
According to French legislation, written consent is waived 
because of the study’s observational design that does not 
imply any modification of existing diagnostic or thera-
peutic strategies. After the information was provided, only 
non-opposition of patients or their legal representative was 
obtained for use of the data.

ECMOSaRS Registry Inclusion Criteria

All patients, adults or children, tested positive by reverse 
transcription–polymerase chain reaction for SARS-CoV2 
(nasopharyngeal swabs, sputum, endotracheal aspiration, 
bronchoalveolar lavage, or stool sample) and/or with a 
diagnosis of COVID-19 made on chest computed tomog-
raphy findings and supported by venovenous, venoarterial, 
or venoarterio-venous ECMO can be included in the reg-
istry. Patients or proxies who refused consent were excluded 
from the study, as were legally protected adults.

Data Collection

The data were collected prospectively in the ECMOSARS 
registry, except for patients whose ECMO was implanted 
before April 21, 2020. Those data were collected retro-
spectively. Collected data included patient characteristics 
and comorbidities, management of COVID-related ARDS 
before ECMO cannulation, patient characteristics at ECMO 
cannulation and the day after, management, complications, 
and patient outcomes on ECMO (see Supplemental Digital 
Content 1, table S1, http://links.lww.com/ALN/C809, for 
the definition of the main variables).

Study Population

For the current study, we analyzed all patients included in the 
registry up to October 25, 2020, initially supported by venove-
nous ECMO for respiratory failure and with a minimum fol-
low-up of 28 days after ECMO cannulation for alive patients.

Outcomes

Our primary outcome was in-hospital mortality. Secondary 
outcomes were mortality at day 28, mortality at day 90, 
ECMO-free days, and intensive care unit (ICU)–free days to 
day 28. ECMO-free days or ICU-free days are composite out-
comes that combine survival and ECMO support duration or 
survival and ICU length of stay. The numbers of ECMO-free 
days or ICU-free days were calculated as 28 minus the number 
of days on ECMO or in the ICU during the first 28 days after 
ECMO cannulation. Patients who died were assigned the worst 
possible outcome of 0 ECMO-free days or ICU-free days.

Statistical analysis

Patient characteristics are expressed as number and percent-
age for categorical variables and median with interquartile 
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range for continuous variables. For bivariate comparison 
between deceased and alive patients, a chi-square test or 
a Fisher exact test was used for categorical variables, and 
an independent t test or a Wilcoxon rank sum test was 
used for continuous variables. Blood gases values and ven-
tilator settings before and after ECMO cannulation were 
compared using a repeated measures ANOVA model. 
The ventilatory ratio was defined as [minute ventilation 
(ml/min) × Paco

2
 (mmHg)]/(predicted body weight × 

100 × 37.5).18

A statistical analysis plan was made before accessing the 
data. No a priori statistical power calculation was conducted. 
Regarding the primary outcome, no minimum clinically 
meaningful hazard ratio was defined before data access. In 
accordance with reviewers’ recommendations, modeling 
and variable selection strategies were modified and are thus 
considered post hoc analyses. Only pre-ECMO variables 
were included in these analyses to prevent competing risk 
bias.

A directed acyclic graph was used to describe the associ-
ations between pre-ECMO modifiable exposure variables, 
patient-related confounders, pre-ECMO hospitalization- 
related confounders, and in-hospital mortality using 
DAGitty software (Supplemental Digital Content 1, fig. 
S1, http://links.lww.com/ALN/C809).19 No variables 
were analyzed as effect modifiers. Pre-ECMO modifiable 
exposure variables comprised anticoagulation, antibiotic 
therapy, antiviral therapy, noninvasive ventilation, selective 
digestive decontamination, neuromuscular blocking agents, 
prone position, high-flow oxygen therapy, cannulation 
mode, inotropes use, vasopressors use, renal replacement 
therapy, ECMO cannulation, inhaled NO, positive end- 
expiratory pressure, tidal volume at cannulation, and venti-
lation duration before ECMO. The set of pre-ECMO con-
founders sufficient for adjustment comprised patient-related 
confounders (sex, age, body mass index, diabetes, chronic 
obstructive pulmonary disease, chronic respiratory failure, 
congestive heart failure, chronic kidney disease, malignancy, 
and previous corticotherapy) and pre-ECMO hospitaliza-
tion-related confounders (septic shock, total bilirubin at 
cannulation, pH at cannulation, Paco

2
 at cannulation, Pao

2
/

fractional inspired oxygen tension (Fio
2
) ratio at cannu-

lation, driving pressure, left ventricular ejection fraction, 
ventilator-associated pneumonia, and delay from hospital-
ization to ICU admission).

To estimate hazard ratios between exposure variables 
and in-hospital mortality, we fitted a univariate and multi-
variable Cox proportional hazards model including expo-
sure variables and confounders identified using the directed 
acyclic graph. Four different models were built, for sensitiv-
ity analysis (see Supplemental Digital Content 1, table S2, 
http://links.lww.com/ALN/C809). Model 1 was a univari-
able Cox model; model 2 was a multivariable Cox model 
of modifiable exposure variables, adjusted for patient-re-
lated confounders; model 3 was a multivariable Cox model 
of modifiable exposure variables, adjusted for pre-ECMO 

hospitalization-related confounders; and model 4 was a 
multivariable Cox model of modifiable exposure variables, 
fully adjusted for all confounders. Centers were included as 
a random effect using a γ frailty model. Patients who were 
still hospitalized were censored at the time of the database 
lock, and those who were discharged alive were censored 
at the time of their discharge date. Proportional hazard 
assumption was assessed using simultaneous time-depen-
dent covariates. To comply with log-linearity assumptions, 
several continuous variables (body mass index, pH, left ven-
tricular ejection fraction, delay from hospitalization to ICU 
admission, driving pressure, positive end-expiratory pres-
sure, tidal volume, and ventilation duration before ECMO) 
were split into categorical variables in accordance with pre-
viously published works and guidelines.8,20–26

Multiple imputation was used to account for missing 
values in variables (Supplemental Digital Content 1, table 
S3, http://links.lww.com/ALN/C809). We used fully spec-
ified chained equations in the SAS multiple imputation 
procedure (SAS Institute, USA). For continuous variables, 
the regression method was used to impute missing values, 
and discriminant function methods were used for binary 
and categorical variables. Passive imputation was used for 
the derived variables (body mass index, tidal volume, Pao

2
/

Fio
2
 ratio, anticoagulation before ECMO, and malignancy), 

meaning that each variable needed for the calculation was 
imputed before the calculation of the derived variable. A 
total of 50 imputed data sets were created and combined 
using standard between/within-variance techniques. All 
tests used a two-tailed hypothesis. Statistical significance 
was achieved for P < 0.05. Statistical analyses were com-
puted with SAS version 9.4 software (SAS Institute, USA).

results
At the time of the database lock, 38 centers had included 
494 patients in the ECMOSARS registry, of whom 462 
patients were followed for at least 28 days after ECMO 
cannulation; 429 patients were initially supported by 
venovenous ECMO, and 33 were supported by venoarte-
rial ECMO (fig. 1). No patients were initially supported by 
venoarterio-venous ECMO.

The first venovenous ECMO included in the analysis 
was implanted on February 25, 2020, and the last venove-
nous ECMO included in the analysis was implanted on 
September 17, 2020. Most of the patients (257 [59.9%]) 
were admitted from another hospital. Venovenous ECMO 
was cannulated in-hospital by mobile ECMO units in 192 
(45%) patients, of whom 79% were transferred subsequently 
to a referral ECMO center. In total, 13 centers included 
fewer than 5 patients, 12 centers included between 5 and 
10 patients, 5 centers included between 10 and 20 patients, 
2 centers included between 20 and 30 patients, 3 centers 
included between 30 and 40 patients, and 1 center included 
124 (26.8%) patients (see Supplemental Digital Content 1, 
figs. S2 and S3, http://links.lww.com/ALN/C809).
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Study Population

The median age was 54 (46 to 60) years, 79% of the patients 
were men, and the median body mass index was 30 (27 to 
34). Management before ECMO cannulation included 
prone positioning (96% [411 of 429]), neuromuscular block-
ing agent (98% [419 of 427]), and NO (40% [161 of 401]; 
table 1). Median ventilation duration before ECMO was 5.0 
(3.0 to 8.0) days. The median total Sequential Organ Failure 
Assessment (SOFA) score at cannulation (n = 395) was 9 (8 to 
12), and 51% (216 of 422) of the patients had a cardiovascular 
SOFA score of 3 or higher. The blood lactate level was 1.7 (1.2 
to 2.3) mmol/l (n = 366), and 12% (51 of 423) of the patients 
were on renal replacement therapy. Finally, 99% of the patients 
met the Berlin ARDS criteria at ECMO cannulation (table 2).

The ventilation settings at the time of the cannulation 
and the day after the cannulation are shown in table  3. 
ECMO cannulation was associated with reduced tidal vol-
ume, respiratory rate, and Fio

2
, as well as lower plateau and 

driving pressures. A tracheostomy was performed in 21% 
(90 of 424) of the patients.

Complications on ECMO

Hemorrhagic complications on ECMO were observed in 40% 
(169 of 426) of the patients, while thrombosis occurred in 37% 
(159 of 427), and neurologic complications occurred in 11% 

(47 of 425), including 38 hemorrhagic strokes (table 4). Renal 
replacement therapy was required in 35%. Bacteremia and can-
nula site infection were observed in 41% (176 of 428) and 8% (36 
of 428) of the patients, respectively. According to cannulation 
by mobile ECMO units (see Supplemental Digital Content 1,  
table S4, http://links.lww.com/ALN/C809), cannula site 
infections were observed significantly more frequently after 
cannulation by mobile ECMO units, but less cannula site 
bleeding, although nonsignificant, was observed.

Outcomes

In-hospital mortality was 219 of 429 (51%) with a median 
follow-up of 49 (33 to 70) days (see Supplemental Digital 
Content 1, fig. S4, http://links.lww.com/ALN/C809). 
The extent of missing data across all variables included in 
the statistical models is described in Supplemental Digital 
Content 1 (table S3, http://links.lww.com/ALN/C809). 
Mortality at days 28 and 90 was 42% (180 of 429) and 60% 
(215 of 357), respectively. At day 28, ventilator-free days  
(n = 425), ECMO-free days (n = 414), and ICU-free days (n 
= 412) were 0 (0 to 0), 0 (0 to 14), and 0 (0 to 0) days, respec-
tively. More male patients died, and they were significantly 
older (table 1). At cannulation, pH was significantly lower, and 
the Paco

2
, the ventilatory ratio, and the serum lactate levels 

were significantly higher in the patients who ultimately died 
(table 2). Patients who died also had a significantly higher 

Fig. 1. Flow chart of extracorporeal membrane oxygenation (ECMO) patients included in the study.
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SOFA score at cannulation, with significantly more patients 
with a liver (6.0 mg/dl bilirubin or more) and cardiovascular 
scores of 3 or higher and significantly more patients with 
renal replacement therapy than patients who survived. While 
on ECMO, patients who ultimately died experienced sig-
nificantly more hemorrhagic complications, membrane lung 
failure, acute kidney injury, and neurologic complications 
than patients who survived (table 4).

Effect of Pre-ECMO Modifiable Exposure Variables on 
In-hospital Mortality

Among pre-ECMO modifiable exposure variables, neuro-
muscular blockage use (hazard ratio, 0.286; 95% CI, 0.101 
to 0.81) and duration of ventilation (more than 7 days com-
pared to less than 2 days; hazard ratio, 1.74; 95% CI, 1.07 
to 2.83) were independently associated with in-hospital 
mortality (table 5). Among patient-related and pre-ECMO 
hospitalization-related confounders, age (per 10-yr increase; 
hazard ratio, 1.27; 95% CI, 1.07 to 1.50) and total bilirubin 

at cannulation (6.0 mg/dl or more compared to less than 
1.2 mg/dl; hazard ratio, 2.65; 95% CI, 1.09 to 6.5) were 
both significantly associated with in-hospital mortality. 
These results remained consistent after sensitivity analysis in 
two distinct models: (1) modifiable exposure variables and 
patient-related baseline characteristics and (2) modifiable 
exposure variables and pre-ECMO hospitalization-related 
variables (see Supplemental Digital Content 1, table S2,  
http://links.lww.com/ALN/C809). In the latter model, 
septic shock (hazard ratio, 1.69; 95% CI, 1.03 to 2.77) at 
cannulation and pH lower than 7.25 at cannulation (hazard 
ratio, 1.56; 95% CI, 1.05 to 2.31) were also associated with 
in-hospital mortality.

discussion
Our study reports, at a nationwide level, the characteris-
tics, management, and outcomes of COVID-19 patients 
treated with venovenous ECMO for respiratory failure. We 
found an in-hospital mortality of 51%, numerically higher 

table 1. Patient Characteristics before Hospitalization

Characteristics no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

age 428 54 (46–60) 56 (49–62) 51 (43–58) < 0.001
 < 40 yr  56 (13) 19 of 218 (9) 37 of 210 (18)  
 40–49 yr  96 (22) 38 of 218 (17) 58 of 210 (28)  
 50–59 yr  160 (37) 85 of 218 (39) 75 of 210 (36)  
 60–69 yr  103 (24) 66 of 218 (30) 37 of 210 (18)  
 > 70 yr  13 (3) 10 of 218 (5) 3 of 210 (1)  
Sex 429    0.046
 Female  91 (21) 38 of 219 (17) 53 of 210 (25)  
 Male  338 (79) 181 of 219 (83) 157 of 210 (75)  
Body mass index 413 30 (27–34) 29 (27–34) 31 (28–35) 0.132
 < 25 kg of m2  53 (13) 28 of 206 (14) 25 of 207 (12)  
 25–30 kg of m2  147 (36) 79 of 206 (38) 68 of 207 (33)  
 30–35 kg of m2  121 (29) 61 of 206 (30) 60 of 207 (29)  
 35–40 kg of m2  56 (14) 20 of 206 (10) 36 of 207 (17)  
 > 40 kg of m2  36 (9) 18 of 206 (9) 18 of 207 (9)  
Comorbidities      
 Hypertension 429 165 (38) 83 of 219 (38) 82 of 210 (39) 0.807
 Diabetes 425 127 (30) 70 of 218 (32) 57 of 207 (28) 0.303
 Chronic obstructive pulmonary disease 429 14 (3) 8 of 219 (4) 6 of 210 (3) 0.643
 Chronic respiratory failure 429 13 (3) 7 of 219 (3) 6 of 210 (3) 0.838
 Congestive heart failure 308 3 (1) 1 of 169 (1) 2 of 169 (1) 0.591
 Coronary artery disease 429 21 (5) 10 of 219 (5) 11 of 139 (8) 0.747
 Chronic kidney disease 309 11 (4) 7 of 171 (4) 4 of 138 (3) 0.760
Malignancy      
 Cancer 306 6 (2) 6 of 168 (4) 0 of 138 (0) 0.034
 Hematological malignancy 306 3 (1) 1 of 168 (1) 2 of 138 (1) 0.591
 active smoker 423 17 (4) 10 of 216 (5) 7 of 207 (3) 0.514
 alcohol abuse 301 8 (3) 3 of 166 (2) 5 of 135 (4) 0.474
 History of venous thromboembolism 306 11 (4) 7 of 168 (4) 4 of 138 (3) 0.760
Pre-ECMO medications      
 Steroids (corticotherapy) 307 17 (6) 10 of 169 (6) 7 of 138 (5) 0.748
 Nonsteroidal anti-inflammatory drugs 307 7 (2) 4 of 167 (2) 3 of 140 (2) > 0.999
 angiotensin-converting enzyme inhibitors 305 29 (10) 14 of 167 (8) 15 of 138 (11) 0.461
 angiotensin receptor blockers 306 44 (14) 23 of 168 (14) 21 of 138 (15) 0.705

The results are presented as n (%) or median (interquartile range).
ECMO, extracorporeal membrane oxygenation.
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table 2. Clinical Condition and Management before ECMO

Condition/Management no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

Delay from hospitalization to ICU admission 428 0 (0–0) 0 (0–0) 0 (0–0) 0.622
 < 24 h  329 (77) 169 of 218 (78) 160 of 210 (76)  
 24–48 h  52 (12) 30 of 218 (14) 22 of 210 (10)  
 > 72 h  47 (11) 19 of 218 (9) 28 of 210 (13)  
ECMO cannulation 426    0.141
Referral center  234 (55) 128 of 216 (59) 106 of 210 (50)  
Mobile ECMO unit, no transfer  41 (10) 21 of 216 (10) 20 of 210 (10)  
Mobile ECMO unit, transfer to referral center  151 (35) 67 of 216 (31) 84 of 210 (40)  
aRDS (Berlin criteria) at cannulation 421 417 (99) 210 of 213 (99) 207 of 208 (100) 0.623
Noninvasive ventilation 426 104 (24) 64 of 217 (29) 40 of 209 (19) 0.013
High-flow oxygen therapy 307 125 (41) 74 of 168 (44) 51 of 139 (37) 0.192
Ventilation duration before ECMO 428 5 (3–8) 6 (3–8) 5 (3–7) 0.057
 < 2 days  94 (22) 43 of 218 (20) 51 of 210 (24)  
 2–7 days  221 (52) 105 of 218 (48) 116 of 210 (55)  
 > 7 days  113 (26) 70 of 218 (32) 43 of 210 (20)  
pH at cannulation 408 7.33 (7.25–7.39) 7.31 (7.22–7.37) 7.35 (7.29–7.41) < 0.001
Paco2 at cannulation, mmHg 406 55 (46–65) 57 (48–68) 54 (45–62) 0.005
Pao2 of Fio2 ratio at cannulation, mmHg 404 67 (57–82) 67 (58–84) 67 (57–81) 0.625
PEEP at cannulation, cm H2O 385 12 (10–14) 12 (10–14) 12 (10–14) 0.747
VT at cannulation 353 5.9 (5.2–6.3) 5.8 (5.1–6.2) 5.9 (5.3–6.3) 0.244
 < 6 ml/kg ideal body weight  216 (61) 113 of 178 (63) 103 of 175 (59)  
 6–8 ml/kg ideal body weight  132 (37) 63 of 178 (35) 69 of 175 (39)  
 > 8 ml/kg ideal body weight  5 (1) 2 of 178 (1) 3 of 175 (2)  
Respiratory rate at cannulation, breaths/min 348 28 (20–30) 28 (22–30) 28 (20–30) 0.321
Ventilatory ratio* 315 2.2 (1.5–3.0) 2.4 (1.7–3.1) 2.1 (1.5–2.9) < 0.001
Plateau pressure at cannulation, cm H

2O 331 30 (27–32) 30 (26–33) 30 (27–32) 0.414
Driving pressure at cannulation, cm H2O 327 17 (14–20) 17 (13–21) 17 (14–20) 0.297
Neuromuscular blocking agents 427 419 (98) 213 of 218 (98) 206 of 209 (99) 0.725
Prone position 429 411 (96) 207 of 219 (95) 204 of 210 (97) 0.176
Inhaled NO 401 161 (40) 90 of 206 (44) 71 of 195 (36) 0.137
Renal replacement therapy 423 51 (12) 34 of 213 (16) 17 of 210 (8) 0.013
antiviral therapy 305 179 (59) 96 of 168 (57) 83 of 137 (61) 0.544
 Remdesivir  7 (2) 4 of 168 (2) 4 of 137 (3) > 0.999
 Lopinavir/ritonavir  58 (19) 36 of 168 (21) 36 of 137 (26) 0.130
 Hydroxychloroquine  102 (33) 52 of 168 (31) 52 of 137 (38) 0.360
 Interferon-β  4 (1) 4 of 168 (2) 4 of 137 (3) 0.125
 Others  59 (19) 34 of 168 (20) 34 of 137 (25) 0.486
antibiotic therapy 305 296 (97) 162 of 168 (96) 134 of 137 (98) 0.522
anticoagulation 294    0.033
 No  19 (6) 5 of 161 (3) 14 of 133 (11)  
 Curative  139 (47) 77 of 161 (48) 62 of 133 (47)  
 Prophylactic  136 (46) 79 of 161 (49) 57 of 133 (43)  
Selective digestive decontamination 304 13 (4) 10 of 166 (6) 3 of 138 (2) 0.099
SOFa score at cannulation 395 9 (8–12) 11 (8–13) 9 (8–12) 0.004
Septic shock 312 35 (11) 25 of 172 (15) 10 of 140 (7) 0.040
Cardiovascular SOFa ≥ 3 at cannulation 422 216 (51) 126 of 215 (59) 90 of 207 (43) 0.002
Left ventricular ejection fraction, % 191 60 (60–65) 60 (55–60) 60 (60–65) 0.722
Vasoactive/inotropic drugs      
 Norepinephrine 306 176 (58) 103 of 168 (61) 73 of 138 (53) 0.139
 Epinephrine 304 10 (3) 8 of 166 (5) 2 of 138 (1) 0.119
 Dobutamine 304 8 (3) 5 of 166 (3) 3 of 137 (2) 0.732
Lactatemia at cannulation, mmol/l 366 1.7 (1.2–2.3) 1.7 (1.3–2.4) 1.6 (1.2–2.1) 0.012
Total bilirubin at cannulation 409    0.023
 < 1.2 mg/dl  291 (71) 147 of 207 (71) 144 of 202 (71)  
 1.2–1.9 mg/dl  50 (12) 20 of 207 (10) 30 of 202 (15)  
 2.0–5.9 mg/dl  57 (14) 30 of 207 (14) 27 of 202 (13)  
 ≥ 6.0 mg/dl  11 (3) 10 of 207 (5) 1 of 202 (0)  

The results are presented as n (%) or median (interquartile range).
*The ventilatory ratio is defined as [minute ventilation (ml/min) × Paco2 (mmHg)]/(predicted body weight × 100 × 37.5).
aRDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; Fio2, fractional inspired oxygen tension; ICU, intensive care unit; PEEP, positive  
end-expiratory pressure; SOFa, Sequential Organ Failure assessment; VT, tidal volume.
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than that reported in two recent studies of venovenous 
ECMO use in COVID-19 patients.14,15 The international 
Extracorporeal Life Support Organization study reported 
an estimated cumulative incidence of in-hospital mortal-
ity 90 days after ECMO initiation of 37%.13 The Study of 
the Treatment and Outcomes in Critically Ill Patients with 
COVID-19 study reported a 60-day mortality rate of 33% 
in the United States.15 Similarly, the ECMO to Rescue 
Lung Injury in Severe ARDS trial reported a mortality of 
35% at 60 days in non–COVID-19 ARDS patients sup-
ported by venovenous ECMO.8

Several factors may explain the higher mortality rate 
observed in this study. First, this population was older 
than the populations in the Extracorporeal Life Support 
Organization or the Study of the Treatment and Outcomes 
in Critically Ill Patients with COVID-19 studies (median 
age, 54 [interquartile range, 46 to 60] yr vs. 49 [41 to 57] yr 
in the Extracorporeal Life Support Organization or 49 [41 
to 57] years in the Study of the Treatment and Outcomes in 
Critically Ill Patients with COVID-19 cohort). Second, this 
population had more severe ARDS at the time of cannula-
tion. In addition, 99% of the patients in this study met the 
Berlin criteria for ARDS, compared with only 79% in the 
Extracorporeal Life Support Organization study.14 Patients 
in this study tended to have been mechanically ventilated 
for longer before ECMO cannulation (median 6 days vs. 
4 days in the Extracorporeal Life Support Organization 
and 2 days in the Study of the Treatment and Outcomes 
in Critically Ill Patients with COVID-19), which is known 
to be associated with worse outcomes.24 Our patients were 
also more likely to have been proned (96% vs. 60% in the 
Extracorporeal Life Support Organization or 71% in the 
Study of the Treatment and Outcomes in Critically Ill 

Patients with COVID-19 cohort) and/or paralyzed before 
ECMO cannulation (98% vs. 72% or 78%), both suggesting 
the use of ECMO later in the disease process. Finally, this 
study included patients from a wide range of both high- 
and low-volume centers, reflecting the broad use of ECMO 
in France during the COVID-19 pandemic.9

We found several factors independently associated with 
in-hospital mortality in our cohort, including older age, liver 
failure (6 mg/dl bilirubin or more) at ECMO cannulation, 
and a duration of ventilation before ECMO cannulation of 
more than 7 days; in contrast, only neuromuscular blocking 
agent use before ECMO was found as a protective factor. 
These findings were consistent with previous studies14,24,27,28 
and could be useful to the bedside clinician. First, they 
emphasize the value of early consideration of ECMO when 
indicated. This finding is particularly important as it can be 
easily modifiable at the bedside. In our cohort, 26% of the 
patients were canulated after 7 days of mechanical ventila-
tion. Thus, the clinicians should be strongly encouraged to 
consider ECMO within 7 days after mechanical ventilation 
initiation. Second, these findings emphasize that ECMO 
support seems less beneficial in the sickest patients, as previ-
ously described for non–COVID-19 ARDS patients.24,27,28 
In our cohort, liver failure at cannulation appears to be an 
especially strong marker of severity, which should alert the 
clinicians before considering ECMO support. Of course, 
only a limited number of patients presented liver failure, 
which underlined that the majority of clinicians are already 
fully aware of the poor results of ECMO support in the sick-
est patients. Third, the data from this study again emphasize 
the comparatively poorer outcomes in older patients who 
received ECMO for COVID-19. Notably, patients of more 
than 70 yr of age were excluded from the U.S. Study of 

table 3. Blood Gases and Ventilator Settings Pre-ECMO the Day of Implantation and the Day after Cannulation

Blood Gases/Settings

nonsurvivors (n = 219) Survivors (n = 210)

Pre-eCMO day  
of Cannulation Post-eCMO day 1

P Value

Pre-eCMO day  
of Cannulation Post-eCMO day 1

P Valueno.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range) no.

Median  
(interquartile 

range)

pH 207 7.31 (7.22–7.37) 209 7.40 (7.34–7.45) 0.010 201 7.35 (7.29–7.41) 206 7.42 (7.37–7.47) < 0.001
Pao2, mmHg 208 64 (57–77) 209 79 (65–101) 0.001 199 65 (54–73) 206 83 (70–106) < 0.001
Paco2, mmHg 206 57 (48–68) 206 44 (40–50) < 0.001 200 54 (45–62) 206 45 (39–50) < 0.001
Fio2, % 210 100 (100–100) 210 70 (50–100) < 0.001 201 100 (100–100) 206 60 (50–80) < 0.001
Pao2/Fio2 ratio, mmHg 208 67 (58–84) 209 116 (90–160) < 0.001 196 67 (57–81) 204 134 (104–208) < 0.001
PEEP, cm H2O 201 12 (10–14) 199 12 (10–14) 0.134 184 12 (10–14) 182 12 (10–14) 0.176
VT, ml/kg ideal body weight 178 5.8 (5.1–6.2) 178 3.2 (2.2–4.5) < 0.001 175 5.9 (5.3–6.3) 185 3.5 (2.6–4.5) < 0.001
Respiratory Rate, breaths/min 183 28 (22–30) 190 16 (12–20) < 0.001 165 28 (20–30) 184 18 (12–20) < 0.001
Plateau pressure, cm H

2O 173 30 (26–33) 171 26 (24–28) < 0.001 158 30 (27–32) 166 25 (23–28) < 0.001
Driving pressure, cm H2O 171 17 (13–21) 168 14 (11–16) < 0.001 156 17 (14–20) 159 12 (11–15) < 0.001

The results are presented as median (interquartile range). The P values are for bivariate analysis between pre- and post-ECMO.
ECMO, extracorporeal membrane oxygenation; Fio2, fractional inspired oxygen tension; PEEP, positive end-expiratory pressure; VT, tidal volume.
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the Treatment and Outcomes in Critically Ill Patients with 
COVID-19.15 Finally, the favorable results in patients in this 
cohort who received neuromuscular blocking agent before 
ECMO cannulation are in line with previous work24 but 
should be interpreted with caution here as the vast majority 

of patients in our cohort received neuromuscular blocking 
agent before ECMO. Indeed, the very few patients who did 
not receive neuromuscular blocking agent before cannula-
tion must be considered outliers whose management may 
have been out of the standard of care.

table 4. Outcomes and Complications on ECMO

Outcomes and Complications no. Full Cohort (n = 429)

Vital Status

P Valuenonsurvivors (n = 219) Survivors (n = 210)

Total ECMO duration, days  12 (8–21) 11 (6–21) 13 (8–21) 0.751
ECMO-free days at day 28, days 414 0 (0–14) 0 (0–0) 14 (6–19) < 0.001
Conversion to venoarterial-venous ECMO 429 9 (2) 8 of 219 (4) 1 of 210 (0) 0.038
Cannulation mode 425    0.823
 Femoro-jugular  388 (91) 196 of 217 (90) 192 of 208 (92)  
 Femoro-femoral  27 (6) 16 of 217 (7) 11 of 208 (5)  
 Bicaval dual lumen  6 (1) 2 of 217 (1) 4 of 208 (2)  
 Not specified  4 (1) 3 of 217 (1) 1 of 208 (0)  
Total ventilation duration, days 390 27 (16–41) 18 (12–34) 31 (24–46) < 0.001
Ventilator-free days at day 28, days 425 0 (0–0) 0 (0–0) 0 (0–4) < 0.001
Tracheostomy 424 90 (21) 11 of 217 (5) 79 of 207 (38) < 0.001
Prone position 425 301 (71) 145 of 216 (67) 156 of 209 (75) 0.089
Respiratory ECMO Survival Prediction score 240 1 (0–3) 1 (0–3) 2 (0–4) < 0.001
Vasoactive/inotropic drugs      
 Norepinephrine 304 255 (84) 154 of 167 (92) 101 of 137 (74) < 0.001
 Epinephrine 305 15 (5) 13 of 168 (8) 2 of 137 (1) 0.012
 Dobutamine 304 16 (5) 11 of 167 (7) 5 of 137 (4) 0.254
Hemorrhagic complications 426 169 (40) 107 of 217 (49) 62 of 209 (30) < 0.001
 Cannula site bleeding  77 (18) 54 of 107 (50) 23 of 62 (37)  
 Gastrointestinal bleeding  26 (6) 20 of 107 (19) 6 of 62 (10)  
 Pulmonary hemorrhage  37 (9) 27 of 107 (25) 10 of 62 (16)  
 Retroperitoneal bleeding  4 (1) 3 of 107 (3) 1 of 62 (2)  
 Massive hemorrhage  20 (5) 15 of 107 (14) 5 of 62 (8)  
Number of packed red blood cells transfused 300 4 (2–8) 6 (3–10) 3 (0–6) < 0.001
Thrombotic complications 427 159 (37) 84 of 217 (39) 75 of 210 (36) 0.522
 Deep vein thrombosis  33 (8) 9 of 84 (11) 24 of 75 (32)  
 Pulmonary embolism  48 (11) 28 of 84 (33) 20 of 75 (27)  
 Circuit clot  66 (15) 32 of 84 (38) 34 of 75 (45)  
 Circuit change  56 (13) 32 of 84 (38) 24 of 75 (32)  
 Membrane lung failure  35 (8) 25 of 84 (30) 10 of 75 (13)  
Neurologic complications 425 47 (11) 41 of 216 (19) 6 of 209 (3) < 0.001
 Seizures  2 (0) 2 of 41 (5) 0 of 6 (0)  
 Ischemic stroke  5 (1) 3 of 41 (7) 2 of 6 (33)  
 Hemorrhagic stroke  38 (9) 35 of 41 (85) 3 of 6 (50)  
acute limb ischemia 424 4 4 (100) 0 (0) 0.124
acute mesenteric ischemia 427 4 4 (100) 0 (0) 0.123
acute kidney injury on ECMO 424 192 (45) 134 of 216 (62) 58 of 208 (28) < 0.001
Renal replacement therapy  149 (35) 104 of 134 (78) 45 of 58 (78)  
Extracorporeal blood purification device 326 50 (15) 34 of 178 (19) 16 of 148 (11) 0.039
Ventilator-associated pneumonia 426 277 (65) 137 of 219 (63) 140 of 210 (67) 0.405
Timing of ventilator-associated pneumonia 169    0.235
 Before ECMO  83 (49) 50 of 94 (53) 33 of 75 (44)  
 after ECMO  86 (51) 44 of 94 (47) 42 of 75 (56)  
Infectious complications 428 235 (55) 112 of 218 (51) 123 of 210 (59) 0.135
 Bacteremia  176 (41) 87 of 112 (78) 89 of 123 (72)  
 Cannula site infection  36 (8) 16 of 112 (14) 20 of 123 (16)  
Infection under ECMO-free days, days* 323 9 (3–21) 7 (2–12) 13 (5–28) < 0.001
ICU duration, days 411 35 (17–54) 18 (10–34) 34 (26–54) < 0.001
ICU-free days at day 28, days 412 0 (0–0) 0 (0–0) 0 (0–2) < 0.001
Hospitalization duration, days 395 35 (17–54) 21 (12–36) 52 (37–71) < 0.001

The results are presented as n (%) or median (interquartile range).
*Infection under ECMO includes ventilator-associated pneumonia, bacteremia, and cannula site infection.
ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit.
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While on ECMO, patients who ultimately died expe-
rienced significantly more hemorrhagic complications, 
neurologic complications (mainly hemorrhagic stroke), 
membrane lung failure, and acute kidney injury than 
patients who survived. We report more frequent bleed-
ing complications than in the U.S. Study of the Treatment 
and Outcomes in Critically Ill Patients with COVID-19 
study (28% vs. 40%) or in the Extracorporeal Life Support 
Organization study, including cannula site bleeding (18% 
vs. 7%, respectively), gastrointestinal hemorrhage (6% vs. 
3%, respectively), and pulmonary hemorrhage (8% vs. 4%, 
respectively). Although our definitions of bleeding events 
were less restrictive, this might be also related to the contem-
poraneous publication of French guidelines on anticoagula-
tion in COVID-19 patients, which recommended elevated 
unfractionated heparin targets in ECMO patients after early 
reports of prothrombotic state in COVID-19 patients.29 Of 
note, the ECMO to Rescue Lung Injury in Severe ARDS 
trial reported 46% of bleeding leading to transfusion. 
Similarly, we observed a higher proportion of hemorrhagic 
stroke (9%) than previously reported (2, 4, and 6% in the 
ECMO to Rescue Lung Injury in Severe ARDS trial, the 
U.S. Study of the Treatment and Outcomes in Critically 
Ill Patients with COVID-19, and the Extracorporeal Life 
Support Organization studies, respectively).

Membrane lung failures were higher than in the 
Extracorporeal Life Support Organization study (12% vs. 
8%), and the higher proportion in the nonsurvivors might 
reflect the hypercoagulopathy pattern described in the 
more severe patients.30 Interestingly, the proportion of acute 
kidney injury (AKI) requiring renal replacement therapy 
(35%) was higher than in the Study of the Treatment and 

Outcomes in Critically Ill Patients with COVID-19 study 
(22%) but lower than in the Extracorporeal Life Support 
Organization study (44%) or the ECMO to Rescue Lung 
Injury in Severe ARDS trial (52%). Nevertheless, as in in 
the Study of the Treatment and Outcomes in Critically Ill 
Patients with COVID-19 study, the proportion of AKI was 
significantly higher in the nonsurvivors, highlighting how 
the development of AKI might be a turning point in the 
trajectories of COVID-19 patients on ECMO.

Critically ill patients with COVID-19 have been found at 
high risk for hospital-acquired infections.31 In non-ECMO 
critically ill patients with COVID-19, ventilator-associated 
pneumonia was found in 25 to 50%, and bacteremia was 
found in 15 to 34%.31,32 However, few data are available in 
COVID-19 patients on ECMO. We found a high propor-
tion of ventilator-associated pneumonia (51%) and bacte-
remia while on ECMO (41%). The Study of the Treatment 
and Outcomes in Critically Ill Patients with COVID-19 
study reported 35% of ventilator-associated pneumonia and 
18% of other documented infections. A similar proportion 
of 39% of ventilator-associated pneumonia on ECMO was 
reported in the ECMO to Rescue Lung Injury in Severe 
ARDS trial. The discrepancy between our study and other 
reports remains to be elucidated. One hypothesis might be 
the difficulty of applying infection control procedures in 
a context of increased workload and a shortage in health-
care workers related to the pandemic surge. Variations in 
ventilator-associated pneumonia definition applications 
and microbiologic sampling methods across ICUs and 
countries might also explain these differences, and further 
studies are mandated to explore these questions. In contrast, 
in our cohort, the cannula site infection proportion (8%) 
was lower than previously described in non–COVID-19 
patients.8,33

A high proportion of patients were cannulated by 
mobile ECMO units in our cohort (45%), similar to the 
percentage previously reported in the Extracorporeal Life 
Support Organization study (47%). Cannulation by mobile 
ECMO unit was not found associated with higher mortal-
ity, highlighting the importance of mobile ECMO program 
to rescue patients hospitalized outside of the referral centers 
as previously suggested.34 Of note, cannulation by a mobile 
ECMO unit was not associated with more cannula site 
bleeding, but more cannula site infections were observed.

Our study has several strengths. This cohort is one of 
the largest samples of patients supported by venovenous 
ECMO for COVID-19–related ARDS published to date. 
Second, the participating centers represented most of the 
ECMO sites available in France, giving this study a good 
representation of the ECMO activity between the end 
of February and September 2020. Additionally, a central 
system was established to coordinate national ECMO 
resources, allowing relocation of consoles and circuits, 
when needed, in the areas the most affected by the virus. 
Third, the wide adherence during the pre-ECMO period 

table 5. Pre-ECMO Variables associated with In-hospital 
Mortality in Multivariable analysis

Variables Hazard ratio (95% Ci)*

Neuromuscular blocking agents† 0.286 (0.101–0.81)
Ventilation duration before ECMO†  
 < 2 days 1
 2–7 days 1.37 (0.89–2.10)
 > 7 days 1.74 (1.07–2.83)
age (10-yr increase)‡ 1.27 (1.07–1.50)
Total bilirubin at implantation‡  
 < 1.2 mg/dl 1
 1.2–1.9 mg/dl 0.88 (0.51–1.50)
 2.0–5.9 mg/dl 1.16 (0.72–1.86)
 ≥ 6.0 mg/dl 2.65 (1.09–6.4)

*Hazard ratio with 95% CI, based on multivariable Cox model of exposure variables 
fully adjusted for all confounders, after multiple imputation (see model 4, Supplemental 
Digital Content 1, table S2, http://links.lww.com/aLN/C809). †Defined as pre-ECMO 
modifiable exposure variables in the model (see Supplemental Digital Content 1,  
fig. S1, http://links.lww.com/aLN/C809). ‡Defined as patient-related confounders and 
pre-ECMO hospitalization-related confounders in the model (see Supplemental Digital 
Content 1, fig. S1, http://links.lww.com/aLN/C809). 
ECMO, extracorporeal membrane oxygenation.
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to known medical interventions in ARDS patient manage-
ment, such as protective ventilation, prone positioning, or 
neuromuscular blocking agent infusions, must be empha-
sized. These data strengthen the fact that in our cohort, 
ECMO support was proposed to highly severe patients 
as a rescue therapy after adequate management. Fourth, 
the multicenter design enables generalization of the data. 
Finally, the database quality was regularly assessed by dedi-
cated data managers.

However, there are some limitations. Despite broad rep-
resentation among French ECMO centers, the cohort did 
not include all ECMO centers, creating potential selection 
bias. Within our cohort, a significant proportion (26%) 
of patients came from a single center in Paris, which is a 
high-volume ECMO center and is also located in an area 
that was severely affected by the pandemic. In addition, at 
the time of the database lock, 34 patients (8%) were still 
hospitalized, leading to a possible underestimation of the 
in-hospital mortality. Further, as an observational study 
relying on patients’ medical records, this study might be 
subject to information bias. There were no specific rec-
ommendations on cannulation or management of ECMO, 
introducing variability in management across the study 
population. However, because we anticipated regional dif-
ferences in the burden of the pandemic, as well as exper-
tise disparities between participating centers, centers were 
included as a random effect using a γ frailty model in the 
Cox model. Additionally, considering that the vast majority 
of patients in our cohort received neuromuscular block-
ing agent before ECMO, we underline that the association 
found between neuromuscular blocking agent use and sur-
vival must be interpreted with caution. Finally, it is worth 
remembering that our study analyzed only patients already 
receiving ECMO, and thus the results obtained might not 
be fully relevant in a general population of severe COVID-
19 patients.

In conclusion, this analysis of the ECMOSARS regis-
try provides results and outcomes of COVID-19–related 
respiratory failure patients supported by venovenous 
ECMO between February and September 2020 in France. 
In-hospital mortality was higher than recently reported in 
a multicenter international cohort, but nearly half of the 
patients survived. A high proportion of patients were can-
nulated by mobile ECMO unit without negative impact 
on mortality. Several factors associated with mortality 
were identified, which may help to guide future clinical 
decision-making. In particular, venovenous ECMO sup-
port should be considered early, within the first week of 
mechanical ventilation initiation.
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The Stars Align in Support of Morton’s “Anaesthesia”

“Never before…did such a brilliant galaxy of medical and surgical talent unite on any one measure.” Penned 
by the brightest stars of Massachusetts General Hospital in 1852, a petition to the United States Congress 
(right) shined a favorable light on Morton, who in a quest for recognition had ignited a national controversy 
over primacy for the discovery of surgical anesthesia. These medical luminaries declared “that, in their opinion, 
Dr. William T.G. Morton first proved to the world that ether would produce insensibility to the pain of surgi-
cal operations… [and asked for] recognition by [U.S.] Congress of his services to his country and mankind.” 
Among these leading lights were John C. Warren, M.D. (upper left), founding father of Massachusetts General 
Hospital and senior surgeon on Ether Day; Henry J. Bigelow, M.D. (middle left), surgeon and organizer of that 
celebrated day; and Oliver W. Holmes, M.D. (lower left), physician-poet who bestowed the name “anaesthesia” 
onto this new discovery. Whether this was a true endorsement of Morton or the medical discovery that ele-
vated surgical practice may be lost among the stars. (Copyright © the American Society of Anesthesiologists’ 
Wood Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)
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editOr’S PerSPeCtiVe

What We Already Know about This Topic

• Clinical data suggest improved outcome with a restrictive fluid pro-
tocol in adults suffering from acute respiratory distress syndrome; 
due to very limited data, it is unclear whether this also applies to 
pediatric acute respiratory distress syndrome

• The effects of fluid management on diaphragmatic function in pedi-
atric acute respiratory distress syndrome, a key factor in successful 
ventilator weaning, are unknown

What This Article Tells Us That Is New

• Using an ovine model of pediatric acute respiratory distress syn-
drome with lung-protective ventilation, the authors compared a 
strict restrictive fluid strategy with norepinephrine to a liberal fluid 
strategy over a 6-h period evaluating transdiaphragmatic pressure 
over a wide range of positive end-expiratory pressure levels along 
with evaluation of diaphragm microcirculation, histology, and bio-
markers reflective of inflammation and oxidative stress

• Baseline measurements of transdiaphragmatic pressures before 
lung injury showed an inverse relationship with increasing positive 
end-expiratory pressure

• Fluid restriction significantly reduced transdiaphragmatic pressures 
at positive end-expiratory pressure levels of 5 and 10 cm H

2
O but 

not at 15 or 20 cm H
2
O

• Microvessel density was significantly reduced, although the histology 
and markers of inflammation and oxidative stress were not affected

Critical illness–associated diaphragm weakness develops 
in the majority of mechanically ventilated critically 

ill patients and may be associated with difficult weaning, 

prolonged duration of mechanical ventilation, and even an 
increase in mortality.1–5 In addition to mechanical venti-
lation, other risk factors for this phenomenon have been 
identified.6 However, the effects of fluids have not been 
described in the literature so far. This seems remarkable 
as fluid resuscitation remains the cornerstone in hemo-
dynamic resuscitation in critically ill children. Therefore, 
to clarify the mechanism involved in critical illness– 
associated diaphragm dysfunction, the role of fluids in  
diaphragm function needs to be investigated.

In mechanically ventilated children with pediatric acute 
respiratory distress syndrome (ARDS), hemodynamic 

aBStraCt
Background: The effect of fluid management strategies in critical illness–
associated diaphragm weakness are unknown. This study hypothesized that 
a liberal fluid strategy induces diaphragm muscle fiber edema, leading to 
reduction in diaphragmatic force generation in the early phase of experimental 
pediatric acute respiratory distress syndrome in lambs.

Methods: Nineteen mechanically ventilated female lambs (2 to 6 weeks old) 
with experimental pediatric acute respiratory distress syndrome were ran-
domized to either a strict restrictive fluid strategy with norepinephrine or a 
liberal fluid strategy. The fluid strategies were maintained throughout a 6-h 
period of mechanical ventilation. Transdiaphragmatic pressure was measured 
under different levels of positive end-expiratory pressure (between 5 and 
20 cm H

2
O). Furthermore, diaphragmatic microcirculation, histology, inflam-

mation, and oxidative stress were studied.

results: Transdiaphragmatic pressures decreased more in the restrictive 
group (–9.6 cm H

2
O [95% CI, –14.4 to –4.8]) compared to the liberal group 

(–0.8 cm H
2
O [95% CI, –5.8 to 4.3]) during the application of 5 cm H

2
O posi-

tive end-expiratory pressure (P = 0.016) and during the application of 10 cm 
H

2
O positive end-expiratory pressure (–10.3 cm H

2
O [95% CI, –15.2 to –5.4] 

vs. –2.8 cm H
2
O [95% CI, –8.0 to 2.3]; P = 0.041). In addition, diaphragmatic 

microvessel density was decreased in the restrictive group compared to the 
liberal group (34.0 crossings [25th to 75th percentile, 22.0 to 42.0] vs. 46.0 
[25th to 75th percentile, 43.5 to 54.0]; P = 0.015). The application of positive 
end-expiratory pressure itself decreased the diaphragmatic force generation 
in a dose-related way; increasing positive end-expiratory pressure from 5 
to 20 cm H

2
O reduced transdiaphragmatic pressures with 27.3% (17.3 cm 

H
2
O [95% CI, 14.0 to 20.5] at positive end-expiratory pressure 5 cm H

2
O vs. 

12.6 cm H
2
O [95% CI, 9.2 to 15.9] at positive end-expiratory pressure 20 cm 

H
2
O; P < 0.0001). The diaphragmatic histology, markers for inflammation, and 

oxidative stress were similar between the groups.

Conclusions: Early fluid restriction decreases the force-generating capac-
ity of the diaphragm and diaphragmatic microcirculation in the acute phase  
of pediatric acute respiratory distress syndrome. In addition, the application of 
positive end-expiratory pressure decreases the force-generating capacity of 
the diaphragm in a dose-related way. These observations provide new insights 
into the mechanisms of critical illness–associated diaphragm weakness.

(ANESTHESIOLOGY 2022; 136:749–62)

Early Restrictive Fluid 
Strategy Impairs the 
Diaphragm Force in Lambs 
with Acute Respiratory 
Distress Syndrome
Marloes M. Ijland, M.D., Saranke A. Ingelse, M.D., Ph.D.,  
Lex M. van Loon, M.Sc., Ph.D., Merijn van Erp,  M.Sc.,  
Benno Kusters, M.D., Ph.D., Coen A. C. Ottenheijm, Ph.D.,  
Matthijs Kox, Ph.D., Johannes G. van der Hoeven, M.D., Ph.D.,  
Leo M. A. Heunks, M.D., Ph.D., Joris Lemson, M.D., Ph.D.    
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instability may develop due to an increased pulmonary 
vascular resistance and the application of high positive end- 
expiratory pressure (PEEP) with subsequent negative effects  
on the venous return. This is often counteracted by fluid 
loading using intravenous fluids.7 However, an association 
between fluid overload in the first few days of pediatric 
ARDS and deterioration of oxygenation due to alveolar 
edema and adverse outcomes, such as fewer ventilator-free 
days, have been reported.8–11 In adults with ARDS, early 
fluid restriction seems beneficial with regard to lung func-
tion, ventilator-free days, and organ failure–free days.12 
Recently, a delay in weaning from the ventilator and an 
inability to ambulate at hospital discharge have been 
described in survivors of septic shock with volume over-
load.13 The question of by what mechanism fluid overload 
might influence this outcome remains unanswered. It has 
been hypothesized that changes at the cellular level, such 
as edema of skeletal myocytes, swelling of mitochondria in 
skeletal muscle fibers, and endomysial edema, may contrib-
ute to muscle fiber damage, indirectly influencing muscle 
force.14,15 In addition, as fluids might also exert their effects 
on the microcirculation,16 their effect on the diaphragm 
microcirculation is of interest but unknown so far.

We developed an experimental animal model of pediatric 
ARDS in which we assessed the early effects of a restrictive 

versus a liberal fluid strategy on diaphragmatic function. We 
hypothesized that a liberal fluid strategy induces edema for-
mation of diaphragm muscle fibers, leading to a reduction 
in diaphragmatic force–generating capacity.

Materials and Methods
This study was part of an extensive experiment with the 
same research design but with different research questions 
all focused on the cardiopulmonary effects of fluid strategy 
during experimental pediatric ARDS.17 The current study 
focused on the effects of a restrictive fluid strategy versus 
a liberal fluid strategy on diaphragm structure and func-
tion. The effect of a contraction stimulus on the transdia-
phragmatic pressures and the formation of diaphragmatic 
muscle fiber edema were the primary outcomes. Secondary 
outcomes were changes in diaphragmatic microcirculation, 
inflammation, and oxidative stress and the direct effect of the 
application of PEEP on the transdiaphragmatic pressures.

Procedures involving animal data, anesthetics, mechani-
cal ventilation, and surgical techniques were performed in 
accordance with previously described methods.17 See appen-
dix in the Supplemental Digital Content 1(http://links.
lww.com/ALN/C802) for further details. Experimental 
details concerning the current study are mentioned sepa-
rately in this article.

Ethical Statement

This study was approved by the local ethics committee on 
animal research of the Radboud University Medical Center 
(Nijmegen, The Netherlands; license No. RU-DEC 2016-
0089) and was performed in accordance with the Dutch 
and European legal requirements on the use and protec-
tion of laboratory animals. The experimental procedures 
were designed to minimize the number of animals used, as 
well as to minimize animal suffering. The Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines 
for animal research were followed.18

Animals

Twenty-one female lambs with a mean weight of 12.7 kg 
(95% CI, 10.6 to 14.8) and approximately 2 to 6 weeks 
of age were studied. The lambs were of the Texelaar–
Flevolander breed, except one that was a Romanov lamb 
due to unavailability of a Texelaar–Flevolander lamb. Only 
female lambs were used as precise urine production mon-
itoring (in the context of fluid balance) was important for 
this study, and urethral catheterization is more difficult in 
male lambs.

Instrumentation and Data Acquisition
Force-generating Capacity of the Diaphragm. For the esti-
mation of pleural pressure,19 an air-filled balloon catheter 
(5-French, Cooper Surgical, USA) was positioned in the 
esophagus. Catheter positioning and validation were per-
formed according to a recent consensus statement.20 Briefly, 

This article is featured in “This Month in Anesthesiology,” page A1. This article is accom-
panied by an editorial on p. 672. Supplemental Digital Content is available for this article. 
Direct URL citations appear in the printed text and are available in both the HTML and 
PDF versions of this article. Links to the digital files are provided in the HTML text of 
this article on the Journal’s Web site (www.anesthesiology.org). This article has a video 
abstract. This article has a visual abstract available in the online version.
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after positioning, the balloon was inflated with 1 ml of air.21–23  
The intragastric position of the balloon was confirmed by 
the visualization of positive deflections of balloon pressure 
during external compression of the left upper abdominal 
quadrant. Subsequently, the catheter was withdrawn until 
cardiac artefacts appeared on the pressure tracings, indicat-
ing that the balloon was placed in the lower third of the 
esophagus.

Equilibration of the system with ambient pressure was 
performed before each measurement (at baseline and 
after 6 h). To validate the correct position of the balloon, a 
dynamic occlusion test was performed. This was performed 
by measuring the ratio of change in esophageal pressure 
(∆P

eso
) to the change in airway opening pressure (∆P

aw
) 

during three spontaneous inspiratory efforts against a closed 
airway at end expiration. Catheter inflation was acceptable 
if ∆P

es
/∆P

aw
 ratio was between 0.8 and 1.2.19,24

Via a small laparotomy of 1 to 2 cm, a second pressure 
balloon catheter (5-French, Cooper Surgical, USA) was 
placed in the right upper abdominal cavity for measuring 
intraabdominal pressure, after which the abdominal wall 
was closed. Transdiaphragmatic pressures were used to esti-
mate the force-generating capacity of the diaphragm and 
were calculated as transdiaphragmatic pressure (cm H

2
O) = 

intraabdominal pressure (cm H
2
O) – P

eso
 (cm H

2
O).

The phrenic nerves were stimulated at baseline and after 
6 h of mechanical ventilation by bilateral transvenous stimu-
lation with a fixed frequency of 40 Hz, a fixed pulse width of 
210 μs, an intermittent stimulation of 1 to 2 s on and 2 to 3 s 
off,25 and a fixed supramaximal stimulation (70 V). For this 
reason, an electric stimulation catheter (IBI-81102, decapo-
lar 6 French, electrode spacing: 2-5-2 mm, St. Jude Medical, 
USA) was placed in the brachiocephalic vein via the left 
internal jugular vein for bilateral transvenous phrenic nerve 
pacing. In feasibility experiments before the current study, 
the optimal position of the catheter was determined with 
the pacing electrodes at the transition of the brachiocephalic 
and superior caval vein as, in lambs, the left and right phrenic 
nerves are positioned close to each other at that point. At 
this point, maximal bilateral stimulation of the diaphragm 
was obtained, leading to maximal negative esophageal pres-
sures and clinically visual bilateral diaphragm contraction. 
The stimulation catheter was connected via an 8-pin exten-
sion cable (model 990066, Medtronic Inc., The Netherlands) 
and electrode switch box (model 19038, Medtronic Inc.) to 
an external neurostimulator (model 37022, Medtronic Inc.) 
and programmed via an N’Vision clinician programmer 
(model 8840, Medtronic Inc.).

Microcirculation of the Diaphragm

For quantification of the microcirculation of the diaphragm, 
a video microscope based on incident dark-field (IDF) 
imaging (Cytocam, Breadius Medical, The Netherlands) 
was placed at the left side of the diaphragm via the abdom-
inal cavity by reopening the closed laparotomy at the end 
of the experiment before euthanasia. For optimal imaging 

of the diaphragm, transparent silicone oil (Oxane 5700, 
Bausch and Lomb, USA) was placed on the surface of the 
video microscope. Five sequences of steady 10-s clips were 
obtained from the diaphragm microcirculation while avoid-
ing pressure artefacts with the video microscope.

A blinded investigator (L.M.v.L.) scored the captured 
IDF clips according to the Microcirculation Image Quality 
Score defined by Massey and Shapiro26 and Massey et al.27 
In short, the images were scored on six categories: illumi-
nation, duration, focus, content, stability, and pressure. The 
videos were assigned a score of 0 = good, 1 = acceptable, 
or 10 = unacceptable for each category. Any video with a 
composed score of 10 or higher was discarded from future 
analysis.

Image acquisition was performed according to published 
consensus criteria.28 The videos were assessed on microvas-
cular flow index and microvascular density. Quantification 
of flow (microvascular flow index) was based on determi-
nation of the predominant type of flow in four quadrants, 
categorized as 0 = no flow, 1 = intermittent flow, 2 = 
sluggish flow, and 3 = continuous flow. The values of the 
four quadrants were averaged. Microvascular density was 
calculated as the number of vessels crossing arbitrary lines 
divided by the total length of these lines (i.e., number of 
crossings).

Ventilatory and Hemodynamic Parameters

Ventilation parameters were acquired using Servo Tracker 
(version 4.1, Maquet, Sweden), a software tool for the 
collection and presentation of performance data from 
Servo-i (Maquet). These recorded signals were analyzed 
using custom-written MATLAB scripts (Matlab R2017b, 
MathWorks Inc., USA).

Plateau pressure (P
plat

) was determined as the airway pres-
sure when the flow became 0 during an inspiratory occlusion. 
Total PEEP (PEEP

tot
) was determined as the airway pressure 

when flow became 0 during an expiratory occlusion. Driving 
pressure was defined as P

plat
−PEEP

tot
. Static lung mechanics 

were collected and defined as follows: lung compliance (ml/
cm H

2
O), tidal volume (V

T
)/(P

plat
−P

eso
, end-inspiratory)−

(PEEP
tot

−P
eso

, end-expiratory); chest compliance (ml/cm 
H

2
O), V

T
/(P

eso
,end-inspiratory−P

eso
, end-expiratory); airway 

resistance (cmH
2
O/L/s), Peak airway pressure (P

MAX
)−P

plat
/

flow; transpulmonary pressure at end exhalation (cm H
2
O), 

PEEP−P
eso

, end-expiratory. The hemodynamic parameters 
were collected using a PiCCO device (Pulsion Medical 
Systems, Germany) for measuring intraarterial blood pres-
sure and cardiac output via a transpulmonary thermodilution 
method according to previously described methods.29

Experimental Protocol

The experimental protocol was previously described in 
detail.17 In summary, the animals (n = 19) were randomized 
into two groups receiving either a restrictive (n =10) or a 
liberal (n = 9) fluid regimen (fig. 1). Randomization was 
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conducted by drawing from randomly generated treatment 
allocations within sealed opaque envelopes. Subsequently, 
these animals received intravenous oleic acid into the right 
jugular vein catheter to induce acute lung injury as a model 
for pediatric ARDS.30,31 Also, two randomly chosen ani-
mals were taken as controls. These animals did not receive 
oleic acid to induce ARDS but only received anesthesia and 
mechanical ventilation to observe the effects of the anes-
thetics and mechanical ventilation on the studied outcome 
parameters.

During the 6-h study period of mechanical ventilation, 
the animals in the liberal group received fluids at a mainte-
nance of 120 ml · kg–1 · day–1, and the animals in the restrictive 
group received 60 ml · kg–1 · day–1. In case of hemodynamic 
instability, defined as blood pressure and cardiac output at 
less than 80% of baseline values, the liberal group was resus-
citated mainly with Ringer’s lactate and whole blood, and 
the restrictive group was resuscitated mainly with norepi-
nephrine. During the experiment, the aim was to keep the 
hematocrit within the same range compared to baseline val-
ues in all animals. If the hematocrit declined 10% or more, a 
whole-blood transfusion was administered.

The animals were ventilated in a volume-controlled 
mode according to the principles of protective lung ven-
tilation aiming V

T
 between 6 and 8 ml/kg and limiting 

inspiratory plateau pressures of less than 30 cm H
2
O.32 The 

Paco
2
 target was set between 4.5 and 6.0 kPa by adjusting 

the ventilatory parameters with respect to a maximum V
T
 

of 8 ml/kg. Permissive hypercapnia was accepted if the pH 
remained acceptable (greater than 7.20) to keep the V

T
 at 

or less than 8 ml/kg. PEEP was set according to the lower 
PEEP titration model according to the ARDS network 
ventilatory protocol.33

It was expected that, in contrast to the restrictive group, 
the animals in the liberal fluid group would need higher 
levels of PEEP due to the development of pulmonary 
edema with subsequent compression atelectasis resulting in 
changes in the end-expiratory lung volume. Changes in the 
end-expiratory lung volume will influence the position of 
the diaphragm, subsequently affecting the force-generating 
capacity of the diaphragm.34 Since we aimed to study the 
diaphragm function under equal circumstances, the trans-
diaphragmatic stimulation was performed at various levels 
of PEEP in both groups. In doing so, at baseline and after 
6 h of mechanical ventilation, diaphragmatic stimulations 
were performed, during an occlusion test (expiratory hold) 
at PEEP levels of 5, 10, 15, and 20 cm H

2
O. During these 

measurements, PEEP was applied in increasing order (PEEP 
5-10-15-20 cm H

2
O) and immediately afterward in reverse 

order (PEEP 20-15-10-5 cm H
2
O) to evaluate consistency 

in the force-generating capacity of the diaphragm. The 
average of three measurements was calculated.

Fig. 1. Flow chart showing the experimental protocol with the number of animals used (n) and included in the study. Two animals in the 
restrictive group and one animal in the restrictive group died. At baseline (T = 0) and after 6 h (T= 6) of mechanical ventilation, the diaphragm 
was stimulated under different levels of positive end-expiratory pressure (PEEP; 5, 10, 15, and 20 cm H2O). iv, intravenous.
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Before the end of the experiment (after 6 h of mechan-
ical ventilation,  just before euthanasia), diaphragmatic 
microcirculation was obtained. At the end of the experi-
ment, the lambs were euthanized with intravenous pento-
barbital (150 mg/kg). After euthanasia, the whole diaphragm 
was immediately dissected, and biopsies were obtained for 
histological measurements.

Biopsy Handling

Full-thickness biopsies were obtained from the same region of 
the right anterior costal diaphragm lateral to the insertion of 
the phrenic nerve in all animals (Supplemental Digital Content 
2, http://links.lww.com/ALN/C803). Muscle biopsies were 
frozen immediately in liquid isopentane for histochemistry 
and collected in 4% buffered formalin for paraffin embedding. 
Paraffin sections stained with hematoxylin and eosin were 
prepared from longitudinal sectioned muscle fibers. For his-
tochemistry, transverse sections of the muscle fibers were used 
as these sections yield much more information than longitu-
dinal sections for light microscopy.35 Frozen cryostat sections 
(5 mm thick) were used for staining with hematoxylin and 
eosin and for immunohistochemistry using antibodies clones 
BAD-5 and Sc-71, directed against the slow (type 1) and fast 
(type 2) isoforms of myosin heavy chain, respectively. These 
cryosections were rehydrated for 10 min in phosphate buffer 
and subsequently blocked with phosphate buffer containing 
0.3% (w/v) bovine serum albumin. Endogenous peroxidase 
activity was blocked by treatment in 3% hydrogen peroxide 
in phosphate-buffered saline for 20 min. After preincubation 
with phosphate buffer containing 0.3% (w/v) bovine serum 
albumin 1%, the cryosections were incubated with the primary 
antibody for 1 h at room temperature, rinsed in phosphate-buff-
ered saline, and incubated with a biotin-conjugated rabbit 
antimouse antibody for 1 h at room temperature. Subsequently 
the sections were incubated with Avidin-Biotin Complex 
kits (VECTASTAIN PK6100, Brunschwig Chemistry, The 
Netherlands) for 1 h. The peroxidase activity was visualized by 
staining with diaminobenzidine as substrate.

To objectively quantify slow and fast twitch fibers, the 
Fiji image-processing package (Jug and Tomancak, Max 
Planck Institute of Molecular Cell Biology and Genetics, 
Germany) was used.36 A Fiji macro was created and automat-
ically applied to all images. The Fiji macro first uses median 
filtering and thresholding to separate the marked parts of the 
image from the background. This foreground mask is next 
processed by reducing the number of small holes that result 
from uneven marking in cells. Finally, a distance transform 
watershed is used to segment the foreground mask into 
individual cell segments, which are counted and measured. 
Manually annotated images were used to verify the macro 
output and to optimize the parameters used in the macro.

Inflammatory Mediators and Oxidative Stress

To determine inflammatory mediators and oxidative stress, 50- 
to 100-mg frozen cryostat diaphragm biopsies were dissolved 

in a tissue protein extraction buffer and protease inhibitor 
cocktail. After obtaining homogenate, the proinflammatory 
cytokines (interleukins 1β, 6, and 8 and tumor necrosis fac-
tor α) and anti-inflammatory cytokines (interleukin 10) 
were determined using a multiplex cytokine panel (Luminex 
kit; SCYT1-91K, MILLIPLEX ovine cytokine/chemok-
ine panel 1, Merck Chemicals B.V., The Netherlands). The 
lower limits of quantification for the cytokines were 25.6 pg/
ml (interleukin 1β), 15.4 pg/ml (interleukin 6), 1.54 pg/ml 
(interleukin 8), 96 pg/ml (tumor necrosis factor α), and 3.2 
pg/ml (interleukin 10). Oxidative stress was determined by 
measuring malondialdehyde, which is produced due to the 
oxidation of fatty acids, using the thiobarbituric acid reactive 
substances assay kit (ZeptoMetrics, Bio-connect B.V., The 
Netherlands). The cytokine and malondialdehyde data were 
normalized to total protein content (measured using a bicin-
choninic acid protein assay kit; Thermo Scientific, USA) and 
expressed as picogram per milligram protein (cytokines) or 
nanomoles per milligram protein (malondialdehyde).

Statistical Analysis

Statistical analysis was performed with SPSS (version 25.0; 
IBM, USA) and GraphPad Prism (version 5.03; GraphPad, 
USA). Continuous variables were presented as medians 
(25th to 75th percentile) unless otherwise specified, and 
comparison between groups was performed by Mann–
Whitney U tests.

Mixed model analysis was conducted for hypothesis test-
ing in which we included a random intercept for sheep and 
accounted for repeated measurements and multiple infer-
ences for PEEP. We adjusted for baseline values of PEEP 
and accounted for multiple testing (Bonferroni). The data 
are presented as the estimated marginal means with 95% CI.

The minimal sample size was taken to detect a difference in 
transdiaphragmatic pressure of 4 cm H

2
O, with an SD of 2.6.37 

Considering an α error 0.05 and a power of 80%, a sample size 
of seven lambs was required in each randomization arm of the 
study. To compensate for possible dropouts, the sample size was 
increased with two to three lambs in each arm of the study. A 
two-sided P value of less than 0.05 was considered statistically 
significant. In the study, n refers to number of animals.

Availability of Data and Materials

The data sets analyzed during the current study are available 
from the corresponding author on reasonable request.

results
Characteristics

Three of nineteen lambs died prematurely due to refrac-
tory circulatory deterioration after oleic acid induction. 
Because measurement of the transdiaphragmatic pressures 
at 6 h could not be performed in these animals, they were 
excluded from the final analysis. At baseline, mechanical 
ventilation settings were similar between the two groups, 
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and both groups developed a clinical comparable mod-
erate pediatric ARDS (table  1). As expected, the control 
animals (n = 2) did not develop clinical signs of ARDS, 
and the characteristics of these animals are portrayed in 
Supplemental Digital Content 3 (http://links.lww.com/
ALN/C804). At the end of the experiment, the cumula-
tive fluid balance in the liberal group (liberal vs. restrictive: 
86.0 ml/kg vs. 23.3 ml/kg; P < 0.001) and the cumulative 
dose of norepinephrine in the restrictive group (restrictive 
vs. liberal group: 130.7 µg/kg vs. 64.9 µg/kg; P = 0.001) 
were significantly higher.17

Effect of Fluids on Transdiaphragmatic Pressures

The baseline transdiaphragmatic pressures for the individ-
ual lambs are shown in Supplemental Digital Content 4 
(http://links.lww.com/ALN/C846). Overall, there was 
a significant difference for intervention (P < 0.05). The 
pressure-generating capacity of the diaphragm after 6 h of 
mechanical ventilation decreased more in the restrictive 
group (–9.6 cm H

2
O [95% CI, –14.4 to –4.8]) compared 

to the liberal group (–0.8 cm H
2
O [95% CI, –5.8 to 4.3]) 

during the application of 5 cm H
2
O PEEP (P = 0.016) and 

during the application of 10 cm H
2
O PEEP (–10.3 cm H

2
O 

[95% CI, –15.2 to –5.4] vs. –2.8 cm H
2
O [95% CI, –8.0 

to 2.3]; P = 0.041; fig.  2A). No significant difference in 

absolute transdiaphragmatic pressure after 6 h of mechanical 
ventilation between the two groups was observed for the 
higher levels of PEEP (15 and 20 cm H

2
O PEEP; fig. 2A).

The mean estimated transdiaphragmatic pressure 
decreased for each applied PEEP level in the restrictive group 
contrary to the liberal group, although the change was not 
statistically significant for PEEP 20 cm H

2
O (fig.  2B). No 

differences in the transdiaphragmatic pressures were observed 
with the application of the same level of PEEP when applied 
in an increasing (PEEP 5-10-15-20 cm H

2
O) or decreasing 

order (PEEP 20-15-10-5 cm H
2
O; data not shown).

Effects of Fluids on Diaphragmatic Microcirculation

In two animals (restrictive group: n = 1; liberal group: n = 1),  
no microcirculation could be assessed due to technical 
problems with the video microscope. There was a signif-
icant decrease in the density of the present microvessels, 
expressed as the number of crossings, in animals receiving 
a restrictive fluid regimen (34.0 [25th to 75th percen-
tile,  22.0 to 42.0]) compared to animals receiving lib-
eral fluids (46.0 [25th to 75th percentile,  43.5 to 54.0];  
P = 0.015). The difference in microvascular flow between 
the two groups was not significant (P = 0.176; fig.  3, A 
and B). Representative still images of microvascular flow are 
shown in fig. 3, C and D.

table 1. Characteristics of the Intervention Groups

 
liberal Group

(n = 8)
restrictive Group

(n = 8) P Value

Sex, female 8 (100) 8 (100)  
Body weight, kg 10.0 (7.6 to 17.6) 14.0 (10.8 to 17.9) 0.382
Ventilator settings (time, baseline)    
 V

T, ml/kg 7.9 (6.7 to 8.3) 6.8 (6.3 to 7.6) 0.234
 Total PEEP, cm H2O 3.6 (3.3 to 4.2) 3.6 (2.8 to 4.3) 0.645
 Fio2 0.45 (0.4 to 0.5) 0.50 (0.5 to 0.5) 0.161
 Driving pressure, cm H2O 7.8 (5.8 to 9.4) 8.0 (7.4 to 9.9) 0.442
 Plateau pressure, cm H2O 11.3 (9.5 to 13.0) 11.6 (10.7 to 13.4) 0.505
 Lung compliance, ml/cm H2O* 32.6 (16.8 to 82.4) 26.3 (16.7 to 32.5) 0.383
 Chest wall compliance, ml/cm H2O* 21.3 (14.5 to 30.5) 26.2 (16.8 to 31.5) 0.383
 Airway resistance, cm H2O · ml–1 · s–1 39.9 (26.8 to 47.3) 33.1 (29.5 to 56.7) 0.574
 Transpulmonary pressure end exhalation, cm H2O* 1.51 (0.45 to 2.26) 0.43 (–0.43 to 2.63) 0.318
Ventilator settings (time, 6 h after baseline)    
 V

T, ml/kg 7.6 (7.2 to 8.6) 7.7 (6.9 to 8.5) 0.878
 Total PEEP, cm H2O 10.4 (9.0 to 11.5) 11.8 (8.1 to 12.8) 0.878
 Fio2 0.7 (0.5 to 0.7) 0.8 (0.6 to 1.0) 0.189
 Driving pressure, cm H2O 13.5 (12.3 to 6.4) 15.1 (13.1 to 20.7) 0.382
 Plateau pressure, cm H2O 24.6 (21.3 to 28.7) 26.0 (21.8 to 33.4) 0.505
 Lung compliance, ml/cm H2O* 7.5 (6.0 to 18.8) 9.7 (7.8 to 14.1) 0.620
 Chest wall compliance, ml/cm H2O* 27.3 (15.7 to 30.8) 27.6 (18.8 to 35.6) 0.620
 Airway resistance, cm H2O · ml–1 · s–1 72.4 (48.5 to 86.4) 58.1 (38.1 to 65.8) 0.279
 Transpulmonary pressure end exhalation, cm H2O* 0.44 (0.03 to 2.57) 2.68 (1.13 to 3.61) 0.073
Pao2/Fio2 ratio, mmHg    
 Time, baseline 416 (220 to 540) 269 (228 to 432) 0.328
 Time, 6 h after baseline 185 (129 to 232) 187 (102 to 261) 0.955

The results are presented as medians (25th to 75th percentile) or number (%). The transpulmonary pressure at end exhalation is equal to PEEPtot minus the end-expiratory esophageal 
pressure.
*n = 7 in both groups due to missing value of esophageal pressure measurement.
Fio2, fractional inspired oxygen tension; PEEP, positive end-expiratory pressure; VT, tidal volume.
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Fig. 2. Between-group difference in transdiaphragmatic pressures changes (A) and within-group differences in transdiaphragmatic pressures 
(B) during 6 h of mechanical ventilation for different levels of positive end-expiratory pressure (PEEP; in cm H2O). (A) +P = 0.016; *P = 0.042 
compared to same level of PEEP in the liberal group. Bonferroni was applied for multiple testing. PEEP, intervention, and the interaction between 
PEEP and intervention were defined as fixed factors. Adjustment for the baseline value of PEEP was performed. (B) *P = 0.001; +P < 0.001;  
ⱡP = 0.007; ^P = 0.113. Bonferroni was applied for multiple testing. A full factorial design for PEEP, intervention, and time was applied. The 
results are displayed as estimated marginal means with 95% CI. 

Fig. 3. Microcirculation diaphragm. (A) Median density of microvascular vessels. *P = 0.015. (B) Median flow index of the diaphragm at the 
end of the experiment (6 h after baseline). The data are expressed as the median with whiskers representing the minimum and maximum. 
Shown are representative still images of the diaphragmatic microcirculation in the liberal (n = 7; C) and restrictive (n = 7; D) fluid strategy. 
(D) shows fewer small vessels (mostly capillaries) than (C). Arrows, venule; triangles, capillary.
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Effect of PEEP on Transdiaphragmatic Pressures

When studying the effect of diaphragm stimulation at vari-
ous levels of PEEP, it was observed that increasing the PEEP 
level caused a decline in the generated transdiaphragmatic 
pressure. To establish the effect of the level of PEEP on the 
transdiaphragmatic pressures without the effect of induced 
pediatric ARDS or fluids, we used the baseline measure-
ments of the entire group (restrictive and liberal group 
together) because in both groups, no difference in treat-
ment existed at that time. High levels of PEEP caused a sig-
nificant reduction in transdiaphragmatic pressures (fig. 4). 
For example, an acute increase in PEEP from 5 to 20 cm 
H

2
O PEEP reduced transdiaphragmatic pressures by 27.3% 

(17.3 cm H
2
O [95% CI, 14.0 to 20.5] vs. 12.6 cm H

2
O [95% 

CI, 9.2 to 15.9]; P < 0.0001).

Histopathologic Findings

Standard hematoxylin and eosin staining did not show 
considerable endomysial edema or vacuolization of muscle 
fibers, especially not in the liberal group (fig. 5). As expected 
in this time window, no modification in the myosin heavy 
chain isoform expression profile occurred between the 
groups as the percentages of type 1 and type 2 muscle fibers 
were not different.

Quantification of fiber size in type 1 and type 2 fiber 
populations did not reveal significant differences between 
the groups. The median cross-sectional areas of slow-twitch 

(type 1) and fast-twitch fibers (type 2) in the liberal group 
were 470 µm2 (interquartile range, 342 to 522) and 458 µm2 
(interquartile range, 309 to 500), respectively, and for the 
restrictive group, 498 µm2 (interquartile range, 379 to 687) 
and 467 µm2 (interquartile range, 368 to 574), respectively 
(fig. 6). The groups did not differ with respect to fiber pro-
portion (%) and the numerical proportions or area fractions 
of slow-twitch (I) and fast-twitch fibers (fig. 6).

Inflammatory Mediators and Oxidative Stress

The diaphragmatic levels of proinflammatory cytokines 
interleukins 1β, 6, and 8 and tumor necrosis factor α, as well 
as the anti-inflammatory cytokine interleukin 10, were sim-
ilar between the groups (fig. 7). Furthermore, no between-
group differences in the concentration of malondialdehyde 
in diaphragm tissue were observed (fig. 7).

discussion
A restrictive fluid regimen causes a decline in diaphrag-
matic muscle force compared to a liberal fluid regimen. 
Contrary to our hypothesis, we observed that the use of a 
liberal fluid strategy did not lead to the formation of edema 
in or around the diaphragm muscle fibers in the early 
phase of experimental pediatric ARDS. Furthermore, we 
demonstrated that the acute application of PEEP decreases 
the force-generating capacity of the diaphragm in a dose- 
related way. These findings are novel and provide new 
insight into the mechanism of critical illness–associated 
diaphragm dysfunction and may have implications for the 
treatment of patients with pediatric ARDS in future.

Effect of a Restrictive Fluid Strategy

After 6 h of mechanical ventilation, the force-generating 
capacity of the diaphragm was lower in the restrictive fluid 
group compared to the liberal fluid group, especially at 
lower PEEP. No histological explanation can be provided, 
as we found no differences, in particular those pertaining to 
necrosis in muscle fibers, between the two groups.

Furthermore, although previous studies have shown that 
proinflammatory cytokines and oxidative stress may impair 
the diaphragmatic contractility,38,39 we observed similar 
concentrations of these mediators between the groups. Our 
results are comparable to previous studies comparing proin-
flammatory cytokines in the lung between a liberal fluid 
resuscitation strategy versus a restrictive fluid resuscitation 
strategy in animals, also showing similar levels of proinflam-
matory cytokines in both groups.17,40,41

The restrictive fluid group can be characterized as hav-
ing a lower intravascular volume while being treated with 
relatively high dosage of vasopressors. A possible explana-
tion for the reduced diaphragm force–generating capacity 
in the restrictive group may be the result of disturbances 
in the perfusion of the (capillary) blood vessel network as 
the capillary density of the diaphragm microcirculation 

Fig. 4. Transdiaphragmatic pressures during increasing levels 
of positive end-expiratory pressure (PEEP; cm H2O). The data 
are shown for the entire intervention group (restrictive and lib-
eral group together) at baseline. The results are displayed as 
estimated marginal means with 95% CI. Bonferroni adjustment 
was applied to account for multiple testing. In the mixed model, 
PEEP was applied as a fixed factor. *P = 0.003; P < 0.001; P 
< 0.001 compared to PEEP 15, PEEP 10, and PEEP 5, respec-
tively. +P = 0.017; P = 0.011 compared to PEEP 10 and PEEP 
5, respectively.
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was significantly lower in the restrictive group compared 
to the liberal group. The vasoconstrictive effect of norepi-
nephrine in high dosages in a situation of relative hypovo-
lemia might have led to a decrease in microvascular density, 
which ultimately may have resulted in decreased diaphrag-
matic tissue oxygenation and force-generating capacity of 
the diaphragm.

Another explanation for the reduced diaphragm force–
generating capacity in the restrictive group could also be 
the (additional) result of disturbances at the level of the 
neuromuscular junction. In experimental studies on isolated 
phrenic-diaphragm preparation of mice, it was demon-
strated that norepinephrine may decrease the frequency of 
spontaneous quantal  release of acetylcholine and increase 
the degree of asynchrony of acetylcholine secretion.42,43 
This might negatively affect the force-generating capacity 
of the diaphragm and is in line with our findings. However, 

research on this topic was beyond the scope of the current 
study.

Effect of a Liberal Fluid Strategy
Contrary to our hypothesis, liberal fluids in the early phase 
of pediatric ARDS did not lead to the formation of endo-
mysial edema or swelling of the diaphragm muscle fibers 
as the endomysial space and the mean cross-sectional areas 
between the two groups were comparable. Myofibrillar and 
endomysial edema have been demonstrated in animal septic 
shock and ischemic models.14,15 However, the causal mech-
anism, such as septic shock and ischemia, responsible for the 
formation of edema was different in the previously men-
tioned studies. Therefore, it is possible that the formation of 
edema in and around the diaphragm muscle fibers during 
fluid overload may not occur or develop later during the 
course of the disease.

Fig. 5. (A and B) Representative examples of hematoxylin and eosin staining in the liberal (A) and restrictive groups (B). (C to F) The dia-
phragm fibers preincubated with BAD-5 antibody (C and D) and with Sc-71 antibody (E and F) were specific for the slow (type 1) and fast 
(type 2) isoforms of myosin heavy chain, respectively. In each of the sections, fibers reacting with the antibody appear black, whereas fibers 
not reacting with the antibody appear white.
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Effect of PEEP

In the early stage of pediatric ARDS, the acute application 
of PEEP decreases the in vivo force-generating capacity of 
the diaphragm in a dose-related effect; the higher the PEEP, 
the greater the decrease in transdiaphragmatic pressure. To 
our knowledge, no studies have explored this dose-related 
effect of PEEP on the transdiaphragmatic pressures in vivo 
in an animal model of pediatric ARDS.

A possible explanation for the decrease in transdiaphrag-
matic pressure as a result of the application of PEEP is that 
the acute application of PEEP causes a caudal movement of 
the diaphragm dome, causing fiber and sarcomere reduc-
tion in the zone of apposition, as has been shown in vitro 
in rat studies.34 In this way, the diaphragm muscle fibers are 

forced to contract at a shorter length, leading to a reduction 
in the force-generating capacity of the diaphragm.34 As an 
explanation for the dose-related effect, we postulate that the 
reduction in sarcomere length becomes more pronounced 
with the higher levels of PEEP. Second, as recently shown, 
mechanical ventilation increases vascular resistance and 
impairs diaphragm perfusion, an effect more pronounced 
with higher PEEP levels.44 Whether the decrease in dia-
phragm perfusion indeed causes lower transdiaphragmatic 
pressures in our model warrants further investigation.

No differences in the diaphragm function were found 
between the two groups with the application of 20 cm 
H

2
O PEEP. A possible explanation might be that with this 

high level of PEEP, the diaphragm behaves as a widening 
piston,45 forcing the muscle fibers to act at a suboptimal 

Fig. 6. Diaphragm-biopsy specimen with respect to fiber size of phenotype. The results are presented as the medians (25th to 75th percen-
tile). There were no significant differences between the fiber cross-sectional area, fiber proportion, or fiber area fraction between the liberal 
and restrictive groups.
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length, generating low force. The impact of such a high 
level of PEEP is tremendous on the diaphragm force– 
generating capacity, leaving no additional effect for other 
negative factors.

Strength and Limitations

Some limitations of our study should be acknowledged. 
First, complete blinding after allocation of the groups was 
not possible for the research group as they were responsi-
ble for the assigned treatment. However, biopsy handling 
and scoring of the microvascular images was blinded for 
the researcher. Second, we observed that the use of a liberal 
fluid strategy did not lead to the formation of edema in 
the diaphragm in the early phase of experimental pediatric 
ARDS. Whether edema of the diaphragm develops beyond 
the time frame of the study remains to be investigated. 

Third, as no functional measurements (force generations 
and microvasculature) were performed on nonrespiratory 
skeletal muscles, it is unclear whether our findings are spe-
cific to the diaphragm muscle.

Fourth, we expected that animals in the liberal group 
would need higher levels of PEEP due to the develop-
ment of compression atelectasis, subsequently leading to a 

change in the end-expiratory lung volume. These changes 
may influence the position of the diaphragm at the zone 
of apposition, subsequently affecting the force-generating 
capacity of the diaphragm.34 However, at the end of the 
experiment, no significant difference in transpulmonary 
pressure at end exhalation, lung compliance, chest wall 
compliance, and driving pressure between the two groups 
existed, suggesting that no change in the end-expiratory 
lung volume occurred. This means we may not have had 
to perform diaphragm stimulations under different levels of 
PEEP. However, by performing the diaphragm stimulations 
under different levels of PEEP, we have now gained addi-
tional insight into the acute effects of PEEP in vivo on the 
diaphragm function. However, further studies are needed 
to gain insight in the long-term effects of different levels of 
PEEP on diaphragm function.

Fifth, due to technical reasons, it was not possible to 
measure the transdiaphragmatic pressure during all different 
levels of PEEP in all animals.

Sixth, our experiment was performed in female lambs 
only. Studies have shown that testosterone might increase 
diaphragm contractility in rats.46,47 Given the young age of 
the lambs, we consider changes in the level of testosterone 
to be small between the two sexes, and it is unlikely that the 

Fig. 7. Diaphragm muscle concentrations of proinflammatory cytokines (interleukins 1β, 6, and 8 and tumor necrosis factor α) and anti- 
inflammatory cytokine (interleukin 10). The cytokines are expressed as pg/mg protein. Free radical activity was measured with malondialde-
hyde and expressed as nmol/mg protein. No differences were found between groups (P = 0.645 for interleukin 1β; P = 0.442 for interleukin 
6; P= 0.382 for interleukin 8; P = 0.798 for interleukin 10; P = 0.234 for malondialdehyde). n = 8 for the restrictive and liberal groups. The 
data are expressed as medians (25th to 75th percentile).
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female predominance has influenced our results. In addition, 
there are no data to support the possibility that the effects 
of the oleic acid or resuscitation strategy are sex-dependent.

Finally, as this is an experimental animal model, the 
results cannot directly be translated to clinical strategies but 
emphasize the importance of future studies in humans.

The strength of our study was that we performed this 
experiment under controlled and uniform conditions with 
standardized, validated, and direct measurements in which 
we included in vivo function, perfusion, and histology of the 
diaphragm. Furthermore, as our study was part of a more 
extensive experiment with the same research design but 
with different research questions (focused on the cardiopul-
monary effects of fluid strategy during pediatric ARDS),17 
we were able to minimize the number of animals used.

Clinical Implications and Future Perspectives

Critical illness–associated diaphragm weakness develops in 
the majority of mechanically ventilated critically ill patients, 
may be associated with prolonged duration of mechan-
ical ventilation, and may be associated with mortality.1–5 
The current study shows that in the early phase of severe 
experimental pediatric ARDS, a restrictive fluid strategy 
may adversely affect diaphragm force–generating capacity. 
Although the exact mechanism has yet to be elucidated, 
our findings are novel and hypothesis-generating for future 
clinical studies. In addition, our study underscores that the 
optimal modalities of fluid management and PEEP titra-
tion in patients with ARDS are challenging and that the 
effects appear to be organ-specific. In other words, a lung- 
protective strategy characterized by high PEEP and early 
fluid restriction may have detrimental effects on other 
organs, including the respiratory muscles.

These new mechanisms may help identify patients at risk 
for diaphragm dysfunction. The ultimate goal is an individ-
ualized integrated lung and diaphragm-protective approach 
for the management of pediatric ARDS.

Conclusions

Early fluid restriction decreases the force-generating capac-
ity of the diaphragm in the acute phase of experimental 
pediatric ARDS. In addition, the application of PEEP itself 
decreases the force-generating capacity of the diaphragm 
in a dose-related way, which was more pronounced in a 
restrictive regimen compared to a liberal fluid regimen. 
These observations provide new insights into the mech-
anism of critical illness–associated diaphragm dysfunction.
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What We Already Know about This Topic

• Excessive spontaneous inspiratory efforts potentially resulting in 
high tidal volumes in patients on mechanical ventilation for acute 
respiratory distress syndrome may exacerbate lung injury

• Strategies to control such efforts without involving overly deep 
sedation or neuromuscular blockade may be beneficial

• Phrenic nerve blockade with local anesthetics has seen limited use 
for select medical indications but has not been evaluated in the 
setting of acute lung injury

What This Article Tells Us That Is New

• The authors evaluated the effects of phrenic nerve block in a por-
cine model of acute respiratory distress syndrome and in nine 
patients with excessive inspiratory effort with acute respiratory 
distress syndrome on mechanical ventilation by evaluating transdi-
aphragmatic pressures and electrical activity, as well as distribution 
of ventilation by electrical impedance tomography

• In both groups, tidal volume, driving pressure, peak transpulmonary 
pressure, and electrical activity of the diaphragm decreased signifi-
cantly with phrenic nerve block, with a slight decrease in dependent 
ventilation, while the respiratory rate was unchanged

• Duration of the block was approximately 12 h

Protective mechanical ventilation is a cornerstone 
treatment for patients with acute respiratory distress 

syndrome (ARDS).1 High levels of sedatives and neuro-
muscular blocking agents are often required to maintain 
protective ventilation and avoid asynchronies.2,3 Yet this 
practice is controversial because deep sedation is associ-
ated with unfavorable patient-centered outcomes such as 
delirium, prolonged mechanical ventilation, intensive care 
unit–acquired weakness, higher in-hospital, and 180-day 
mortality.4

The progression from controlled to assisted mechanical 
ventilation may obviate the need for deep sedation and has 

aBStraCt
Background: Strong spontaneous inspiratory efforts can be difficult to 
control and prohibit protective mechanical ventilation. Instead of using deep 
sedation and neuromuscular blockade, the authors hypothesized that peri-
neural administration of lidocaine around the phrenic nerve would reduce tidal 
volume (V

T
) and peak transpulmonary pressure in spontaneously breathing 

patients with acute respiratory distress syndrome.

Methods: An established animal model of acute respiratory distress syn-
drome with six female pigs was used in a proof-of-concept study. The authors 
then evaluated this technique in nine mechanically ventilated patients under 
pressure support exhibiting driving pressure greater than 15 cm H

2
O or V

T
 

greater than 10 ml/kg of predicted body weight. Esophageal and transpulmo-
nary pressures, electrical activity of the diaphragm, and electrical impedance 
tomography were measured in pigs and patients. Ultrasound imaging and a 
nerve stimulator were used to identify the phrenic nerve, and perineural lido-
caine was administered sequentially around the left and right phrenic nerves.

results: Results are presented as median [interquartile range, 25th to 75th 
percentiles]. In pigs, V

T
 decreased from 7.4 ml/kg [7.2 to 8.4] to 5.9 ml/kg 

[5.5 to 6.6] (P < 0.001), as did peak transpulmonary pressure (25.8 cm H
2
O 

[20.2 to 27.2] to 17.7 cm H
2
O [13.8 to 18.8]; P < 0.001) and driving pres-

sure (28.7 cm H
2
O [20.4 to 30.8] to 19.4 cm H

2
O [15.2 to 22.9]; P < 0.001). 

Ventilation in the most dependent part decreased from 29.3% [26.4 to 29.5] to 
20.1% [15.3 to 20.8] (P < 0.001). In patients, V

T
 decreased (8.2 ml/ kg [7.9 to 

11.1] to 6.0 ml/ kg [5.7 to 6.7]; P < 0.001), as did driving pressure (24.7 cm 
H

2
O [20.4 to 34.5] to 18.4 cm H

2
O [16.8 to 20.7]; P < 0.001). Esophageal 

pressure, peak transpulmonary pressure, and electrical activity of the dia-
phragm also decreased. Dependent ventilation only slightly decreased from 
11.5% [8.5 to 12.6] to 7.9% [5.3 to 8.6] (P = 0.005). Respiratory rate did not 
vary. Variables recovered 1 to 12.7 h [6.7 to 13.7] after phrenic nerve block.

Conclusions: Phrenic nerve block is feasible, lasts around 12 h, and 
reduces V

T
 and driving pressure without changing respiratory rate in patients 

under assisted ventilation.

(ANESTHESIOLOGY 2022; 136:763–78)
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additional benefits such as lung recruitment, better oxy-
genation, and hemodynamic improvement.5 Conversely, 
these benefits might be outweighed by vigorous inspiratory 
efforts, resulting in loss of lung protection,6 load-induced 
diaphragmatic injury, as observed in patients with chronic 
obstructive pulmonary disease, as well as in animal studies,7 
and possibly patient self-inflicted lung injury.8–10

Both pharmacologic and nonpharmacologic strategies 
have been proposed to reduce inspiratory effort and keep 
patients under protective mechanical ventilation settings.11 
Doorduin et al. tested partial neuromuscular blockade in 
patients with ARDS12; however, their approach still utilized 
neuromuscular blocking agents and did not entirely avert 
their side effects, such as global muscle atrophy.13

Phrenic nerve block has been used for the treatment 
of chronic and perioperative hiccups14 and it  is also fre-
quently observed in patients undergoing interscalene block 
for upper limb surgery.15 These patients may have transient 
hemidiaphragmatic palsy depending on local anesthetic 
concentration,16 volume administered,17 and injection site,15 
but experience few symptoms that do not require specific 
treatment.18 The use of ultrasound is proposed to decrease 
the risk of complications related to brachial plexus blocks 
(e.g., accidental vascular puncture19 or intraneural adminis-
tration of local anesthetics20). 

This proof-of-concept study proposes a novel approach 
to maintain lung-protective ventilation in spontaneously 
breathing patients. We hypothesized that perineural admin-
istration of lidocaine to the phrenic nerve reduces diaphragm 
electrical activity without the need for systemic paralysis 
and deeper sedation. First we tested our hypothesis in a 
proof-of-concept experiment in a porcine model of ARDS. 
Then we assessed the safety, feasibility, and efficacy of this 

approach in patients breathing spontaneously with inva-
sive mechanical ventilation. We reasoned that a lidocaine- 
associated decrease in electrical activity of the dia-
phragm could decrease esophageal pressure swings (ΔP

eso
) 

and tidal volume (V
T
) and ultimately maintain lung- 

protective ventilation while keeping pigs and patients under 
moderate to light sedation.

Materials and Methods
These studies were approved by two different ethics com-
mittees: one for animal experiments and one for clinical 
studies. Both protocols were funded by the University of São 
Paulo Medical School (São Paulo, Brazil). For further infor-
mation and complete methods, please refer to Supplemental 
Digital Content 1 (http://links.lww.com/ALN/C800).

Animal Protocol

After the approval by the Ethics Committee for Animal Studies 
(No. 967/2017, Faculdade de Medicina da Universidade de 
São Paulo), six female Landrace pigs with average weights 
of 36.9 kg were chosen (bladder catheterization in females 
was easier). The experimental protocol has been described 
previously.6 Briefly, pigs monitored with electrocardiogram 
and pulse oximetry were anesthetized with intramuscular 
ketamine and midazolam, followed by intravenous midaz-
olam, fentanyl, and pancuronium (a neuromuscular block-
ing agent). An internal jugular vein catheter and femoral 
artery line were placed to sample blood gases, administer 
vasoactive drugs, and monitor blood pressure. An esophageal 
balloon (Nutrivent; Sidam, Italy) was inserted to allow mea-
surement of P

eso
; correct placement was verified using the 

occlusion technique.21 We measured electrical activity of the 
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diaphragm using a dedicated Neurally Adjusted Ventilatory 
Assist catheter (Maquet Critical Care, Sweden). Electrical 
impedance tomography was recorded using an Enlight 
monitor (Timpel, Brazil) with 32 electrodes embedded in 
a customized silicon belt placed on the perimeter, defining 
a cross-sectional plane of the thorax at the level of the sixth 
intercostal space (i.e., parasternal line).

The experimental protocol consisted of two phases: 
(phase 1) lung injury and pressure support titration, and 
(phase 2) phrenic nerve blockade (fig.  1). In phase 1, we 
induced severe ARDS by lung lavage with Tween (an astrin-
gent solution) followed by injurious mechanical ventilation 
until a Pao

2
/inspiratory oxygen fraction ratio less than or 

equal to 150 mmHg with a positive end-expiratory pres-
sure (PEEP) of 10 cm H

2
O (during the whole procedure) 

was reached under deep sedation (propofol, ketamine, and 
remifentanil). Then anesthesia was titrated down until spon-
taneous inspiratory effort reached a ΔP

eso
 greater than or 

equal to 10 cm H
2
O during an airway occlusion procedure.6 

After lung injury and sedation titration, 1 mg/kg succinyl-
choline and 1 to 2 mg/kg propofol were administered, and 
pigs were briefly ventilated on pressure-controlled ventila-
tion. We calculated respiratory system compliance (C

dyn
), and 

titrated inspiratory pressure to guarantee a V
T
 greater than 

4 ml/kg. After succinylcholine and propofol had weaned and 
the pig was back to assisted ventilation, and regardless of the 
pig’s inspiratory effort, this guaranteed V

T
 greater than 4 ml/

kg after bilateral phrenic nerve block. The inspiratory pres-
sure was kept unchanged during the entire protocol.

In phase 2, we performed bilateral phrenic nerve block 
using ultrasound imaging and a neurostimulator to identify 
the cervical plexus by the motor response on the ipsilateral 
arm (Plexygon, Vygon, Italy). The identification was fol-
lowed by the injection of 20 ml lidocaine, 2%. Please refer 
to Supplemental Digital Content 2 (http://links.lww.com/
ALN/C828) for further information.

Electrical activity of the diaphragm, ΔP
eso

, V
T
, peak 

transpulmonary pressure, driving pressure, and dorsal and 
left lung ventilation were monitored. Peak transpulmonary 
pressure was calculated as pressure support − ΔP

eso
 during 

spontaneous breathing. Driving pressure was calculated as 
V

T
/C

dyn
 because no inspiratory pauses were performed. 

Please refer to Supplemental Digital Content 3 (http://
links.lww.com/ALN/C829) for further information. For 
ventilation distribution analysis, the electrical impedance 
tomography image was divided into the right and left 
lung, and into four regions of interest, each covering 25% 
of the ventrodorsal diameter. The percentage of ventilation 
in the most dependent region of the lung was calculated 
as reflecting the inspiratory activity of the diaphragm and 
being the most gravity-dependent zone. Please refer to 
Supplemental Digital Content 4 (http://links.lww.com/
ALN/C830) for further information. The percentage of left 
lung ventilation was analyzed to estimate any changes in 
ventilation distribution that could have been induced by 
the sequential phrenic nerve blockade. During assisted ven-
tilation, pendelluft was quantified, a phenomenon that occurs 
when a strong diaphragmatic contraction leads to deflation 

Fig. 1. Animal study protocol. In phase 1, acute respiratory distress syndrome (ARDS) was induced by lung lavage and injurious invasive 
mechanical ventilation. Deep sedation was halted when Pao2/inspiratory oxygen fraction (Fio2) ratio was lower than 150 mmHg with positive 
end-expiratory pressure (PEEP) of 10 cm H2O. Sedation was then titrated to maintain pigs with high inspiratory effort, defined as change in 
esophageal pressure (ΔPeso) greater than or equal to 10 cm H2O during an inspiratory pause. A bolus of propofol and succinil was administered to 
calculate respiratory system compliance, and to titrate inspiratory pressure. In phase 2, the authors performed bilateral phrenic nerve block using 
ultrasound and a neurostimulator. In all pigs, the left phrenic nerve was blocked first, and the right phrenic nerve was blocked last. IV, intravenous.
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of the ventral portion of the lung and overdistention of 
the dorsal portion of the lung during early inflation22 and 
that can cause regional lung injury.6 Data acquisition in pigs 
occurred at five time points: before phrenic nerve block-
ade during assisted ventilation (i.e., baseline); 4 min after 
left phrenic block; 10 min after the left phrenic block; 4 min 
after the right phrenic block; and 10 min after right phrenic 
block.

Our primary goal was to evaluate whether this technique 
was feasible and efficient at reducing V

T
 or peak transpul-

monary pressure. Secondary objectives were to quantify the 
decrease in electrical activity of the diaphragm, ΔP

eso
, and 

driving pressure, as well as changes in the distribution of 
ventilation.

Human Protocol

After obtaining Institutional Review Board approval 
(Certificate for Ethics Presentation and Appreciation num-
ber: 02029118.2.0000.0068), patients admitted for ARDS 
and under assisted spontaneous breathing were screened for 
inclusion in the study between May 2019 and September 
2020. Informed consent was obtained from legal guardians. 
Of note, written informed consent was obtained for the first 
three patients, but during the COVID-19 outbreak, strict 
visiting policies were implemented, and oral consent was 
authorized and taken from the substitute decision-maker 
via telephone. Data collection was carried out in the respi-
ratory intensive care unit at Heart Institute (Instituto do 
Coração) of the Hospital das Clínicas (University of São 
Paulo Medical School). This study was registered at clini-
caltrials.gov (NCT03978845).

Patients eligible for the study protocol had to be older 
than 18 yr; on invasive pressure support ventilation with a 
Pao

2
/inspiratory oxygen fraction ratio less than 300 mmHg 

triggering the ventilator; and a driving pressure greater 
than 15 cm H

2
O or a V

T
 greater than 10 ml/kg of predicted 

body weight. We evaluated if a reliable plateau pressure 
could be obtained and calculated the driving pressure by 
subtracting PEEP from plateau pressure during an inspi-
ratory pause.23 If driving pressure was greater than 15 cm 
H

2
O and/or V

T
 was greater than 10 ml/kg, the patient ful-

filled inclusion criteria. Exclusion criteria included use of 
long-acting neuromuscular blocking agents in the previ-
ous 3 h; pain or Richmond Agitation–Sedation Scale score 
greater than 0; arterial pH less than 7.25; hemodynamic 
instability or a need for increased doses of vasopressor 
drugs in the previous 2 h; intracranial hypertension; pres-
ence of chest or abdominal fistula; neuromuscular disease; 
spinal cord trauma; massive ascites; burns in the thoracic 
region; tetanus; and pregnancy.

The Richmond Agitation–Sedation Scale was used for 
measurement of their level of sedation; in addition, two 
patients were monitored via Bispectral Index to assess seda-
tion depth. An electrode belt (Timpel Enlight 1800 Model; 
Timpel) was installed in the thoracic region between the 

fourth and fifth intercostal spaces. Two esophageal cath-
eters (Nutrivent and Neurally Adjusted Ventilatory Assist 
catheter) were positioned and calibrated to measure esoph-
ageal pressure and electrical activity of the diaphragm, 
respectively. Flow, pressures (peak, plateau, PEEP), and V

T
 

were continuously recorded from the electrical imped-
ance tomography device and from the SERVO-i venti-
lator (Maquet Critical Care) connected to a laptop using 
the Servo Tracker application  (Maquet Critical Care). 
ΔP

eso
 was monitored using either the Optivent (Optivent 

Sidam, Italy) or the Pneumodrive device (Bionica, Brazil). 
Correct placement of the esophageal catheter was verified 
using the occlusion technique.21 Heart rate, blood pressure, 
and peripheral oxygenation were continuously monitored. 
After inclusion of the patient in the protocol, sedation was 
not changed, and vasoactive drugs were titrated at the dis-
cretion of the attending physician.

The clinical protocol consisted of three phases: (phase 
1) inspiratory pressure titration, (phase 2) bilateral phrenic 
nerve block, and (phase 3) recovery phase (fig. 2). During 
phase 1, succinylcholine (1 mg/kg) and propofol (1.5 to 
2.5 mg/kg) were administered, and patients were briefly 
ventilated on pressure-controlled ventilation. We calcu-
lated respiratory system compliance, and titrated inspi-
ratory pressure that was kept unchanged after the effect 
of succinylcholine and propofol had weaned. This way, 
regardless of the patient’s inspiratory effort, we would 
guarantee V

T
 greater than 4 ml/kg of after bilateral phrenic 

nerve block.
During phase 2, a trained anesthesiologist performed 

phrenic nerve block using an ultrasound (Mindray M6 
Ultrasound System; China) and a peripheral nerve stim-
ulator (Stimuplex HNS 12B Braun; Germany). Of note, 
an anesthesiologist who has performed 15 peripheral 
blocks is able to distinguish anatomical landmarks and has 
a success rate close to 90%.24 Please refer to Supplemental 
Digital Content 5 (http://links.lww.com/ALN/C831) 
for further information. The combination of ultrasound 
and neurostimulator minimizes the risk of intravascular or 
intraneural injection, neural damage, and vascular bruis-
ing.25 Use of ultrasound minimizes the risk of complica-
tions and allows observation of local anesthetic dispersion; 
the neurostimulator avoids intraneural administration of 
local anesthetic, thus minimizing risk of a potential asso-
ciation with neural damage.25 When the patient has motor 
response at low current output (e.g., less than 0.2 mA), 
one cannot ensure that the needle is not intraneural. We 
did not administer lidocaine if the phrenic nerve could 
not be visualized or if the patient had a motor response 
at a current output that was lower than 0.50 mA, greatly 
minimizing risk of intraneural injection.26 Finally, we used 
lidocaine due to its pharmacokinetic and pharmacody-
namic properties: shorter half-life, better cardiovascular 
stability, low latency, and faster onset than other local 
anesthetics.27
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The study protocol was conducted under a predefined 
sequence: the protocol was initiated on the left nerve, then 
followed by blockade of the right phrenic nerve 10 min 
later. We assessed the phrenic nerve block with three 
tools: electrical activity of the diaphragm signal, ΔP

eso
, and 

regional ventilation distribution on continuous positive air-
way pressure. We evaluated the (1) percentage of patients 
blocked, (2) amount of time spent from scanning to admin-
istration of lidocaine, and (3) duration until recovery. Full 
recovery from bilateral phrenic nerve blockade was defined 
as the time after bilateral nerve block when the electrical 
activity of the diaphragm, ΔP

eso
, and V

T
 were within ±20% 

of baseline values.
Electrical activity of the diaphragm, ΔP

eso
, V

T
 per pre-

dicted body weight, peak transpulmonary pressure, driving 
pressure, respiratory rate in breaths per minutes, and ven-
tilation distribution were analyzed. Peak transpulmonary 
pressure was calculated as pressure support − ΔP

eso
. Driving 

pressure was calculated as V
T
/C

dyn
 because no inspiratory 

pauses were performed. Please refer to Supplemental Digital 
Content 3 (http://links.lww.com/ALN/C829) for fur-
ther information. Ventilation distribution was also assessed. 
Finally, the percentage of left lung ventilation was analyzed. 
Please refer to Supplemental Digital Content 4 (http://
links.lww.com/ALN/C830) for further information. Data 
acquisition occurred at seven time points: before phrenic 
nerve blockade during assisted ventilation (i.e., baseline), 
4 min after left phrenic block, 10 min after the left phrenic 
block, 4 min after the right phrenic block, 10 min after right 
phrenic block, 1 h after right phrenic block, and on the fol-
lowing day (i.e., final).

The primary goal was to evaluate the reduction in V
T
 

or peak transpulmonary pressure. Secondary objectives 
included changes in electrical activity of the diaphragm, 
ΔP

eso
, driving pressure, and respiratory rate. We also ana-

lyzed ventilation distribution using electrical impedance 
tomography and assessed whether a bilateral phrenic nerve 
block could either reduce or abolish pendelluft. Finally, we 

Fig. 2. Clinical study protocol. In phase 1, patients were monitored with Neurally Adjusted Ventilatory Assist catheter (Maquet Critical 
Care, Sweden), esophageal balloon, and electrical impedance tomography. A bolus of succinylcholine and propofol was administered to 
titrate inspiratory pressure and calculate respiratory system compliance. The final time point was recorded when electrical activity of the 
diaphragm, change in esophageal pressure (ΔPeso), and tidal volume (VT) were within ±20% of baseline values. In phase 2, left phrenic nerve 
and right phrenic nerve were blocked using ultrasound and a neurostimulator. The authors assessed respiratory variables at 4 and 10 min 
after each block. In phase 3, the recovery phase started after bilateral phrenic nerve block and ended when patients had fully recovered (i.e., 
the final time point). IV, intravenous. 
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aimed to evaluate the time to wean from the block, as well 
as feasibility, safety, and efficacy of this technique.

Statistical Analysis

No statistical power calculation was used to guide sam-
ple size. An initial sample size of 10 patients was planned, 
but only 9 were included because a Neurally Adjusted 
Ventilatory Assist catheter malfunctioned. The unadjusted 
results are reported as median and interquartile range. We 
fitted linear mixed models for each outcome, accounting 
for the repeated measurements on each subject with a ran-
dom intercept. Models were adjusted for time (baseline, 
4 min after left phrenic block, 10 min after the left phrenic 
block, 4 min after the right phrenic block, 10 min after 
right phrenic block, 1 h after right phrenic block, and final), 
PEEP (continuous variable), and pressure support (contin-
uous variable) at each time point for humans; and for time 
(baseline, 4 min after left phrenic block, 10 min after the left 

phrenic block, 4 min after the right phrenic block, 10 min 
after right phrenic block) and pressure support (continuous 
variable) at each time point for pigs. Data from pigs and 
humans were analyzed separately. No imputation was per-
formed for missing data. All outcome variables, except for 
ventilation in the most dependent region of the lungs in 
humans and V

T
 during continuous airway pressure in pigs, 

were log-transformed to obtain a normal distribution of 
residuals. P values were corrected for multiple compari-
sons using the Bonferroni method; a two-sided corrected  
P value less than 0.05 was considered statistically significant. 
In humans, we performed 21 comparisons (pairwise com-
bination of seven levels). Therefore, the target P value was 
0.002 (i.e., 0.05/21). We presented instead the “corrected  
P value,” i.e., the unadjusted P value × 21. The same method 
was applied for pigs, where we performed 10 comparisons 
(pairwise combination of five levels). For the analysis of 
heart rate and blood pressure, which were collected in two 
time points, we performed a Wilcoxon signed-rank test.

A B

D E

C

Fig. 3. Progress of respiratory variables in pigs. Unadjusted data presented as median [interquartile range]. (A) Electrical activity of the dia-
phragm in microvolts. (B) Esophageal pressure swing in cm H2O. (C) Tidal volume in ml/kg of predicted body weight. (D) Peak transpulmonary 
pressure in cm H2O. (E) Driving pressure in cm H2O. After lidocaine administration, all variables progressively decreased over time. *Corrected 
P < 0.05 when compared to baseline. 
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All figures were plotted, and statistical analyses were per-
formed in software R 3.5.1 (R Foundation for Statistical 
Computing, Austria) and Rstudio (Rstudio Team, USA).

results
Six pigs and nine patients were successfully included in 
this study. All values are presented as median [interquartile 
range‚ 25th to 75th percentile]. Please refer to Supplemental 
Digital Content 1 (http://links.lww.com/ALN/C800) and 
Supplemental Digital Content 6 (http://links.lww.com/
ALN/C832) for further information.

Pig Study

We successfully blocked the phrenic nerve bilaterally in six 
pigs (100%). All variables but left lung ventilation decreased 
significantly when compared from baseline to 10 min after 
left phrenic block (figs.  3 and 4; table  1): electrical activ-
ity of the diaphragm from 20.5 µV [19.8 to 27.5] to 0.7 
µV [0.6 to 2.2] (corrected P < 0.001); ΔP

eso
 from 10.5 cm 

H
2
O [8.9 to 10.9] to 2.7 cm H

2
O [2.4 to 3.2] (corrected  

P < 0.001); V
T
 from 7.4 ml/kg [7.2 to 8.4] to 5.9 ml/kg [5.5 

to 6.7] of predicted body weight (corrected P < 0.001); peak 
transpulmonary pressure from 25.8 cm H

2
O [20.2 to 27.2] to 

17.7 cm H
2
O [13.8 to 18.8] (corrected P < 0.001); and driv-

ing pressure from 28.7 cm H
2
O [20.4 to 30.8] to 19.4 cm H

2
O 

[15.2 to 22.9] (corrected P < 0.001). The percentage of ven-
tilation in the most dependent region of the lung decreased 
from 29.3% [26.4 to 29.5] to 20.1% [15.3 to 20.8] (corrected 
P < 0.001), and the percentage of ventilation distribution to 
the left lung ventilation did not change from 38.5 [37.8 to 
41.4] to 37.0 [33.7 to 46.2] (corrected P > 0.999).

In four pigs ventilated on continuous positive airway 
pressure (fig.  5), there was a decrease in V

T
 from 5.9 ml/

kg [4.9 to 7.2] to 3.1 ml/kg [2.0 to 4.0] of predicted body 
weight (corrected P = 0.009) when baseline was compared 
to 10 min after right phrenic block. At baseline, four pigs had 
pendelluft. After bilateral phrenic nerve block, pendelluft was 
reduced from 8% [6.0 to 8.6] to 0% [0 to 0.0] (P < 0.001)  
of V

T
 before the ventilator was triggered (fig. 4C).

A B C

Fig. 4. Ventilation distribution and pendelluft in pigs. Unadjusted data presented as median [interquartile range]. (A) Left lung ventilation (%). 
(B) Ventilation in the most dependent lung region (%). (C) Amount of pendelluft at baseline and 10 min after bilateral phrenic nerve block in 
four pigs. *Corrected P < 0.05 when compared to baseline. 
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Human Study

Nine patients (three women and six men) with ARDS were 
included in this study. Table 2 shows patient characteristics 
and respiratory variables after pressure support titration at 
baseline.

Primary Outcomes

Feasibility and Efficacy. The phrenic nerves could be visual-
ized bilaterally in all patients. Bilateral phrenic nerve block 
was then successfully performed in all patients with the 
administration of 15 ml lidocaine, 2%, around each phrenic 

table 1. Progress of Respiratory Variables in Pigs

Parameter Baseline

Four Minutes  
after left Phrenic  
Block × Baseline

ten Minutes  
after left Phrenic  
Block × Baseline

Four Minutes after  
right Phrenic  

Block × Baseline

ten Minutes after  
right Phrenic  

Block × Baseline

Electrical activity of the diaphragm, µV 3.0 (2.3 to 3.8) −0.6 (−2.0 to 0.8) −1.2 (−2.6 to 0.2) −2.3 (−3.7 to −0.9)* −3.1 (−4.5 to −1.7)*
Esophageal pressure swing, cm H2O 2.3 (2.0 to 2.5) −0.5 (−1.0 to 0.0) −0.7 (−1.2 to −0.2)* −1.0 (−1.5 to −0.6)* −1.4 (−1.9 to −0.9)*
Tidal volume, ml/kg of predicted body weight 2.1 (1.9 to 2.2) −0.2 (−0.2 to −0.1)* −0.2 (−0.3 to −0.1)* −0.2 (−0.3 to −0.2)* −0.3 (−0.4 to −0.2)*
Peak transpulmonary pressure, cm H

2O 3.2 (3.1 to 3.3) −0.2 (−0.3 to −0.1)* −0.2 (−0.3 to −0.1)* −0.3 (−0.4 to −0.2)* −0.4 (−0.5 to −0.2)*
Driving Pressure, cm H2O 3.2 (3.0 to 3.5) −0.1 (−0.1 to −0.2)* −0.2 (−0.1 to −0.3)* −0.2 (−0.1 to −0.3)* −0.3 (−0.2 to −0.4)
Left lung ventilation, % 3.7 (3.5 to 3.9) −0.1 (−0.2 to 0.1) −0.1 (−0.2 to 0.1) −0.1 (−0.2 to 0.1) 0.0 (−0.2 to 0.1)
Ventilation in the most dependent portion of the 

lung, %
3.4 (3.1 to 3.7) −0.1 (−0.3 to 0.1) −0.3 (−0.5 to −0.1)* −0.4 (−0.6 to −0.2)* −0.5 (−0.7 to −0.3)*

Estimates from the mixed-model analyses with outcomes log transformed and adjusted to time and pressure support. Data presented as the contrast between time point and baseline. 
99.5% CI; P values corrected by Bonferroni method. 
*P < 0.05 when compared to baseline.

Fig. 5. Progress of tidal volume in pigs on continuous positive airway pressure. Unadjusted data presented as median [interquartile range]. 
*Corrected P < 0.05 when compared to baseline. 
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nerve. The left phrenic nerve block required 6.5 min [4.5 to 
12.2] (between baseline and 4 min after left phrenic block), 
and the right phrenic block required 7.4 min [5.8 to 11.1] 
(between the 10 min after left phrenic block and 4 min after 
right phrenic block time points). From baseline to bilateral 
phrenic nerve block, the time was 14.6 [11.3 to 23.4] min.
Safety. No complications such as severe tachycardia or pro-
longed phrenic nerve palsy were observed in any partici-
pant. In addition, none of our patients presented elevation 
of diaphragm the day after the phrenic nerve block.
Reduction and Recovery of V

T
 and Peak Transpulmonary 

Pressure. After bilateral phrenic nerve block and com-
pared to baseline (figs. 6 and 7; table 3), there was a decrease 
(10 min after right phrenic block) in V

T
 from 8.2 ml/kg [7.9 

to 11.1] to 6.0 ml/kg [5.7 to 6.7] of predicted body weight 
(corrected P < 0.001) and peak transpulmonary pressure 
from 24.1 cm H

2
O [20.1 to 30.4] to 18.3 cm H

2
O [14.4 to 

26.5] (corrected P = 0.025).
One hour after right phrenic block, when compared to 

baseline (figs. 6 and 7; table 3), V
T
 decreased from 8.2 [7.9 

to 11.1] to 6.5 [6.1 to .9] (corrected P < 0.001), but peak 
transpulmonary pressure did not decrease (24.1 cm H

2
O [20.1 

to 30.4] to 21.7 cm H
2
O [16.3 to 29.3] corrected P > 0.999). 

In the following day (i.e., the final time point), V
T
 of 7.7 ml/kg 

[7.2 to 9.6] of predicted body weight and peak transpulmo-
nary pressure of 31.9 cm H

2
O [22.1 to 43.7] were not differ-

ent from baseline (corrected P > 0.999 for both).

Secondary Outcomes
Electrical Activity of the Diaphragm, Driving Pressure, Respiratory 
Rate, ΔP

eso
, and Ventilation Distribution. Bilateral phrenic 

nerve block (10 min after right phrenic block) compared 
to baseline (figs. 6 and 7) decreased electrical activity of the 
diaphragm from 20 [12.2 to 29.9] to 0.3 [0.2 to 1.0] µV 
(corrected P < 0.001), driving pressure from 24.7 cm H

2
O 

[20.4 to 34.5] to 18.4 cm H
2
O [16.8 to 20.7] (corrected 

P < 0.001), ΔP
eso

 from 7.8 cm H
2
O [5.6 to 9.8] to 1.9 cm 

H
2
O [1.6 to 3.3] (corrected P < 0.001), and percentage of 

ventilation in the most dependent region from 11.5% [8.5 
to 12.6] to 7.9% [5.3 to 8.6] (corrected P = 0.005). There 
was no difference in respiratory rate (27 breaths/min [24 to 
30] to 25 breaths/min [22 to 30]; corrected P > 0.999) and 
percentage of left lung ventilation (45.7% [37.3 to 47.1] to 
47.4% [39.0 to 47.8]; corrected P > 0.999).

One hour after bilateral phrenic nerve block, electri-
cal activity of the diaphragm (20 µV [12.2 to 29.9] to 8.4 
µV [1.5 to 17.4]; corrected P = 0.062) and ΔP

eso
 (7.8 cm 

H
2
O [5.6 to 9.8] to 4.9 cm H

2
O [3.9 to 5.6]; corrected  

P = 0.230) were not different from baseline, while driving 
pressure decreased from 24.7 cm H

2
O [20.4 to 34.5] to 

19.4 cm H
2
O [18.4 to 24.8] (corrected P < 0.001). The 

respiratory rate did not change (27 breaths/min [24 to 30] 
to 24 breaths/min [23 to 25]; corrected P > 0.999), as well as 
the percentage of ventilation in the most dependent region 
of the lung (11.5% [8.5 to 12.6] to 7.5% [3.6 to 13.4]; 
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corrected P > 0.999) and left lung ventilation (45.7% [37.3 
to 47.1] to 45.7% [37.8 to 47.0]; corrected P > 0.999). 
On the following day (i.e., the final time point), electrical 
activity of the diaphragm of 14.8 µV [11.9 to 23.3], driving 
pressure of 23.8 cm H

2
O [20.1 to 33.4], ΔP

eso
 of 6.5 cm 

H
2
O [5.9 to 20.5], respiratory rate of 25 breaths/min [20 

to 28], percentage of ventilation in the most dependent 
region of the lung of 10.2% [5.2 to 13.72], and left lung 

ventilation of 39.3% [36.9 to 43.6] were not different from 
baseline (corrected P > 0.999 for all variables).

Cardiovascular Response and Recovery Time
There was no change from baseline to bilateral phrenic 
nerve block in heart rate (89 beats/min [79 to 92] vs. 95 
beats/min [89 to 101]; [95% CI, –3.1 to 16.6]; P = 0.164; 
fig. 8A) and mean blood pressure (87 mmHg [83 to 90] vs. 

A B

D E F

C

Fig. 6. Progress of respiratory variables in patients. Unadjusted data presented as median [interquartile range]. (A) Electrical activity of the 
diaphragm in microvolts. (B) Esophageal pressure swing in cm H2O. (C) Tidal volume in ml/kg of predicted body weight. (D) Peak transpul-
monary pressure in cm H2O. (E). Driving pressure in cm H2O. (F) Respiratory rate (breaths/min). After lidocaine administration, all variables 
progressively decreased over time. One outlier was excluded from B. *Corrected P < 0.05 when compared to baseline. 
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99 mmHg [87 to 103]; [95% CI, −4.6 to 19.0]; P = 0.213; 
fig. 8B).

For one patient, we did not acquire data during the 
following day. For another patient, deep sedation and neu-
romuscular blocking agents were reinstated due to strong 
inspiratory effort before full recovery. A third patient had 
sedation raised due to agitation during the night, and thus, 
ΔP

eso
 did not recover. Finally, another patient presented 

activation of expiratory abdominal muscle in the final 
time point, a condition that was not present at the begin-
ning of the protocol; therefore, his peak transpulmonary 
pressure and ΔP

eso
 at the final time point were higher than 

at baseline. All these patients were included in the final 
analysis. Of note, all these patients were eventually weaned 
from the ventilator. Finally, none of our patients presented 
elevation of diaphragm the day after the phrenic nerve 
block.

Electrical activity of the diaphragm, peak transpul-
monary pressure, and ΔP

eso
 fully recovered from bilateral 

phrenic nerve block within 1 h. V
T
 and driving pressure 

recovered from bilateral phrenic nerve block in 12.7 h [6.7 
to 13.7].

discussion
In this proof-of-concept study, we evaluated a novel strat-
egy to deliver lung-protective ventilation in six pigs and in 
nine ARDS patients without the use of deep sedation and 
systemic neuromuscular blocking agents. We found that (1) 
bilateral phrenic nerve block was feasible, safe, and effec-
tive in the short term; (2) it reduced electrical activity of 
the diaphragm, V

T
, ΔP

eso
, peak transpulmonary pressure, and 

driving pressure without modifying respiratory rate; and (3) 
all parameters fully recovered after an average of 13 h.

Respiratory Variables

V
T
, Driving Pressure, Peak Transpulmonary Pressure, 

ΔP
eso

, Electrical Activity of the Diaphragm, and Ventilation 
Distribution. Excessively strong respiratory efforts have the 
potential to be injurious for the lung and the diaphragm.28 
There is no consensus, however, on managing patients with 
vigorous spontaneous inspiratory efforts. Animal stud-
ies have demonstrated the existence of self-inflicted lung 
injury,9,10,29 but no human data yet have shown if and when 
it occurs.6,29–31 Case reports or small series have associated 

A B

Fig. 7. Ventilation distribution in patients: left lung ventilation and ventilation in the most dependent portion of the lung. Unadjusted data 
presented as median [interquartile range]. (A) Left lung ventilation (%). (B) Ventilation in the most dependent part of the lung (%). *Corrected 
P < 0.05 when compared to baseline. 
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strong inspiratory efforts with worse clinical outcomes 
in patients but do not demonstrate causality.8,32,33 Before 
phrenic nerve blockade, pigs and patients had V

T
, driv-

ing pressure, or both above the limits of lung protection 
recently proposed.28 Moreover, pigs had electrical activity 
of the diaphragm and ΔP

eso
 comparable to other studies 

that associated vigorous inspiratory efforts and self-inflicted 
lung injury.6,29

After bilateral block, there was a decrease in V
T
 toward 

values within purported lung protective thresholds. 
Moreover, driving pressure and peak transpulmonary pres-
sure, an indication of maximal lung stress, are dependent from 
the set level of inspiratory pressure support and significantly 
decreased from baseline to bilateral block. The decrease of 
peak transpulmonary pressure in our study is lower than that 
described in patients with partial neuromuscular blockade 
by Doorduin et al.12 Airway driving pressure is associated 
to mortality in ARDS34 and assisted ventilation.35 Recent 
studies showed that driving pressure can be reliably mea-
sured during pressure support ventilation.23,36 Airway driving 
pressure is a surrogate for lung cyclic strain,37 defined as the 
ratio between tidal volume and functional residual capacity. 
Available data suggest that the prognostic values of airway 
and transpulmonary driving pressures seem similar.38 Finally, 
airway driving pressure is easier to measure and offers less 
technical difficulties than transpulmonary driving pressure. 
Hence‚ a strategy that lowers airway driving pressure or tidal 
volume may benefit patients.

One hour after bilateral phrenic nerve block, electrical 
activity of the diaphragm, ΔP

eso
, and peak transpulmonary 

pressure had fully recovered, while V
T
 and driving pressure 

had recovered only partially. It is possible that the decrease 
in minute ventilation increased Paco

2
 and stimulated the 

respiratory drive, which ultimately increased the use of the 
diaphragm and other respiratory muscles, offsetting the 
phrenic nerve block. Unfortunately, we did not use a spe-
cific clinical scale to measure respiratory distress, or assess 
accessory muscle activity. In addition to likely Paco

2
 accu-

mulation, the effect of lidocaine may have partly weaned 
off 1 h after bilateral block.39 Taken together, both condi-
tions may have contributed to an early partial recovery.

Ventilation in the most dependent part of the lung 
decreased after phrenic nerve paralysis in pigs and humans. 
Phrenic nerve block suppressed diaphragmatic contrac-
tion, thus reducing ventilation near the diaphragm area. 
Bilateral phrenic nerve block could favor lung collapse, a 
consequence that may be prevented with PEEP. Moreover, 
the suppression of the diaphragmatic contraction abolished 
pendelluft (i.e., an internal redistribution of tidal ventila-
tion), a phenomenon related to regional distension and 
adverse outcomes.22,40 Finally, sequential phrenic nerve 
block did not cause left lung to right lung pendelluft.

Unlike partial neuromuscular blockade,12 our technique 
does not need sedatives, analgesics, or neuromuscular block-
ing agents. The two patients monitored with Bispectral ta
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Index presented levels between 70 and 85, compatible with 
light sedation. Half of our patients were under mild to mod-
erate sedation; one was off continuous sedation and had a 
Richmond Agitation–Sedation Scale score of −1 (table 1).

During resting breathing in healthy subjects, the dia-
phragm is responsible for 60 to 80% of the inspiratory pres-
sure, while the accessory muscles are responsible for the 
remaining activity.41 Lidocaine blocks the propagation of 
the action potential, hence reducing electrical activity of 
the diaphragm, but does not interfere with other respiratory 
muscles due to their different innervation, which explains 
the residual ΔP

eso
 seen in pigs and in patients. The remain-

ing ΔP
eso

 was able to trigger the ventilator, allowing patients 
and pigs to continue under assisted ventilation.

Clinical Implications and Considerations

Patients on invasive mechanical ventilation are at high risk 
for diaphragm myotrauma, a condition that may be a result 
of overassistance, load-induced injury, eccentric contrac-
tile injury, and excessive shortening.42 Such associations 
were evidenced through mediation analysis and need fur-
ther confirmation in prospective studies. Despite contro-
versial results, a common strategy to temporarily reduce 

diaphragm myotrauma is to use paralyzing agents.2,43 
However, systemic paralyzing agents may contribute to 
intensive care unit–acquired weakness and general mus-
cle atrophy. Our novel method could maintain patients 
under protective mechanical ventilation while avoiding 
deep sedation and paralyzing agents. To abolish electrical 
activity of the diaphragm and therefore diaphragm con-
traction with phrenic nerve block, however, may hold the 
same risks as using systemic paralyzing agents referring 
to diaphragm atrophy. This risk of diaphragm atrophy 
may be diminished if it is possible to titrate a continuous 
infusion of local anesthetics through a perineural cath-
eter to reduce, but not abolish, electrical activity of the 
diaphragm. Moreover, phrenic nerve block paralyzes the 
diaphragm, but does not paralyze other muscles, which 
may prevent accessory muscle atrophy.44

Our approach takes less than 15 min to perform with 
a trained anesthesiologist. It reduces peak transpulmonary 
pressure, V

T
, and driving pressure and can be performed 

in patients under light to moderate sedation. Altogether, it 
may be possible to keep a patient under protective assisted 
ventilation while allowing for participation in physical and 
occupational therapy, an intervention that is associated with 

A B

Fig. 8. Heart rate and blood pressure on baseline and after bilateral phrenic nerve block. Compared to baseline, there was no difference in 
heart rate or mean blood pressure.
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better functional outcomes.45 Furthermore, since the inter-
vention is a superficial peripheral ultrasound-guided nerve 
block done in an area susceptible to compression, anticoag-
ulation is not a contraindication.46

Limitations

First, only female pigs were included in this protocol, which 
could limit the results. However, there are no studies asso-
ciating sex of animals with clinically significant differences 
in respiratory physiology and anatomy. Second, the cur-
rent study was a single-center, proof-of-concept, feasibility 
study. We did not aim to detect patient-centered outcomes, 
but rather surrogate physiologic variables associated with 
ventilator-induced lung injury. Third, the duration of the 
block was longer than expected. There is a wide variation 
in the length of lidocaine-induced motor paralysis,47,48 but 
no studies have administered the same dose of lidocaine we 
used in the cervical portion of the phrenic nerve, where 
there is less room for lidocaine dispersion than in a supra-
clavicular block, for instance. Finally, the lidocaine dose 
administered may have been higher than necessary, further 
extending recovery periods. Fourth, the use of ultrasound 
imaging and a neurostimulator for phrenic nerve block 
requires training, which may limit this approach. Fifth, we 
did not routinely measure Paco

2
 in pigs or in patients and 

did not assess the use of extra-diaphragmatic inspiratory 
muscles or activation of expiratory muscles. Therefore, the 
effects of bilateral phrenic nerve block on Paco

2
 and mus-

cle activity need further investigation. Finally, although we 
cannot comment on the recovery of three of our patients, 
they were all weaned off the ventilator.

Conclusion

In conclusion, the current proof-of-concept study demon-
strates that bilateral phrenic nerve block can be feasible and 
efficient in the short term, and may reduce strong sponta-
neous inspiratory efforts. This technique might reduce the 
need for deep sedation and neuromuscular blocking agents 
in patients under mechanical ventilation.
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What We Already Know about This Topic

• Prone positioning during mechanical ventilation for patients with 
acute lung injury has been shown to increase oxygenation and pos-
sibly improve outcome 

• It is now widely used for patients with COVID-19 failing routine 
ventilation protocols

• Its use during spontaneous ventilation has increased as result of 
the pandemic, yet detailed data on its ventilatory effects have not 
been well established

What This Article Tells Us That Is New

• The authors utilized porcine and rabbit models of lung injury to 
evaluate pulmonary mechanics, distribution of ventilation, and bio-
chemical and histologic effects on lung injury with varying positive 
end-expiratory pressure levels

• Independent of positive end-expiratory pressure levels, prone 
positioning reduced maldistribution of lung stress and reduced 
effort-dependent evidence of lung injury

aBStraCt
Background: Vigorous spontaneous effort can potentially worsen lung 
injury. This study hypothesized that the prone position would diminish a mal-
distribution of lung stress and inflation after diaphragmatic contraction and 
reduce spontaneous effort, resulting in less lung injury.

Methods: A severe acute respiratory distress syndrome model was 
established by depleting surfactant and injurious mechanical ventilation 
in 6 male pigs (“mechanism” protocol) and 12 male rabbits (“lung injury” 
protocol). In the mechanism protocol, regional inspiratory negative pleural 
pressure swing (intrabronchial balloon manometry) and the corresponding 
lung inflation (electrical impedance tomography) were measured with a 
combination of position (supine or prone) and positive end-expiratory pres-
sure (high or low) matching the intensity of spontaneous effort. In the lung 
injury protocol, the intensities of spontaneous effort (esophageal manom-
etry) and regional lung injury were compared in the supine position versus 
prone position.

results: The mechanism protocol (pigs) found that in the prone position, 
there was no ventral-to-dorsal gradient in negative pleural pressure swing 
after diaphragmatic contraction, irrespective of the positive end-expiratory 
pressure level (–10.3 ± 3.3 cm H

2
O vs. –11.7 ± 2.4 cm H

2
O at low positive 

end-expiratory pressure, P = 0.115; –10.4 ± 3.4 cm H
2
O vs. –10.8 ± 2.3 cm 

H
2
O at high positive end-expiratory pressure, P = 0.715), achieving homoge-

neous inflation. In the supine position, however, spontaneous effort during low 
positive end-expiratory pressure had the largest ventral-to-dorsal gradient in 
negative pleural pressure swing (–9.8 ± 2.9 cm H

2
O vs. –18.1 ± 4.0 cm H

2
O,  

P < 0.001), causing dorsal overdistension. Higher positive end-expira-
tory pressure in the supine position reduced a ventral-to-dorsal gradient 
in negative pleural pressure swing, but it remained (–9.9 ± 2.8 cm H

2
O vs. 

–13.3 ± 2.3 cm H
2
O, P < 0.001). The lung injury protocol (rabbits) found that 

in the prone position, spontaneous effort was milder and lung injury was less 
without regional difference (lung myeloperoxidase activity in ventral vs. dorsal 
lung, 74.0 ± 30.9 μm · min–1 · mg–1 protein vs. 61.0 ± 23.0 μm · min–1 · 
mg–1 protein, P = 0.951). In the supine position, stronger spontaneous effort 
increased dorsal lung injury (lung myeloperoxidase activity in ventral vs. dorsal 
lung, 67.5 ± 38.1 μm · min–1 · mg–1 protein vs. 167.7 ± 65.5 μm · min–1 · mg–1 
protein, P = 0.003).

Conclusions: Prone position, independent of positive end-expiratory pres-
sure levels, diminishes a maldistribution of lung stress and inflation imposed 
by spontaneous effort and mitigates spontaneous effort, resulting in less 
effort-dependent lung injury.

(ANESTHESIOLOGY 2022; 136:779–91)
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Spontaneous breathing using respiratory muscles is phys-
iologically normal and therefore has been traditionally 

facilitated during mechanical ventilation.1 Negative deflec-
tion (“swing”) in pleural pressure resulting from diaphrag-
matic contraction is evenly transmitted across the whole lung 
surface, creating a uniform increase in transpulmonary pres-
sure at any given airway pressure (P

aw
): this is called “fluid- 

like” behavior.2 Thus, spontaneous breathing achieves 
homogeneous inflation at lower levels of P

aw
 during 

mechanical ventilation, improving ventilation/perfusion 
and gas exchange, and preserving diaphragm function.1,3 
Although such benefits of spontaneous breathing have been 
reported during mechanical ventilation, it may also poten-
tially injure the lungs and diaphragm when spontaneous 
effort is vigorous and/or when lung injury is severe.3–6

In the severely injured lung, negative deflection in pleu-
ral pressure resulting from diaphragmatic contraction is 
partially used on local lung deformation (i.e., dense, atel-
ectatic area resisting dynamic shape changes) and thus is 
not evenly transmitted to the entire lung; this is called  
“solid-like” behavior.2,7 Such a maldistribution of lung stress 
imposed by spontaneous breathing is known to cause inju-
rious inflation patterns (e.g., pendelluft, local volutrauma2,7). 
In addition, several factors increase the strength and injury 
potential of spontaneous breathing effort in severe acute 
respiratory distress syndrome (ARDS), including acidemia, 
hypercapnia, and hypoxemia,8 as well as reduced lung vol-
ume due to dorsal atelectasis.9,10

Turning to the prone position gravitationally trans-
locates atelectasis (dense solid-like lung tissue resisting 
dynamic shape changes) from the dorsal to ventral lung, as 
is obvious from previous studies.11 Because the dorsal lung 
(facing muscular parts of diaphragm) is now open and less 
solid-like atelectatic in the prone position, it might diffuse 
the inspiratory stress after diaphragmatic contraction from 
being local and injurious to generalized and less injuri-
ous (e.g., less pendelluft, less local volutrauma). In several 
studies, the prone position is also shown to have the sim-
ilar effect of recruiting lung and increasing lung volume 
as higher positive end-expiratory pressure (PEEP).11,12 
Lung recruitment may minimize the injurious effect of 
spontaneous effort (e.g., large tidal volume, high transpul-
monary pressure) by increasing lung volume, shortening 
diaphragm length, and thereby generating less force from 
the diaphragm.6,9,10,13–15

The prone position has been traditionally used under 
passive conditions (e.g., more than 90% of patients in the 
prone position received muscle paralysis for more than 
5 days),16 and the interaction of the prone position with 
spontaneous breathing has not been evaluated well in severe 
ARDS. Based on this reasoning, we hypothesized that if 
spontaneous effort is permitted while in the prone posi-
tion, it would diminish a maldistribution of lung stress and 
inflation imposed by spontaneous effort and decrease spon-
taneous effort, resulting in less lung injury.

We tested this hypothesis in established models of 
severe ARDS. First, in the “mechanism” protocol using 
pigs, to evaluate regional lung stress and the corresponding 
inflation pattern caused by spontaneous effort, we mea-
sured the impact of PEEP (high and low) and position 
(supine and prone) on regional lung inflation (electrical 
impedance tomography in pigs) and regional inspiratory 
negative pleural pressure swings (intrabronchial balloon 
manometry2,17 in pigs). Second, in the “lung injury” pro-
tocol using rabbits, we measured the impact of position 
on the strength of spontaneous effort (negative deflection 
in esophageal pressure [P

eso
] in rabbits), and on regional 

injury associated with spontaneous effort (total protein in 
bronchoalveolar lavage, lung myeloperoxidase activity in 
rabbits).

Materials and Methods
Two series of animal experiments (pigs, rabbits) were con-
ducted from 2017 through 2018 (before the COVID-19 
pandemic), both approved by the Animal Care Committee 
of the Hospital for Sick Children in Toronto (Toronto, 
Ontario, Canada; approval No. 45697). The animals were 
cared for in accordance with the hospital’s standards for the 
care and use of laboratory animals.

Series 1 Mechanism Protocol: Anesthetized Pig 
Experiments

The schematic of study protocol is described in figure 1A. 
Six male Yorkshire pigs (n = 6; 30.9 to 39.3 kg) were anes-
thetized with 7 mg · kg–1 · h–1 ketamine and 2 mg · kg–1 · h–1  
propofol and tracheostomized. Negative toe pinch was 
confirmed throughout the protocol. An esophageal balloon 
catheter (NutriVent, Sidam, Italy) was inserted to measure 
P

eso
, filled with 1.0 ml as a minimal nonstress volume, and 

calibrated.18 Neuromuscular blockade rocuronium bromide 
boluses of 0.5 mg · kg–1 were used to prevent spontaneous 
breathing effort when necessary.
Lung Injury. Experimental lung injury was induced in 
the supine position by repeated saline lung lavage (30 ml 
· kg–1, 37°C),19 and surfactant depletion was considered 
stable when the Pao

2
/fractional inspired oxygen tension 

(Fio
2
) ratio was less than 100 mmHg for 10 min, at a PEEP 

of 5 cm H
2
O. Injurious mechanical ventilation was com-

menced and continued for 60 min using assisted pressure 
control: Fio

2
, 1.0; rate, 25 breaths/min; and pressure trig-

ger, –2 cm H
2
O (Servo 300, Siemens-Elema AB, Sweden). 

Ventilator-induced lung injury was induced with the 
following driving pressure/PEEP combinations adjusted 
every 15 min to maintain Pao

2
 of greater than 55 to 65 

mmHg: 41/1, 39/3, 37/5, 35/7, 33/9, 31/11, or 29/13 cm 
H

2
O.13

Experimental Protocol. The animals were then randomly 
assigned to four acquisition periods (each period comprised 
high or low PEEP and supine or prone position):

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:779–91 781

Prone Position and Spontaneous Breathing

Yoshida et al.

Fig. 1. Schematic of protocol. (A) Series 1 mechanism protocol in pigs. Lung-injured pigs (n = 6) were randomly assigned to each of four 
acquisition periods (conditions 1 to 4), and spontaneous effort was subsequently facilitated by adding carbon dioxide until a negative swing in 
esophageal pressure (Peso) of –10 cm H2O was reached. Then, the regional lung stress and lung inflation pattern were analyzed by intrabronchial 
balloon manometry and electrical impedance tomography, respectively. (B) Series 2 lung injury protocol in rabbits. Lung-injured rabbits (n = 12) 
were randomized to either group 1 (supine and spontaneous breathing) or group 2 (prone and spontaneous breathing). Lung injury was evaluated 
after 4-h preservation of spontaneous effort under mechanical ventilation. Fio2, fractional inspired oxygen tension; PEEP, positive end-expiratory 
pressure; VT, tidal volume.
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• Low PEEP, supine
• High PEEP, supine
• Low PEEP, prone
• High PEEP, prone

Randomization was from a bag of coded letters. Static 
respiratory system compliance was measured with decre-
mental PEEP steps (modified from Yoshida et al.20), starting 
at a PEEP of 20 cm H

2
O and reducing by 2 cm H

2
O every 

30 s until an oxygen saturation measured by pulse oximetry 
of approximately 90% was reached. Ventilation was set at 
Fio

2
 1.0, inspiratory pressure was set at 15 cm H

2
O, and the 

respiratory rate was 40 breaths/min. At a PEEP of 20 cm 
H

2
O, the Pao

2
/Fio

2
 ratio was approximately 400 mmHg 

in all animals. High and low PEEP were defined as follows:

• High PEEP is the PEEP at which respiratory system 
compliance is maximal after decremental PEEP steps

• Low PEEP is the PEEP at which oxygen saturation 
measured by pulse oximetry is approximately 90% (Pao

2
 

is approximately 60 mmHg)

The lungs were fully recruited in the supine position to 
homogenize lung volume history before randomization to 
each acquisition period and ventilated for approximately 
15 min for stabilization. In each acquisition period, low 
tidal volume (V

T
) ventilation employed assisted volume- 

controlled ventilation: V
T
, 7 ml · kg–1; rate, 30 breaths/min; 

inspiratory to expiratory ratio, 1:2 (no inspiratory pause); 
pressure trigger, –2 cm H

2
O; and Fio

2
, 1.0.

At the start of each acquisition period, the absence 
of respiratory effort was confirmed by a lack of negative 
deflection in P

eso
. Spontaneous breathing effort was subse-

quently facilitated by adding carbon dioxide (up to 0.10) 
until a negative swing in P

eso
 of –10 cm H

2
O was reached. 

It usually took approximately 30 min to reach the target 
value of P

eso
. The animals were sacrificed with IV sodium 

pentobarbital.
Electric Impedance Tomography. In all animals (n = 6), 
electrical impedance tomography data were recorded 
(PulmoVista 500, Dräger, Germany) continuously during 
the spontaneous breathing titration period (from paralysis 
to P

eso
 of –10 cm H

2
O). Local lung inflation was analyzed 

after division of the image into four equal zones, from zone 
1 (most ventral) to zone 4 (most dorsal), where each zone 
comprised 25% of the ventrodorsal distance and encom-
passed the complete area of the lung encircled by the band. 
We considered zone 1 (the most ventral one) and zone 4 
(the most dorsal one) as representative of ventral lung and 
dorsal lung to be analyzed, respectively. The magnitude of 
local lung inflation imposed by spontaneous effort was esti-
mated by the size of passive V

T
 during muscle paralysis to 

achieve the same degree of local lung inflation.2 This esti-
mation in each sequence was performed when ∆P

eso
 was 

–10 cm H
2
O (i.e., the same intensity of spontaneous effort). 

After measuring the magnitude of local lung inflation 

(represented by ΔZ in electrical impedance tomography) 
when ∆P

eso
 was –10 cm H

2
O at a fixed, global V

T
 of 7 ml/

kg during assisted volume-controlled ventilation, we para-
lyzed the animal and started to increase V

T
 setting during 

volume-controlled ventilation, until the same magnitude of 
local lung inflation (represented by ΔZ in electrical imped-
ance tomography) developed in the dorsal lung.
Pleural Pressure Measurement. The local negative swing 
in pleural pressure was determined in nondependent and 
dependent regions (one pig did not survive; n = 5) by bal-
loon catheter occlusion of subsegmental bronchi via a fibre-
optic bronchoscope, as follows: nondependent region, left B; 
dependent region: left lower lobe beyond D4. The occluded 
subsegments were connected to a differential pressure trans-
ducer through the intrabronchial balloon catheter without 
airflow influx, thereby allowing continuous measurement 
of changes in occluded subsegment pressure. The pressure 
swings in the occluded subsegments were used as surro-
gates for negative pleural pressure swings, as described pre-
viously.2,17 The occluded lung regions were filled with air 
until the alveolar pressure inside each target subsegmental 
region reached 20 (or 30) cm H

2
O in nondependent (and 

dependent) lung regions, respectively, assuming that this 
opening pressure was sufficient to recruit the occluded lung 
regions. Simultaneous pressure recording of negative pleural 
pressure swings and ΔP

eso
 were performed, while preserv-

ing spontaneous effort. All measurements were performed 
when ∆P

eso
 was –10 cm H

2
O.

Series 2 Lung Injury Protocol: Anesthetized Rabbit 
Experiments
A schematic of study protocol is shown in figure 1B. Twelve 
New Zealand white rabbits (adult, male, 2.9 to 3.9 kg) were 
anesthetized with intravenous propofol (10 to 100 mg · kg–1 · h–1)  
and ketamine (1 to 5 mg · kg–1 · h–1) and tracheostomized. 
Negative toe pinch was confirmed throughout the proto-
col. An esophageal balloon (SmartCath, Bicore, USA) was 
inserted to measure P

eso
 and filled with air (0.3 ml as mini-

mal nonstress volume), and its position was verified.18

Lung Injury. Experimental lung injury was induced in the 
supine position by repeated lung lavage,19 and surfactant 
depletion was considered stable when the Pao

2
/Fio

2
 ratio 

was less than 150 mmHg for 10 min at a PEEP of 3 cm H
2
O. 

Injurious mechanical ventilation using assisted pressure 
control consisted of V

T
 of approximately 15 ml · kg–1 (by 

adjusting inspiratory pressure), and a PEEP of 2 cm H
2
O. 

PEEP was adjusted (increased or decreased) by 2 cm H
2
O 

to maintain a Pao
2
/Fio

2
 of 55 to 65 mmHg after 15 min and 

continued for 30 min.
Experimental Protocol. The lungs were fully recruited in the 
supine position, and PEEP was set at where the Pao

2
/Fio

2
 

ratio was approximately 100 mmHg in the supine position. 
Then the animals were randomly assigned to one of two 
groups (n = 6 for each group):
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• Supine plus spontaneous breathing
• Prone plus spontaneous breathing

Randomization was from a bag of coded letters. The animals 
were then ventilated for 4 h using low V

T
 ventilation, using 

pressure-controlled ventilation: V
T
, 6 ml · kg–1 (by adjusting 

inspiratory pressure); respiratory rate, 60 to 120 breaths/min 
(targeted to Paco

2
 of less than 50 mmHg); inspiratory time, 

0.2 s; minimum flow trigger; and Fio
2
 adjusted to target 

Pao
2
 of 100 mmHg. All of the animals (n = 12) survived the 

protocol. After 4 h of mechanical ventilation, the animals 
were sacrificed with IV sodium pentobarbital, and the lungs 
were excised.
Wet to Dry Lung Weight. The right upper and middle lobes of 
the lung were weighed, placed in a warming oven (37°C), 
and weighed daily until the weight was stable.
Lung Inflammation. Bronchoalveolar fluid was collected from 
the left whole lung by injecting 10 ml of normal saline three 
times; then the total protein in the bronchoalveolar fluid was 
quantified. Lung myeloperoxidase activity was measured21 
from lung biopsies; a lung tissue sample (8 × 8 × 8 mm) was 
taken from the nondependent and dependent right middle 
lobes. One investigator (G.O.), who was blind to sampling 
regions and group allocation, performed the analysis.
Lung Histology. The right lower lobe was fixed with intra-
tracheal insufflation of 10% formalin of 15 ml for at least 
24 h. The right lower lobe was sectioned transversely (5-mm 
slices) and embedded in paraffin. In addition, 3-μm slices 
were stained with hematoxylin and eosin. Representative 
histologic images in each group are presented.
Definitions. The definitions of pulmonary pressures are as 
follows:

• Negative swing in P
eso

: ∆P
eso

 was determined from the 
amount of decrease (spontaneous breathing) in P

eso
 from 

the start of inspiration.
• Negative swing in pleural pressure: ∆ pleural pressure 

was determined from the amount of decrease (sponta-
neous breathing) in pleural pressure from the start of 
inspiration.

• Maximal (inspiratory) transpulmonary pressure: Peak 
transpulmonary pressure equaled the maximal value of 
[P

aw
 – P

eso
] cm H

2
O, usually corresponding to the time of 

the most negative value of P
eso

 (maximum inspiration).
• Plateau (inspiratory) transpulmonary pressure: Plateau 

transpulmonary pressure equaled [plateau P
aw

 – end- 
inspiratory P

eso
] cm H

2
O.

• Plateau pressure: P
aw

 measured during a short inspiratory 
hold (i.e., zero flow phase).

• Driving pressure equaled [plateau P
aw

 – PEEP] cm H
2
O.

• Peak Δ transpulmonary pressure: Peak ∆ transpulmo-
nary pressure equaled [P

aw
 – PEEP – (∆P

eso
)] cm H

2
O, 

corresponding to the time of maximal value of peak ∆ 
transpulmonary pressure.

• Compliance of the respiratory system equaled [V
T
/

(driving pressure)] mL · cm H
2
O–1.

Statistical Analysis

Statistical analyses were performed using SPSS13.0 for 
Windows (SPSS, USA). The study was exploratory, and the 
sample size was not formally calculated, but it was based 
on experience. Normal distribution of data was checked 
with histography. The results are expressed as mean ± SD. 
One-way ANOVA was used to compare myeloperoxidase 
activities among regions. Two-way ANOVA with repeated 
measures evaluated the effects of time and group on respi-
ratory variables. Two-way ANOVA was applied to evaluate 
the effects of lung regions (ventral vs. dorsal) and condi-
tion differences on lung stress and lung inflation imposed 
by spontaneous effort. In the post hoc analysis, a Dunnett’s 
test was used to compare repeated values with the value 
at the start of the protocol (i.e., 0 h), and Tukey’s pairwise 
multiple comparison test was used to determine condi-
tion differences. Unpaired t tests were used to compare the 
wet to dry ratio and bronchoalveolar fluid protein. All tests 
were two-tailed, and differences were considered signifi-
cant when P < 0.05.

results

Mechanism Protocol in the Anesthetized Pig

Respiratory Variables. V
T
 was low and similar (volume- 

controlled ventilation: 6.7 ± 0.6 to 6.9 ± 0.5 ml/kg) in all 
four conditions (“condition” P = 0.772 by two-way repeated 
ANOVA) at baseline (paralyzed) and throughout titration  
of spontaneous effort (“time” P = 0.081 by two-way 
repeated ANOVA; Supplemental Digital Content table S1, 
http://links.lww.com/ALN/C801). The development of 
spontaneous breathing did not alter global V

T
 (as antici-

pated, given the volume-controlled ventilation). The swing 
(deflection) in esophageal pressure (∆P

eso
) increased until it 

reached –10 cm H
2
O during spontaneous effort titration as 

per protocol in all groups (Supplemental Digital Content 
table S1, http://links.lww.com/ALN/C801).
Local Pleural Pressure during Spontaneous Effort. The 
regional distribution of pleural pressure (fig. 2) was mea-
sured and evaluated under the same amount of sponta-
neous effort in all conditions (i.e., ∆P

eso
 = –10 cm H

2
O). 

The magnitude of negative inspiratory pleural pressure in 
the dorsal (dependent) lung was almost twofold greater 
than negative inspiratory pleural pressure in the ventral 
(nondependent) lung at low PEEP in the supine position 
(∆ pleural pressure in ventral vs. dorsal lung: –9.8 ± 2.9 cm 
H

2
O vs. –18.1 ± 4.0 cm H

2
O; P < 0.001; fig.  2A). High 

PEEP in the supine position significantly reduced a ven-
tral to dorsal gradient in inspiratory ∆ pleural pressure 
(dorsal ∆ pleural pressure in low PEEP vs. high PEEP: 
–18.1 ± 4.0 cm H

2
O vs. –13.3 ± 2.3 cm H

2
O; P < 0.001; 

fig.  2A vs. fig.  2B). In the prone position, however, 
there was no ventral to dorsal gradient in local ∆ pleu-
ral pressure after diaphragmatic contraction, irrespective 
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Fig. 2. Local pleural pressure and inflation imposed by spontaneous effort: series 1 mechanism protocol in pigs. The data are expressed as mean ± 
SD (error bars). The magnitudes of inspiratory negative pleural pressure (left) and lung inflation (right) were estimated at negative swing in esopha-
geal pressure (Peso) of approximately –10 cm H2O and tidal volume (VT) of approximately 7 ml/kg during volume-controlled ventilation in all conditions 
(A to D). The x axes in the left panels represent negative swings in pleural pressure measured by balloon catheter occlusion technique. In contrast, the 
x axes in the right panels represent the VT levels required during controlled breaths (muscle paralysis) to obtain the same magnitude of local inflation 
(ΔZ in electrical impedance tomography) imposed by spontaneous effort (Peso approximately –10 cm H2O). (A) In low positive end-expiratory pressure 
(PEEP) and supine, a passive VT of almost 16 ml/kg was required to obtain the same magnitude of local inflation imposed by spontaneous effort in the 
dependent lung, the same lung region where higher lung stress was concentrated. (B) High PEEP in supine decreased the ventral to dorsal gradient 
of negative pleural pressure swing, leading to decrease the degree of local dependent lung inflation imposed by spontaneous effort. In contrast, in the 
prone position, the distribution of lung stress and inflation during spontaneous effort was the same as during muscle paralysis, either at low PEEP (C) 
or high PEEP (D). *P < 0.01 compared with values in nondependent lung regions within groups; †P < 0.01 compared with values in dependent lung 
regions among all other conditions; ‡P < 0.05 compared with values in dependent lung regions among all other conditions.
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of the PEEP level (∆ pleural pressure in ventral [depen-
dent] vs. dorsal [nondependent] lung: –10.3 ± 3.3 cm 
H

2
O vs. –11.7 ± 2.4 cm H

2
O at low PEEP, P = 0.115; 

–10.4 ± 3.4 cm H
2
O vs. –10.8 ± 2.3 cm H

2
O at high PEEP, 

P = 0.715; fig. 2, C and D).
Local Lung Inflation during Spontaneous Effort versus Muscle 
Paralysis. When comparing the regional distribution of lung 
inflation, the strength of spontaneous effort was matched 
among animals (i.e., ∆P

eso
 equaled –10 cm H

2
O) under a 

fixed global V
T
 (volume-controlled mode: approximately 

7 ml/kg, Supplemental Digital Content table S1, http://
links.lww.com/ALN/C801). Local distribution of lung infla-
tion imposed by spontaneous effort in electrical impedance 
tomography reflected the ventral to dorsal gradient in nega-
tive ∆ pleural pressure during diaphragmatic contraction.

In the supine position during low PEEP, spontaneous 
effort increased local lung inflation in the dependent (dor-
sal) lung, in the same region where more negative ∆ pleural 
pressure was localized (fig. 2A). At low PEEP and supine, a 
significantly larger passive V

T
 (15.4 ± 2.3 ml/kg, P = 0.009 vs. 

high PEEP and supine, P < 0.001 vs. high PEEP and prone, 
P < 0.001 vs. low PEEP and prone) was required to achieve 
inspiratory inflation of the dependent lung (fig. 2A) com-
parable to that achieved during spontaneous effort, despite 
limiting global V

T
 to approximately 7 ml/kg. The magni-

tude of local dependent lung inflation imposed by sponta-
neous effort was significantly less at high PEEP and supine 
(P = 0.009 vs. low PEEP and supine), and thus the distri-
bution of lung inflation was similar among lung regions 
(passive V

T
 required in ventral [nondependent] vs. dor-

sal [dependent] lung: 6.2 ± 4.9 ml/kg vs. 11.2 ± 2.6 ml/kg;  
P = 0.062; fig. 2B). In the prone position, the distribution of 
lung inflation was not altered by spontaneous effort at low 
PEEP (passive V

T
 required in ventral [dependent] vs. dorsal 

[nondependent] lung: 7.3 ± 2.6 ml/kg vs. 6.1 ± 2.2 ml/kg;  
P = 0.512; fig. 2C) and at high PEEP (passive V

T
 required 

in ventral [dependent] vs. dorsal [nondependent] lung: 
7.1 ± 2.2 ml/kg vs. 7.0 ± 2.0 ml/kg; P = 0.943; fig. 2D).

Lung Injury Protocol in the Anesthetized Rabbit
Respiratory Variables. The dose of propofol and ketamine 
was similar in the supine position versus the prone position 
(propofol: 19 ± 5 mg · kg–1 · h–1 vs. 22 ± 5 mg · kg–1 · h–1,  
P = 0.394; ketamine: 3.1 ± 1.9 mg · kg–1 · h–1 vs. 2.1 ± 0.7 mg 
· kg–1 · h–1, P = 0.273). The values of V

T
 (approximately 

6 ml/kg) were similar in both groups (“group” P = 0.853 
by two-way repeated ANOVA) throughout the proto-
col (“time” P = 0.837 by two-way repeated ANOVA). 
Oxygenation (Pao

2
/Fio

2
) was greater during spontaneous 

effort in the prone versus supine position (group P = 0.008 
by two-way repeated ANOVA; table 1). In the supine posi-
tion, oxygenation increased transiently for approximately 
the first hour after commencement of spontaneous breath-
ing and decreased thereafter (table 1). Respiratory system 
compliance decreased over time in the supine position with 

spontaneous effort but did not decrease in the prone posi-
tion with spontaneous effort. Respiratory system compli-
ance was higher after 2 h in the prone position vs. supine 
position (respiratory system compliance at 4 h: 2.1 ± 0.9 ml/
cm H

2
O vs. 1.1 ± 0.2 ml/cm H

2
O; P = 0.034; table 1).

Spontaneous Effort in Supine versus Prone Position. The 
intensity of spontaneous effort in terms of frequency (esti-
mated by respiratory rate) and magnitude (estimated by neg-
ative ΔP

eso
) was significantly less in the prone versus supine 

groups (table 1; fig. 3A) despite the use of the same doses of 
sedatives, the maintenance of constant Pao

2
 (approximately 

100 mg by adjusting Fio
2
), and the same value of Paco

2
 

(table  1). The deflections in ΔP
eso

 became significantly 
more negative in the supine position but remained constant 
in the prone position (ΔP

eso
 at 4 h: –3.9 ± 1.3 cm H

2
O vs. 

–1.6 ± 1.1 cm H
2
O; P = 0.008; fig. 3A). Spontaneous respi-

ratory rate (and thus minute ventilation) was significantly 
higher in the supine vs. prone groups (table 1). At all times 
during spontaneous breathing after time zero, the peak ∆ 
transpulmonary pressure (at maximum inspiration) was 
greater in the supine group versus the prone group (fig. 3B).
Lung Injury in Supine versus Prone Position. Overall lung 
injury was less in the prone versus supine groups in terms of 
wet/dry lung weight ratio (fig. 4A) and protein concentra-
tion in bronchoalveolar fluid (fig. 4B). The regional patterns 
of injury also differed between the groups. In the supine 
group, the lung tissue myeloperoxidase expression was 
higher in the dependent (dorsal) lung, in the same regions 
where spontaneous effort increased lung stress and infla-
tion (67.5 ± 38.1 μm/min/mg protein vs. 167.7 ± 65.5 μm/
min/mg protein in the nondependent vs. dependent lung;  
P = 0.003; fig. 5A), but there were no regional differences in 
myeloperoxidase expression in the prone group (61.0 ± 23.0 
μm/min/mg protein vs. 74.0 ± 30.9 μm/min/mg pro-
tein in the nondependent vs. dependent lung; P = 0.951;  
fig.  5B). The distribution of “histologic” injury in each 
group is presented with illustrative sections (Fig. 5).

discussion
The prone position in severe ARDS has been traditionally 
used under passive conditions (i.e., under muscle paraly-
sis or deep sedation).16 The current data suggest that the 
prone position could be an option to minimize lung injury 
from spontaneous effort in severe ARDS. This is because 
the prone position, independent of PEEP levels, diminishes 
the maldistribution of lung stress and thus the asymmetric, 
injurious lung inflation associated with spontaneous effort, 
and also because the prone position mitigates the magni-
tude of spontaneous efforts.

Ventilator-induced Lung Injury versus Effort-dependent 
Lung Injury

Using histology, computed tomography, and positron emis-
sion tomography imaging of [18F]fluoro-2-deoxy-d-glucose, 
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previous studies revealed that ventilator-induced lung injury 
occurred in nondependent (ventral) lung regions in animal 
models of ARDS (rats, rabbits, pigs)6,22,23 and patients with 
ARDS.24,25 During a controlled breath, ventilation is likely 
to shift to nondependent (ventral) lung regions because of 
spatial heterogeneity of lung aeration, i.e., more atelectasis 
in the more dependent (dorsal) lung, and therefore a small 
percentage of the nondependent lung is more susceptible 
to higher inspiratory stress and strain in the supine position. 
On the other hand, the prone position decreases such spatial 
heterogeneity of lung aeration, leading to more even dis-
tribution of tidal strain and [18F]fluoro-2-deoxy-d-glucose 
uptake.26 Therefore, the prone position is known to reduce 
ventilator-induced lung injury12 and improve mortality in 
severe ARDS16

The current study confirmed that spontaneous effort 
altered the locus of lung injury: the bulk of effort- 
dependent lung injury occurred in the dependent (dorsal) 
lung,6,27,28 the same region where spontaneous inspiratory 
effort increased greater inspiratory lung stress and caused 
overinflation (figs. 2 and 5). Of note, the combination of 
low levels of PEEP and the supine position appears to pose 
the greatest risk of effort-dependent lung injury (fig. 2).

The maldistribution of lung stress during spontaneous 
effort was most manifested in the supine position with low 
PEEP. While the strength of spontaneous effort (measured 
as ∆P

eso
 equals –10 cm H

2
O) was maintained to be the same 

among all conditions in the pig experiments, lower PEEP 
in the supine position was associated with the highest local 
lung stress in the dependent lung and thus the greatest 
magnitude of local lung inflation in the dependent lung. 
Therefore, overall lung injury from spontaneous effort was 
greater in the supine position (fig. 4), and the lung tissue 
myeloperoxidase expression and lung histologic injury were 
higher in dependent (dorsal) lung (fig. 5).

Mechanisms of Protection: Impact of Position
Prone position (vs. supine position) was effective to mini-
mize effort-dependent lung injury, as evident from better 
gas exchange, better respiratory system compliance, lower 
wet/dry lung weight ratio, lower bronchoalveolar fluid 
protein concentration, and less lung tissue myeloperoxi-
dase activity. The overall burden of lung injury was less, and 
there was no difference between degrees of injury in dorsal 
versus ventral lung. Several mechanisms were revealed from 
this study.

table 1. Respiratory Parameters in the Anesthetized Rabbit (n = 6/Each Group)

Parameter Group
lung  
injury

Measurement

0 h after Start 
of lung injury 

Protocol 

1 h after Start 
of lung injury 

Protocol 

2 h after Start 
of lung injury 

Protocol 

3 h after Start 
of lung injury 

Protocol 

4 h after Start 
of lung injury 

Protocol 

Pao2/Fio2, mmHg Supine 100 ± 15 204 ± 84 298 ± 138 219 ± 71 148 ± 75 106 ± 32
 Prone 113 ± 19 343 ± 159 422 ± 159 432 ± 161* 418 ± 171* 420 ± 179*
Paco2, mmHg Supine 40 ± 9 65 ± 17 51 ± 6 44 ± 10† 39 ± 9† 39 ± 5†
 Prone 40 ± 10 63 ± 11 56 ± 10† 41 ± 7† 40 ± 8† 38 ± 11†
Peak airway pressure, cm H

2O Supine 22.7 ± 3.7 25.6 ± 4.8 28.7 ± 6.5† 29.1 ± 3.7† 29.4 ± 4.0† 29.1 ± 4.0†
 Prone 21.3 ± 4.3 23.9 ± 9.1 24.0 ± 8.6 22.2 ± 9.0 20.6 ± 8.1*† 20.6 ± 8.6*†
Plateau airway pressure, cm H

2O Supine 20.5 ± 2.9 21.7 ± 3.2 26.5 ± 5.5† 26.6 ± 3.4† 26.7 ± 3.9† 26.3 ± 3.6†
 Prone 19.3 ± 3.8 21.1 ± 8.5 20.5 ± 7.8 20.0 ± 7.9 18.3 ± 7.2*† 18.3 ± 7.6*†
Mean airway pressure, cm H

2O Supine 13.0 ± 2.6 13.6 ± 3.1 14.6 ± 3.6 14.8 ± 2.5 14.3 ± 3.2 14.3 ± 2.5
 Prone 12.0 ± 4.6 12.8 ± 5.5 12.7 ± 5.3 12.2 ± 5.4 11.7 ± 4.8† 11.9 ± 4.9†
Positive end-expiratory pressure, cm H

2O Supine 8.4 ± 2.6 8.4 ± 3.0 8.3 ± 3.0 8.1 ± 3.1 8.1 ± 3.3 8.0 ± 2.9
 Prone 7.5 ± 4.2 7.5 ± 3.7 7.6 ± 3.8 7.6 ± 3.8 7.1 ± 3.4 7.3 ± 3.6
Tidal volume, ml/kg Supine 5.5 ± 1.2 6.0 ± 0.4 6.2 ± 0.7 6.1 ± 0.6 6.1 ± 0.4 6.2 ± 0.5
 Prone 5.4 ± 1.7 5.9 ± 0.5 6.2 ± 0.2 6.1 ± 0.5 6.1 ± 0.6 6.1 ± 0.9
Respiratory rate, breaths/min Supine 40 ± 0 107 ± 23 113 ± 19 113 ± 11 112 ± 10 112 ± 12
 Prone 40 ± 0 84 ± 4 81 ± 5* 82 ± 7* 78 ± 7* 78 ± 8*
Minute volume, l/min Supine 0.8 ± 0.2 2.2 ± 0.4 2.4 ± 0.6 2.4 ± 0.5 2.4 ± 0.4 2.4 ± 0.5
 Prone 0.8 ± 0.3 1.8 ± 0.2* 1.8 ± 0.2* 1.7 ± 0.1* 1.7 ± 0.1* 1.7 ± 0.3*
Respiratory system compliance, ml/cm H

2O Supine 1.6 ± 0.3 1.5 ± 0.1 1.1 ± 0.4† 1.0 ± 0.2† 1.0 ± 0.2† 1.1 ± 0.2†
 Prone 1.6 ± 0.5 1.7 ± 0.8 1.8 ± 0.8 1.8 ± 0.8* 2.0 ± 0.7* 2.1 ± 0.9*
Peak transpulmonary pressure, cm H

2O Supine 18.8 ± 3.6 22.9 ± 2.9 28.0 ± 5.7† 29.1 ± 2.6† 28.2 ± 2.4† 28.5 ± 2.4†
 Prone 16.8 ± 3.3 19.6 ± 8.8 19.0 ± 8.6 18.3 ± 8.4* 16.8 ± 8.5*† 16.4 ± 7.9*†
Plateau transpulmonary pressure, cm H

2O Supine 16.4 ± 3.0 18.4 ± 1.9 22.2 ± 4.7† 22.4 ± 2.9† 21.5 ± 2.6† 22.3 ± 2.0†
 Prone 14.4 ± 2.9 14.4 ± 8.0 13.6 ± 7.9* 13.8 ± 7.3* 12.6 ± 7.7* 12.2 ± 7.2*

*P < 0.05 compared with supine. †P < 0.05 compared with 0 (at the start of the protocol) within groups.
Fio2, fractional inspired oxygen tension.
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First, the prone position had no ventral to dorsal gradient 
in local ∆ pleural pressure after diaphragmatic contraction, 
and therefore the magnitude of local lung inflation during 

spontaneous breathing is the same as under V
T
 at approx-

imately ≈7 ml/kg during muscle paralysis (fig.  2, C and 
D). This might be explained partially by the gravitational 

Fig. 3. Intensity of spontaneous effort and dynamic lung stress in supine versus prone- series 2 lung injury protocol in rabbits. The data are 
expressed as mean ± SD (error bars). The intensity of inspiratory effort (series 2 rabbit) was evaluated as the magnitude of the negative swing 
in esophageal pressure (ΔPeso). (A) ΔPeso was less in the prone position versus the supine position throughout the protocol. (B) As a result, peak 
Δ transpulmonary pressure, a surrogate of dynamic lung stress, was less in the prone position versus the supine position throughout the 
protocol. Peak Δ transpulmonary pressure decreased over time in the prone position. P < 0.05 compared with supine; †P < 0.05 compared 
with 0 h (at the start of the protocol) within groups.

Fig. 4. Overall lung injury in the supine position versus prone position: series 2 lung injury protocol in rabbits. The data are expressed as 
mean ± SD (error bars). (A) Wet/dry lung weight ratio was less in the prone position. (B) Protein in bronchoalveolar fluid was less in the prone 
position. *P < 0.01 compared with supine.
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translocation of atelectatic solid-like lung tissue (which 
impedes pressure transmission) from the dorsal to ventral 
lung. This explanation is likely because “baby lung” is con-
sidered a functional entity (but not an anatomical entity) 
that can change its location with position and level of 
PEEP.11,29 Importantly, previous studies show that dorsal 
muscular regions of the diaphragm move more than ven-
tral regions of the diaphragm during spontaneous breathing, 
regardless of the body position.30,31 Thus, the prone position 
decreases atelectatic solid-like lung tissue in the dorsal lung 
facing the well-moved, dorsal muscular regions of the dia-
phragm, which may facilitate the uniform transmission of ∆ 
pleural pressure to the entire lung surface from where it was 
generated, after diaphragmatic contraction.

Second, the intensity of spontaneous effort (indicated 
by ∆P

eso
, respiratory rate in fig. 3A and table 1) was lower 

in the prone position (vs. supine position), despite match-
ing levels of sedation. Because the prone position mit-
igates injurious spontaneous effort, it resulted in lower 
peak ∆ transpulmonary pressure (i.e., dynamic lung stress). 
Of note, the benefit of the prone position in reducing 
the intensity of spontaneous effort was documented not 
only in rabbits (fig. 3A) but also in humans (infants,32,33 
patients with ARDS,34 hypoxic patients with COVID-
1935). Several plausible explanations are offered. First, the 
prone position increases end-expiratory lung volume in 
some patients (probably depending on lung recruitablity, 
the shape of the chest wall, the presence of abdominal 

Fig. 5. Regional lung injury in the supine position versus prone position: series 2 lung injury protocol in rabbits. The data are expressed 
as mean ± SD (error bars). The regional patterns of injury differed between the groups. (A) The lung tissue myeloperoxidase expression 
was higher in the dependent (dorsal) lung, in the same region where spontaneous effort increased lung inflation, versus the nondependent 
(ventral) lung in the supine position. Representative images (original magnification, ×20; hematoxylin and eosin) are shown. (Right upper) 
Nondependent lung in the supine position. (Right lower) Dependent lung in the supine position. In accordance with the regional patterns 
of lung tissue myeloperoxidase expression, in the supine position, spontaneous effort increased dependent lung injury, i.e., more hyaline 
membrane formation, severe alveolar hemorrhaging, more neutrophil infiltration into the alveoli and interstitium. (B) There were no regional 
differences in myeloperoxidase expression in the prone position. Representative images (original magnification, ×20; hematoxylin and eosin) 
are shown. (Right upper) Nondependent lung in the prone position. (Right lower) Dependent lung in the prone position. In the prone position, 
the magnitude of lung injury was not different between nondependent lung and dependent lung. *P < 0.01 compared with all other regions.
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hypertension, and the presence of support).11 In this study, 
the prone position was effective to recruit lung and 
increase lung volume in rabbits, suggested by higher respi-
ratory system compliance in the prone position (table 1). 
Higher lung volume shortens diaphragm length, resulting 
in less force generation from the diaphragm.9,10 Second, 
the prone position per se is known to shorten diaphragm 
length even with the same end-expiratory lung volume as 
in the supine position, probably due to altered chest wall 
configuration and diaphragm geometry.36,37 Of course, the 
force generated by diaphragmatic contraction decreases as 
its length shortens.38

Therefore, the current study adds a promising technique 
to facilitate safe spontaneous breathing during mechanical 
ventilation in severe ARDS. It may synergize the benefits of 
spontaneous breathing (less muscle atrophy, more physio-
logic) with the benefits of the prone position per se (less ven-
tilator-induced lung injury, more opening of well perfused 
regions). The current data support a larger clinical study as 
a next step to confirm the benefits of the prone position 
to render spontaneous effort less injurious in patients with 
ARDS whose spontaneous effort is vigorous.

Spontaneous Breathing and Prone Position Related to 
COVID-19

In the era of the COVID-19 pandemic, the indication of 
the prone position has been expanding: the prone position is 
now applied to nonintubated, hypoxic patients with COVID-
19 (before intubation, not as severe as moderate-to-severe 
ARDS), hoping that being awake in the prone position 
might improve gas exchange, decrease the strength of spon-
taneous effort, minimizing the risk of effort-dependent lung 
injury, and thereby avoiding tracheal intubation.35,39,40 A few 
case reports observed that the prone position was associated 
with better gas exchange and lower respiratory rate,41,42 and 
a recent large randomized clinical trial has confirmed that 
being awake in the prone position significantly improved 
oxygenation, decreased the respiratory rate, and decreased 
the incidence of treatment failure and the need of intuba-
tion.35 Therefore, the beneficial effects of the prone position 
to mitigate effort-dependent lung injury has been found not 
only in mechanically ventilated patients with ARDS34 but 
also in nonintubated hypoxemic patients with COVID-19.35  
The current physiologic study may reveal potential protective 
mechanisms of the prone position from spontaneous breathing.

Limitations

There are several limitations to the current work. First, 
we utilized two different species (pigs and rabbits). Larger 
animals are closer to human physiology, so they are suit-
able for exploring the mechanism. The smaller animals 
are known to have a shorter (and steeper) trajectory of 
lung injury, so rabbits are more suitable for evaluating 
injury in a shorter time period; the overall consistent 

results in rabbits (location of injury) and pigs (location of 
lung stress and inflation) are reassuring. Second, different 
ventilatory modes were used (volume-controlled in pigs,  
pressure-controlled in rabbits). No differences in the  
patterns and magnitudes of dependent lung inflation 
imposed by spontaneous effort were observed between 
the volume-controlled mode and the pressure-controlled 
mode.7 Thus, the difference in ventilatory mode does not 
affect interpretation of the data. Third, the current study 
lacked paralyzed groups in the lung injury protocol. We 
chose supine and spontaneous breathing as a control group 
to compare with prone and spontaneous breathing. We 
cannot separate completely the benefits of lowering spon-
taneous effort from those of prone position per se. Fourth, 
our study included a single sex (males), the rationale being 
minimizing data variability. The potentially confounding 
effects of this sex bias on the meaning of single-sex exper-
imental data should be considered.43

Conclusions

The current animal study found that the prone position, 
independent of PEEP levels, diminished a maldistribution 
of lung stress and thus asymmetric, injurious lung inflation 
associated with spontaneous effort and mitigated sponta-
neous effort, resulting in less effort-dependent lung injury.
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Background: Ketamine produces potent analgesia combined with psyche-
delic effects. It has been suggested that these two effects are associated and 
possibly that analgesia is generated by ketamine-induced dissociation. The 
authors performed a post hoc analysis of previously published data to quantify 
the pharmacodynamic properties of ketamine-induced antinociception and 
psychedelic symptoms. The hypothesis was that ketamine pharmacodynamics 
(i.e., concentration–effect relationship as well as effect onset and offset times) 
are not different for these two endpoints.

Methods: Seventeen healthy male volunteers received escalating doses 
of S- and racemic ketamine on separate occasions. Before, during, and 
after ketamine infusion, changes in external perception were measured 
together with pain pressure threshold. A population pharmacokinetic– 
pharmacodynamic analysis was performed that took S- and R-ketamine and 
S- and R-norketamine plasma concentrations into account.

Results: The pharmacodynamics of S-ketamine did not differ for antinoci-
ception and external perception with potency parameter (median [95% CI]) 
C

50
, 0.51 (0.38 to 0.66) nmol/ml; blood-effect site equilibration half-life, 8.3 

[5.1 to 13.0] min), irrespective of administration form (racemic ketamine or 
S-ketamine). R-ketamine did not contribute to either endpoint. For both end-
points, S-norketamine had a small antagonistic effect.

conclusions: The authors conclude that their data support an association 
or connectivity between ketamine analgesia and dissociation. Given the intri-
cacies of the study related to the pain model, measurement of dissociation, 
and complex modeling of the combination of ketamine and norketamine, it is 
the opinion of the authors that further studies are needed to detect functional 
connectivity between brain areas that produce the different ketamine effects.
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ediTOR’S PeRSPecTiVe

What We already Know about This Topic

• Ketamine produces potent analgesia and psychedelic effects 
related to its dissociative properties at subanesthetic doses

• It has been suggested that ketamine analgesia may be generated 
by its dissociative effects, although there is evidence that suggests 
the two endpoints are independent and not connected

What This article Tells Us That Is New

• In a planned secondary analysis, a population pharmacokinetic–
pharmacodynamic model of ketamine and its metabolite norket-
amine was developed to describe the relationship between effect 
site concentrations of S- and R-ketamine and their metabolites and 
pressure pain threshold and the change in external perception as a 
measure of ketamine psychotropic effect

• The pharmacodynamics of S-ketamine did not differ for antino-
ciception and external perception, which had the same potency 
parameter (C

50
) and plasma-effect site equilibration half-time 

whether administered as racemic ketamine or S-ketamine
• R-ketamine did not contribute to either endpoint, while 

S-norketamine had a small antagonistic effect for both endpoints

Ketamine is a versatile drug that is used by anesthe-
siologists, pain physicians, and more recently by 

psychiatrists.1 At high doses, ketamine produces a dissocia-
tive anesthetic state; at low (subanesthetic) doses, it produces 
potent analgesia. Additionally, ketamine produces psyche-
delic effects related to its dissociative properties. At low doses, 
these dissociative effects cause inner feelings and thoughts 
that can cause misperception of reality, and mispercep-
tion of external stimuli such as abnormal alterations of the 
extremities or aberrant experience of time and surround-
ings.2 At increasing doses, overt paranoia, hallucinations, 
severe derealization and depersonalization, and anxiety 
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attacks may occur.2 Due to these serious adverse effects, 
pain physicians are often hesitant to consider ketamine for 
treatment of chronic pain, and patient compliance can be 
low due to fear of dissociation. It has been suggested that 
ketamine analgesia and antidepressant properties are highly 
associated and possibly even generated by its dissociative 
effects.3–5 This would suggest that the dissociative and anal-
gesic effects of ketamine and its metabolites have common 
pharmacodynamic properties with a similar potency and 
onset/offset time. This then suggests that the two endpoints 
are connected in the sense that brain areas “wire together 
if they fire together.”6 This is a key concept applied in the 
analysis of resting state function magnetic resonance imag-
ing data.7 However, there is also some evidence that suggests 
that the two endpoints are independent and not connected. 
For example, in healthy volunteers, Gitlin et al.8 recently 
studied the effect of ketamine on cuff pain intensity and 
psychedelic symptoms with and without coadministration 
of midazolam. Their statistical analysis revealed that analge-
sia was not associated with the dissociative effects of ket-
amine. This indirect evidence agrees with earlier findings 
from our laboratory that showed that a NO donor, sodium 
nitroprusside, modestly reduced psychedelic symptoms in 
volunteers receiving racemic ketamine but not in those 
receiving S-ketamine.9 Such an effect was not observed for 
ketamine analgesia (A. Dahan, M.D., Ph.D., unpublished 
data, digital communication March 4, 2022). To deter-
mine whether ketamine-induced dissociation and anal-
gesic behavior are connected, we performed a population  
pharmacokinetic–pharmacodynamic analysis in healthy 
volunteers. All subjects received increasing doses of racemic 
ketamine and S-ketamine on different occasions, and were 
tested concomitantly for pain relief to a pressure pain stim-
ulus and alterations in perception of external stimuli as a 
measure of psychedelic effect. We chose to analyze the per-
ception of external stimuli as we argued that internal per-
ception could be influenced by the imposed painful stimuli. 
Our null hypothesis was that ketamine pharmacodynamics 
(i.e., concentration–effect relationship, as well as times for 
onset and offset of effect) are not different for these two 
endpoints, an indication that dissociation and analgesia from 
ketamine are interconnectedly generated in the brain.

Materials and Methods
Ethics and Subjects

The data used in this analysis are part of a larger data set 
that was used previously to study the effects of sodium 
nitroprusside on ketamine-induced adverse effects,9 and to 
construct a population pharmacokinetic model of ketamine 
and its metabolites,10 as well as a pharmacodynamic model 
of ketamine-induced changes in cardiac output.11 In the 
secondary analysis that is currently planned, we developed 
a population pharmacokinetic–pharmacodynamic model 
of ketamine and its metabolite norketamine to describe 
the relationship between plasma concentrations of S- and 

R-ketamine (and their metabolites) and pressure pain 
threshold and the change in external perception as a mea-
sure of ketamine psychotropic effect. The study protocol 
was approved by the Institutional Review Board (Medical 
Ethics Review Committee Leiden, Den Haag, Delft, Leiden 
University Medical Center, Leiden, The Netherlands) 
and registered at the trial register of the Dutch Cochrane 
Center (www.trialregister.nl) under registration No. 5359 
(principal investigator: A. Dahan; registration date, August 
11, 2015). The study was performed in 20 healthy male vol-
unteers (age, 18 to 34 yr; body mass index, 20 to 30 kg/m2). 
All subjects gave written informed consent before partici-
pation in the study. Specific inclusion and exclusion criteria 
are found in Jonkman et al.9

Study Design

The original study was a four-arm, randomized, dou-
ble-blind crossover study during which S-ketamine or 
racemic ketamine was infused against a background of 
either sodium nitroprusside or normal saline (placebo). 
For the current analysis, we used the data obtained on 
two occasions in which subjects received escalating intra-
venous doses of S-ketamine (Ketanest-S, Eurocept BV, 
The Netherlands) or racemic ketamine (Ketalar, Pfizer, 
Germany) during a period of 3 h. S-ketamine doses were 
0.14 mg · kg–1 · h–1 for 1 h, then 0.28 mg · kg–1 · h–1 for 1 h, 
and finally 0.57 mg · kg–1 · h–1 for the last 1-h period. The 
equivalent administered racemic ketamine doses were as 
follows: first hour, 0.28 mg/kg; second hour, 0.57 mg/kg; 
and third hour, 1.14 mg/kg. All infusions were against a 
background of normal saline infusion.

Data Collection

Data were collected before and during racemic ketamine 
infusion.
Pain Pressure Threshold. The pain pressure threshold was 
measured by applying an increasing pressure to a 1-cm2 
skin area between the thumb and index finger, using the 
FP 100 N Algometer (FDN 100, Wagner Instruments Inc., 
USA). The applied pressure was gradually increased until 
the subject indicated when the pressure became painful, 
after which the pressure was released. The FDN 100 has a 
force capacity (± accuracy) of 100 ± 2 N and graduation of 
1 N. Pressure pain thresholds were obtained before the start 
of the racemic ketamine infusion (baseline), followed by 
measurements at 15-min intervals during and after racemic 
ketamine infusion. Measurements continued until 2 h after 
termination of the racemic ketamine infusion.
Bowdle Questionnaire. External perception was obtained 
from the Bowdle questionnaire.12 The Bowdle question-
naire is a validated list of 13 items developed to quantify the 
psychedelic effects of ketamine in healthy volunteers. The 
subject is asked to rate each item on a 100-mm visual ana-
log scale that ranges from “not at all” to “extreme.” External 
perception relates to the misapprehension of external stimuli 
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or surroundings, including body parts, and is derived from 
the following items: “My body or body parts seemed to 
change their shape or position”; “My surroundings seemed 
to change in size, depth, or shape”; “The passing of time 
was altered”; “The intensity of colors changed”; and “The 
intensity of sound changed.” External perception was mea-
sured at time = 0 (baseline) and 20, 40, 55, 80, 100, 115, 140, 
160, 175, 200, 220, 240, 260, and 280 min after the start of 
ketamine infusion.
Plasma Concentrations: R-and S-ketamine, R-and 
S-norketamine. R- and S-dehydronorketamine and total 
hydroxynorketamine were not considered in the current 
analysis. At regular time points (time = 0 [baseline] and 
time = 2, 6, 30, 59, 62, 66, 100, 119, 122, 126, 150, 179, 
182, 186, 195, 210, and 300 min after the start of ketamine 
infusion), 8 ml blood was drawn from an arterial line placed 
in the radial artery (opposite to the infusion arm). Plasma 
concentrations were measured in the laboratory of Evan 
Kharasch, M.D., Ph.D., at Washington University School 
of Medicine, St. Louis, Missouri, as described by Rao et 
al., by enantioselective high-performance liquid chro-
matography–tandem mass spectrometry after solid-phase 
extraction.13

Data analysis

The pharmacokinetic data were analyzed separately 
in NONMEM (ICON Development Solution, USA) 
and previously reported.10 The pharmacokinetic data 
were analyzed with a two-compartment ketamine, two- 
compartment norketamine, one-compartment dehy-
dronorketamine, and two-compartment hydroxynor-
ketamine model. In between the central ketamine and 
norketamine compartments, two metabolism or delay 
compartments were included (see fig. 2 in Kamp et al.10). 
In this study, we use the measured R- and S-ketamine and 
norketamine plasma concentration data. From the earlier 
model, empirical Bayesian estimates of the pharmacokinet-
ics parameters were obtained, and their fixed values were 
used as input to the pharmacodynamic model.

To account for a possible delay between plasma con-
centrations and effect, effect compartments for S- and 
R-ketamine and S- and R-norketamine were postulated 
that were assumed to equilibrate with the central compart-
ment with an effect half-time of t

½
 = ln(2)/k

e0
, where k

e0
 is 

a rate constant.
For the two endpoints, pressure pain threshold and 

external perception, and the two compounds, S- and 
racemic ketamine, four initial pharmacodynamic mod-
els were built and next combined, by testing if typical 
parameter values and their interindividual variances 
could be set to the same value. We focus on the final 
model, but show how the objective function values and 
95% CI of the parameter estimates change with chang-
ing assumptions.

Pressure pain was modeled as follows:

PTT t BLN C t C t
C t

C

C t

Ck K
R

R

S

S
( ) = × +( ) ( ) = ( )





+ ( )


1 ( )γ and
50 50




( )1

where PPT(t) is the amount of pressure in newtons applied 
at which the subjects first reported pain at time t, BLN is 
the estimated pressure pain threshold at baseline, C

R
(t) and 

C
S
(t) are the effect-site concentration of S- and R-ketamine 

in nanomoles per milliliter at time t, C
50R

 and C
50S

 are the 
estimated S- and R-ketamine effect-site concentrations 
needed to increase the pain pressure threshold by 100% (in 
nanomoles per milliliter),14 and γ is the Hill coefficient.

External perception was described by a sigmoid E
max

 
model:
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where ExP(t) is the experienced level of external percep-
tion as rated on a 100-mm visual analog scale at time t, 
E

max
 is the maximum effect on external perception (100), 

C
R
(t) and C

S
(t) are the effect-site concentration of S- and 

R-ketamine in nanomoles per milliliter at time t, C
50R

 and 
C

50S
 are the R- and S-ketamine effect-site concentration 

in nanomoles per milliliter needed to reach 50% of E
max

 
of external perception, and γ is the Hill coefficient. Since 
external perception was measured on a 100-mm visual ana-
log scale, ratings could not be more than 100 points.

Since we observed a small discrepancy in the individual 
model fits for external perception and to a lesser extent 
for pain pressure threshold during the infusion phase, we 
postulated that a norketamine effect might be present. We 
therefore added S- and R-norketamine as input to the mod-
els, based on a receptor kinetics approach, in which S- and 
R-norketamine could displace S- and R-ketamine from the 
receptor. The consequence of this would be a counteract-
ing effect of S- or R-norketamine on the effects of S- and 
R-ketamine.15 The effects of S- and/or R-norketamine 
were defined as follows:

  
EFF t

C t

CNK
NK

NK
( ) =

( )
100  

(3)

where C
NK

(t) is the S- or R-norketamine plasma concen-
tration in nanomoles per milliliter, and C

100NK
 is the S- or 

R-norketamine effect-site concentration causing a 100% 
increase in C

50K
. So, in equations 1 and 2, C

50R
 and C

50S
 

were replaced by the following:

 
C t C EFF tKN x NK50 50( ) = × + ( )[ ]1

 (4)

where x is either S- or R-ketamine and C
50KN

 the plasma 
ketamine concentration needed to increase the pain pres-
sure threshold by 100% for pressure pain and reach 50% 
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of E
max

 for external perception considering a counteract-
ing effect of S- or R-norketamine on the effects of S- and 
R-ketamine.

Statistical analysis

Data analysis was performed using NONMEM version 
7.5.0 with P values less than 0.01 considered significant. 
To account for interindividual variability, random effects 
were included in the model in an exponential relation: θ

i
 

= θ × exp(η
i
), where θ

i
 is the parameter for individual i, 

θ is the population parameter, and η
i
 is the random dif-

ference between the population and individual parame-
ters, where its variance is the sum of interoccasion (ν2) and 
interindividual variability (ω2). In addition to the $COV 
step in NONMEM to determine the standard error of the 
(parameter) estimate, Perl-speaks-NONMEM’s log likeli-
hood profiling (llp) utility was used to determine the 95% 
CI for parameters S- and/or R-ketamine C

50
, S- and/or 

R-norketamine C
100

, and t
½
k

e0
. P values less than 0.01 were 

considered significant.
We did not perform an a priori sample size analysis as this 

was a secondary analysis from existing data. We did earlier per-
form a sample size analysis based on this data set and calcu-
lated an effect size of 20% as clinically relevant and concluded 
that 17 subjects were necessary to detect a difference between 
single-treatment arms at P < 0.05 and 1 – β > 0.80.9 This 
would translate into a 20% difference in C

50
 values between 

endpoints in the current analysis as a clinically relevant end-
point in our population of 17 subjects. The current data set is 
larger than the set used for sample size analysis (one arm of the 
study) and consists of a comparison of endpoints using data 
derived from two study arms (one treated with S-ketamine 
and the other with racemic ketamine). We therefore assume 
to have sufficient power to detect a difference in C

50
 values 

between endpoints.

Results
While all 20 subjects completed the experimental session 
without serious adverse events, data from three subjects 
were discarded because these subjects were unable to 
reliably score the external perception outcome. For the 
remaining 17 subjects, the mean age ± SD (range) was 
23 ± 2 (19 to 28) yr; mean weight, 82 ± 10 (60 to 98) kg; 
height, 190 ± 6 (175 to 193) cm; and body mass index, 
24 ± 2 (20 to 28) kg/m2.

We tested various pharmacodynamic models, with sep-
arate analyses of external perception versus pressure pain 
threshold, and separate analyses of S-ketamine versus race-
mic ketamine, and tested whether the parameter values and 
their interindividual variances could be set at equal values. 
The objective function values of the models and the 95% 
CI of the parameter estimates are given in fig. 1 and table 1. 
They show the large overlap of 95% CI of the parameter 
estimates when analyzed separately, and the improvement 

in objective function in the final model that combined the 
two endpoints and the two formulations into one model. 
An important observation was that adding R-ketamine 
or its metabolite R-norketamine did not cause a signifi-
cant improvement of any of the models, and these were 
therefore not incorporated (i.e., values for R-ketamine and 
R-norketamine C

50
 were disproportionally high, without 

a significant decrease in NONMEM’s objective function 
value). Our analyses indicate that the final model is one 
with similar pharmacodynamic parameter estimates for 
the two endpoints, irrespective of formulation. Moreover, 
in the analyses, we tested whether a model that included 
S-norketamine would improve the objective function val-
ues. It did so for the final model by 373 points. Finally, for 
the two endpoints and two formulations, no differences in 
k

e0
 could be detected.
Plots showing the population predicted pharmacody-

namic outcomes and the observed data points for each 
individual versus time are given in fig. 2. Goodness-of-fit 
plots are given in fig. 3 (observed vs. individual predicted; 
observed vs. population predicted; individual weighted 
residual vs. time; normalized prediction discrepancy error 
vs. time; and conditioned weighted residuals vs. popula-
tion predicted) for the two endpoints, and the two for-
mulations; visual predictive checks are given in fig. 4. All 
indicate that the final model adequately describes the data 
from both endpoints. Estimated pharmacodynamic param-
eter estimates are given in table  2 (estimate ± standard 
error of the estimate): C

50
 S-ketamine, 0.51 ± 0.12 nmol/

ml; C
100

 S-norketamine, 0.34 ± 0.13 nmol/ml; and t
½
k

e0
, 

8.3 ± 3.4 min. Log likelihood profiles (fig. 5) for parameters 
S-ketamine C

50
, S-norketamine C

100
, and t

½
k

e0
, showed 95% 

CI of 0.39 to 0.66 nmol/ml, 0.23 to 0.53 nmol/ml, and 5.1 
to 12.6 min, respectively.

Interoccasion variance was not estimable for the base-
line of the pressure pain threshold, whereas interindividual 
variability was not estimable for the remaining parameters. 
The interindividual and interoccasion variances may not 
both be identifiable from variable pharmacodynamic (and 
indeed also often with usually less variable pharmacoki-
netic) data with a limited number of subjects. Therefore, 
the total variance may be attributed to the component that 
has the largest estimation precision, which does not imply 
that the other component has no variability. Apparently, 
the interindividual variability of the baseline of the pres-
sure pain threshold had larger estimation precision than its 
interoccasion variability, and the reverse was true for the 
remaining parameters.

discussion
We were unable to detect a difference in the S-ketamine 
and S-norketamine pharmacodynamic model parameters 
(i.e., potency and onset/offset times) for endpoints pain 
pressure threshold and changes in external perception, as 
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a measure of ketamine dissociation, irrespective of admin-
istered formulation (S-ketamine or racemic ketamine). 
Additionally, we observed that R-ketamine did not contrib-
ute to the measured effects after racemic ketamine admin-
istration. Since our results disagree with earlier findings,8,9 
it is important to discuss in detail the different items of our 
protocol that yielded the current results.

Pain Test 

We used a manual pressure pain device to detect the pain 
pressure threshold. Testing was done by a single experienced 
researcher who displayed a high reproducibility in obtain-
ing the pain threshold response. Still, it may well be that 
different pain tests give different results with significant dif-
ferences in pharmacodynamics. For example, in a previous 
study, we tested the effect of the opioid alfentanil on nox-
ious electrical and thermal stimuli, and while the potency 
parameter was similar between tests, the value of the onset/
offset parameter, t½k

e0
, differed significantly between tests.16 

We argued at the time that this indicates that the two tests 

are comparably potent under steady-state conditions but 
differ in their behavior under dynamic conditions. These 
differences in dynamic conditions were related to different 
neuronal circuits activated by the two tests. Hence, the out-
come of the study may have been influenced by the choice 
of pain assay. This not only relates to our study but is equally 
relevant to other studies. Studying pain relief in chronic 
(neuropathic) pain patients may overcome this issue. Note 
further that cold pressor pain and cuff pain require many 
minutes to complete, which may affect the values of k

e0
 

and C
50

. Pressure pain (and also thermal and electrical pain) 
require a few seconds to complete.

Dissociation

Dissociation was measured by the external perception ques-
tions of the Bowdle questionnaire.12 This questionnaire was 
developed in 1998 as a psychologic inventory (a halluci-
nogen rating scale) to quantify ketamine-induced psyche-
delic symptoms in volunteers and has been used in multiple 
studies on the effect of various psychedelics on dissociative 

Fig. 1. Objective function values of the different models used to model the effect of S-ketamine and/or racemic ketamine on pain pressure 
threshold and/or external perception. The objective function values are given with the additional model parameters for each step in brackets.

Table 1. 95% Confidence Intervals

 

Final Model 

Models with the Two endpoints analyzed Sepa-
rately

Models with the Two administration 
Forms analyzed Separately 

 Pain Pressure Threshold external Perception S-ketamine Racemic Ketamine

C50S ketamine, nmol/ml 0.38–0.66 0.40–0.81 0.34–0.58 0.35–0.76 0.35–0.60
C100S norketamine, nmol/ml 0.23–0.53 0.21–0.63 0.22–0.49 0.18–0.52 0.22–0.55
t½ke0, min 5.1–13.0 5.0–16.0 5.0–13.0 4.0–17.0 4.6–13.0

R-ketamine did not contribute to the pain pressure response or to external perception. 
C50S ketamine, S-ketamine concentrations causing a 100% increase in pain pressure threshold or causing half-maximum effect in external perception; C100S norketamine, 
 S-norketamine concentration causing a 100% increase in C50 of S-ketamine; t½ke0, blood-effect compartment equilibrium half-life for both ketamine and norketamine.
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symptoms. Apart from external perception, the question-
naire encompasses internal perception and drug high. To 
test the internal validity of our results, we additionally tested 
these other two measures of dissociation with similar results 
as with external perception (data not shown). This indicates 
that our approach yielded a reliable effect–response rela-
tionship. Still, we cannot exclude that other measures of 
dissociation or other forms of parametrization might have 
given different results.

Participants

In our study, healthy male volunteers were included. We 
restricted ourselves to a single sex to reduce variability 
from possible sex differences. Sex differences have been 
observed in ketamine pharmacokinetics and pharmacody-
namics.16,17 For example, Morgan et al.17 showed a greater 
decrease in cognitive performance in men compared with 
women after ketamine administration. Further studies 
are needed to determine the connectivity of ketamine 
endpoints in mixed populations to determine a possible 
difference between the sexes. Additionally, it may well be 
that a model with better applicability than the healthy 
and young volunteer is the patient (of either sex) with 
acute or chronic pain. Ketamine behavior as an analgesic 

(i.e., reducing existing pain) may well be different from its 
behavior as an antinociceptive agent (i.e., by subduing an 
experimentally induced pain response) due to differences 
in activated pain circuits in brain and spinal cord from 
these two distinct stimuli.

Pharmacodynamic Modeling

We successfully modeled the two endpoints simultane-
ously in our pharmacodynamic analysis. An interesting 
observation in our data is that pressure pain threshold 
and external perception tended to decrease before the 
ketamine infusion ended (fig.  2). We reasoned that this 
might be related to the slow but steady increase in con-
centration of one of ketamine’s metabolites. Addition of 
a norketamine component to the model improved the 
data fits significantly. This agrees with earlier findings in  
which norketamine had an antagonistic effect on  
ketamine-induced pain relief and neurocognitive impair-
ment.15 Whether this is related to the adaptation of the 
pain system (which we cannot test as we did not include 
a placebo arm), due the competition for binding locations 
on the N-methyl-d-aspartate receptor and assuming that 
norketamine has no inherent efficacy at the receptor, or 
is related to an effect of norketamine at other receptor 

Fig. 2. Plots showing the population predicted pharmacodynamic outcomes (red lines) and the observed data points for each individual 
versus time (gray dots for S-ketamine, green dots for racemic ketamine formulations). (A) Plot showing pressure pain data and population 
predicted values and (B) plot showing external perception data and population predicted values. C and D show the S-ketamine (green line) 
and S-norketamine (blue line) plasma concentration–time profiles and corresponding estimated effect-site concentrations (broken green line 
for S-ketamine and broken blue line for S-norketamine). VaS, visual analog scale.
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systems, remains unknown. The former hypothesis stands 
in contrast with studies in rodents showing that norket-
amine has analgesic properties.18

We detected no differences between endpoints with 
respect to potency parameter C

50
. This indicates that the 

pain relief and external perception behaved similarly in 
the steady state. Parameterization of the pharmacodynamic 
models with distinct C

50
 values for pain pressure threshold 

and external perception gave similar results (table 1). The 
values of ketamine C

50
 depend on the parametrization 

of the pharmacodynamic models. Apparently, the C
50

 for 
external perception matches the C

50
 for antinociception, 

considering the fact that the power function of pain pressure 
threshold is an inverse sigmoid.14 Additionally, the dynamic 
properties of the pain pressure threshold and external per-
ception responses were similar with the need for only one 

Fig. 3. Goodness-of-fit plots for the population pharmacodynamic model: pain pressure threshold (A to E) and external perception (F to J). (A) 
Observed versus individual predicted. (B) Observed pain pressure threshold versus population predicted pain pressure threshold. (C) Individual 
weighted residual versus time. (D) Normalized prediction discrepancy error versus time. (E) Conditioned weighted residuals versus population 
predicted. (F) Observed versus individual predicted. (G) Observed versus population predicted. (H) Individual weighted residual versus time. (I) 
Normalized prediction discrepancy error versus time. (J) Conditioned weighted residuals versus population predicted.

Fig. 4. Visual predictive checks for the pressure pain threshold (A) and external perception (B) data. The middle dotted line represents the 
50th percentile of the observed data. The upper and lower broken lines show the 5th and 95th percentiles of the observed data, respectively. 
The 95% CI of the 50th percentile of the simulated data is given by the orange shaded area. The upper and lower gray/blue shaded areas 
represent the 95% CI of the 5th and 95th percentile of the simulated data. VaS, visual analog scale.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 anesthesiology 2022; 136:792–801 799

Ketamine Pharmacodynamics Entangled

Olofsen et al.

parameter for the equilibration between plasma and postu-
lated effect-site concentration (k

e0
); a model without effect 

compartment was inferior to the model with just one k
e0
. 

Since ketamine displays rapid receptor kinetics,19 the hys-
teresis in response is best explained by the transfer of ket-
amine from plasma to its sites of action within the central 
nervous system and neuronal dynamics.

We did not detect a contributing effect of the R-ketamine 
isomer to either pain relief or dissociation. An absence of an 
R-ketamine effect was observed for cardiac output and fur-
ther agrees with earlier observations.11 For example, at anes-
thetic doses, blood pressure effects of S-ketamine exceed 
those of racemic ketamine,20 and S-ketamine produces a 
greater reduction of the electroencephalogram power spec-
trum compared to either R- or racemic ketamine.21 At 

subanesthetic doses, the analgesic S-ketamine:racemic ket-
amine potency is about 2,9 indicative of a lack of efficacy 
of R-ketamine in producing pain relief. These data contrast 
with the observation that particularly R-ketamine produces 
potent antidepression, at least in animal models.22,23

Comparison with the Literature

We reasoned that similar values for potency (C
50

 and C
100

) 
and t

1/2
k

e0
 indicate a close, possibly even mechanistic, con-

nectivity between endpoints, in agreement with earlier 
statements that ketamine analgesia is intricately bound to 
its dissociative effects.3 Still, this reasoning stands in contrast 
to earlier observations from Gitlin et al.,8 Hahm et al.,24 and 
Jonkman et al.9

Table 2. Population Pharmacodynamic Parameter Values of the Final Pharmacokinetic–Pharmacodynamic Model

 

Typical Parameter
Value ± Standard 

error of the 
estimate

interoccasion
Variances (ν2) ± 
Standard error of 

the estimate

interindividual  
Variances (ω2) ± 

Standard error of the 
estimate

Baseline pressure pain threshold, N 45.7 ± 4.2 — 0.18 ± 0.05
EMaX external perception, mm 100 (FIXED)* 0.44 ± 0.32 —
Shape parameter (GaMMa) pain threshold 1.31 ± 0.41 0.28 ± 0.12 —
Shape parameter (GaMMa) external perception 5.33 ± 1.23 — —
C

50S ketamine, nmol/ml 0.51 ± 0.12 0.16 ± 0.09 —
C100S norketamine, nmol/ml 0.34 ± 0.13 0.37 ± 0.29 —
t½ke0, min 8.3 ± 3.4 0.39 ± 0.16 —
additive error pressure pain threshold (σ2), N2 54 ± 10.1
additive error external perception (σ2), mm2 19.2 ± 5.1

*Parameter fixed to 100. —Dash indicates parameters not included in the statistical model
C50S ketamine, S-ketamine concentrations causing a 100% increase in pain pressure threshold or causing half-maximum effect in external perception; C100S norketamine, S-norket-
amine concentration causing a 100% increase in C50S of ketamine; EMaX, external perception is the maximum possible effect of external perception; t½ke0, blood-effect compartment 
equilibrium half-life for both ketamine and norketamine.

Fig. 5. Log likelihood profiles for C50 S-ketamine (A),  C100 S-norketamine (B), and t1/2ke0 (C) parameters. The red line shows the final param-
eter 95% CI as determined by Perl speaks NONMEM, “llp” utility. C50 S-ketamine, estimated S-ketamine effect-site concentration needed to 
increase the pain pressure threshold by 100%; C100 S-norketamine, effect-site S-norketamine concentration causing a 100% increase in C50 
S-ketamine; t1/2ke0, S-ketamine and S-norketamine blood-effect site equilibration half-life.
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Gitlin et al.8 and Hahm et al.24 used a statistical approach 
to show that racemic ketamine analgesic and dissociative 
effects are not correlated. They studied racemic ketamine 
effect with and without one bolus dose of midazolam and 
with and without sevoflurane anesthesia, and state that ket-
amine’s analgesic effects are not exclusively caused by dis-
sociation. However, in contrast to our study, Gitlin et al.8  
and Hahm et al.24 used supra-analgesic doses of intrave-
nous racemic ketamine (140 mg in their average 70-kg 
subject) far greater than the advocated dose for analgesia. 
Additionally, they did not measure plasma ketamine or nor-
ketamine concentrations and therefore were not aware of 
the pharmacokinetic–pharmacodynamic relationship under 
control conditions or conditions in which racemic ketamine 
was combined with either midazolam or sevoflurane. Both 
pharmacokinetic and pharmacodynamic interactions may 
have influenced the outcome of the studies of Gitlin et al.8 
and Hahm et al.24 Furthermore, in contrast to our approach 
with mechanistic and data-rich analyses, Gitlin et al.8 ana-
lyzed their data using a time-squared function (parabola), 
which has no mechanistic meaning. Finally, to attenuate 
dissociation, they gave 2 mg midazolam, which is insuffi-
cient to tame the dissociation from 140 mg ketamine. We 
argue that a better approach would have been to administer 
a continuous midazolam infusion rather than one low-dose 
midazolam bolus.

Jonkman et al.9 studied NO donation during S-ketamine 
and racemic ketamine infusion and concluded that NO 
depletion after blockade of the N-methyl-d-aspartate 
receptor is associated with the psychedelic effects induced 
by ketamine. The theory behind this observation is that 
reduced intraneural levels of NO lead to reduction in neu-
roprotection, neuroplasticity, and neurotrophic conditions. 
Adding NO restores these protective effects and ameliorates 
psychedelic experience. Interestingly, NO donation had an 
effect on racemic ketamine, but not S-ketamine–induced 
psychedelic effect. This suggests that S-ketamine induces its 
psychedelic effect via a NO-independent pathway.

Limitations and Future Perspectives

We have discussed the different components of our study that 
may have influenced the outcome of our study. One import-
ant further limitation is that, while this was a planned sec-
ondary analysis, the initial setup of the study was not aimed 
at finding a difference in the pharmacodynamics between 
endpoints. Hence, further studies are needed to definitely 
determine the link between dissociation and pain relief, and 
possibly also other outcomes such as antidepression induced 
by ketamine. It is possible that functional magnetic resonance 
imaging studies may provide more definitive answers.

Conclusions

Intuitively, a dissociation between the thalamus and lim-
bic system, resulting from the dissociative state induced 

by ketamine, seems mechanistically well able to subdue 
the perception of pain and increase satisfaction with pain 
relief. We tested this assumption by performing a second-
ary preplanned analysis of an information-rich data set and 
compared the pharmacodynamics of two ketamine end-
points: antinociception and changes in the perception of 
external stimuli using state-of-the-art modeling analyses in 
NONMEM. We conclude that our data support an associ-
ation or connectivity between ketamine analgesia and dis-
sociation. Further studies are needed to definitely detect 
functional connectivity and possibly even dependency 
between brain areas that produce the different ketamine 
effects.
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Background: Slick, a sodium-activated potassium channel, has been 
recently identified in somatosensory pathways, but its functional role is poorly 
understood. The authors of this study hypothesized that Slick is involved in 
processing sensations of pain and itch.

Methods: Immunostaining, in situ hybridization, Western blot, and real-time 
quantitative reverse transcription polymerase chain reaction were used to 
investigate the expression of Slick in dorsal root ganglia and the spinal cord. 
Mice lacking Slick globally (Slick–/–) or conditionally in neurons of the spinal 
dorsal horn (Lbx1-Slick–/–) were assessed in behavioral models.

Results: The authors found Slick to be enriched in nociceptive Aδ-fibers 
and in populations of interneurons in the spinal dorsal horn. Slick–/– mice, 
but not Lbx1-Slick–/– mice, showed enhanced responses to noxious heat in 
the hot plate and tail-immersion tests. Both Slick–/– and Lbx1-Slick–/– mice 
demonstrated prolonged paw licking after capsaicin injection (mean ± 
SD, 45.6 ± 30.1 s [95% CI, 19.8 to 71.4]; and 13.1 ± 16.1 s [95% CI, 1.8 
to 28.0]; P = 0.006 [Slick–/– {n = 8} and wild-type {n = 7}, respectively]), 
which was paralleled by increased phosphorylation of the neuronal activity 
marker extracellular signal–regulated kinase in the spinal cord. In the spi-
nal dorsal horn, Slick is colocalized with somatostatin receptor 2 (SSTR2), 
and intrathecal preadministration of the SSTR2 antagonist CYN-154806 pre-
vented increased capsaicin-induced licking in Slick–/– and Lbx1-Slick–/– mice. 
Moreover, scratching after intrathecal delivery of the somatostatin analog 
octreotide was considerably reduced in Slick–/– and Lbx1-Slick–/– mice (Slick–/–  
[n = 8]: 6.1 ± 6.7 bouts [95% CI, 0.6 to 11.7]; wild-type [n =8]: 47.4 ± 51.1 
bouts [95% CI, 4.8 to 90.2]; P = 0.039).

conclusions: Slick expressed in a subset of sensory neurons modulates 
heat-induced pain, while Slick expressed in spinal cord interneurons inhibits 
capsaicin-induced pain but facilitates somatostatin-induced itch.

(ANESTHESIOLOGY 2022; 136:802–22)
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ediTOR’S PeRSPecTiVe

What We already Know about This Topic 
• The activity of sensory and dorsal horn neurons controls the sen-

sations of pain and itch 
• The recently identified potassium ion channel Slick is expressed on sen-

sory and spinal neurons, but its functional roles are poorly understood

What This article Tells Us That Is New 
• Using male and female mouse models, it was observed that Slick 

reduces responses to noxious thermal and chemical stimulation
• Conversely, Slick expressed on spinal interneurons facilitates 

somatostatin-induced itch
• Analgesics targeting Slick channels may decrease pain but could 

increase itching if they reach the central nervous system 

Nociceptive pain serves as an important protective 
mechanism for drawing attention to potentially 

injured tissue. It results from the stimulation of nociceptors: 

sensory neurons with thinly myelinated Aδ-fibers and 
unmyelinated C-fibers that terminate in the skin or deep 
tissues. When encountering an acute noxious stimulus 
(e.g., heat, cold, pressure, chemical stimulation), several 
ion channels in nociceptors are activated, leading to neu-
ronal depolarization. The information is then transmitted 
through dorsal root ganglia or trigeminal ganglia into the 
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dorsal horn of the spinal cord  and the brainstem, where 
the central terminals of nociceptors synapse with intrinsic 
second-order projection neurons and interneurons. Then 
the information is conveyed to higher centers in the brain, 
ultimately resulting in the perception of pain.1 Similar to 
pain, itch is also encoded by distinct neurons in both the 
peripheral and central nervous systems, and the interaction 
between pain and itch is widely distributed along somato-
sensory pathways.2

Research in the past few decades has revealed that differ-
ent stimuli are decoded by different subsets of sensory neu-
rons with distinct receptors and ion channels.3 Potassium 
channels are emerging targets for understanding this pro-
cess and developing novel treatments. In general, potassium 
channels are the most populous and diverse class of neu-
ronal ion channels that are governed by nearly 80 genes in 
humans.4 Recently, two distinct potassium channels, both 
regulated by cytosolic sodium, have attracted significant 
interest as regulators of pain and itch: Slack (sequence like 
a Ca2+-activated potassium channel, also termed K

Na
1.1, 

Kcnt1, or Slo2.2) and Slick (sequence like an intermediate 
conductance potassium channel, also termed K

Na
1.2, Kcnt2, 

or Slo2.1).5–8 Slack, which is highly expressed in nonpepti-
dergic nociceptors, plays an important role in the process-
ing of neuropathic pain and itching, but it seems to have 
a limited contribution to nociceptive pain sensing.5,6 Slick 
has been detected in various regions of the nervous sys-
tem and in nonneuronal tissues such as the heart, smooth 
muscle, and pancreatic duct epithelial cells.6–9 In a previous 
study addressing the role of Slick in processing pain, Slick 
immunoreactivity was detected in a population of pepti-
dergic sensory neurons, and Slick knockout mice lacking 
exons 2 to 7 of the Kcnt2 gene demonstrated increased 
sensitivity to noxious heat.7 Interestingly, a subsequent sin-
gle-cell RNA-sequencing study detected Slick in dorsal 
horn neurons and suggested that Slick together with other 
markers defines 4 of the 15 identified populations of inhib-
itory interneurons in the dorsal horn.10 Based on this dis-
tribution pattern, we hypothesized that Slick might exert 
additional functions in somatosensory processing.

Here, we aimed to further characterize the role of Slick 
in pain and itch processing. We thoroughly assessed the cel-
lular distribution of Slick in neuronal subpopulations in 
dorsal root ganglia and the spinal dorsal horn by immunos-
taining and in situ hybridization, and we analyzed the pain 
and itch behavior of global and tissue-specific knockout 
lines lacking exon 22 of the Kcnt2 gene.

Materials and Methods
In response to peer review, several experiments were 
added, including the allyl isothiocyanate test, itch behavior 
induced by intrathecal injection of 300 ng octreotide, and 
itch behavior induced by intradermal injection of histamine 
and chloroquine.

animals
To generate global Slick knockouts (referred to as Slick–/–),  
Slick floxed (Slickfl/fl) mice bearing loxP sites flanking 
exon 22 of the Kcnt2 gene (B6(129S4)-Kcnt2tm1.1Clin/J, JAX 
stock No. 028419; The Jackson Laboratory, USA)6 were 
crossed with cytomegalovirus (CMV)-Cre mice (B6.C-
Tg(CMV-cre)1Cgn/J, JAX stock No. 006054, The Jackson 
Laboratory)11 and backcrossed with C57BL/6N mice to 
eliminate the Cre recombinase. Wild-type and Slick–/– mice 
were obtained from heterozygous breeding. To ablate Slick 
selectively in dorsal horn neurons, Slickfl/fl mice were crossed 
with Lbx1-Cre mice12 to obtain homozygous conditional 
Slick knockouts (referred to as Lbx1-Slick–/–) and control 
(Slickfl/fl) mice. Mice were genotyped by polymerase chain 
reaction using primer pairs for Kcnt2 (forward: 5′-aactttat-
gagttcctcttccatg-3′; reverse: 5′-gagcatcatactttgctttttggg-3′; 
Biomers, Germany) with standard thermocycler ampli-
fication conditions using polymerase chain reaction 
RedMastermix (Genaxxon bioscience, Germany) and an 
annealing temperature of 60°C. Resulting amplicons were 
579 bp for wild-type and 269 bp for Slick–/–,6 and predicted 
amplicons were 694 bp for Slick-floxed alleles. In addition, 
Sprague-Dawley rats (Charles River, Germany) were used 
for immunostaining.

All animals were housed on a 12/12 light/dark cycle 
with free access to food and water ad libitum. Experiments 
were performed in animals of either sex, but sex had no 
significant effects in any assay. The total numbers used for 
each experiment are listed in the Materials and Methods 
and Results sections, as well as in figure legends, and the 
numbers of male and female mice are listed in the Materials 
and Methods. All mice weighed 20 ± 4 g and were a mean 
age of 12 weeks at the begin of the experiments. Animals 
were numbered, randomly assigned to different experimen-
tal groups according to the experimental strategy, and tested 
in sequential order. All behavioral tests and anatomical stud-
ies, including quantification, were performed by investiga-
tors who were blinded to the genotype of the animals. All 
experiments adhered to the guidelines of the International 
Association for the Study of Pain, Animal Research: 
Reporting In Vivo Experiments, and the 3Rs Principles, and 
were approved by our local Ethics Committee for Animal 
Research (Regierungspräsidium Darmstadt, Germany).

Real-time Reverse Transcription Polymerase Chain 
Reaction

Lumbar (L1–L6) dorsal root ganglia, lumbar (L3–L5) spi-
nal cord, and prefrontal cortex of mice (Slick–/–: n = 3 [2 
females and 1 male]; wild-type: n = 3 [2 females and 1 male]; 
Lbx1-Slick–/–: n = 4 [2 females and 2 males]; control: n = 4  
[2 females and 2 males]) were rapidly dissected, snap- 
frozen in liquid nitrogen, and stored at −80°C until use. Total  
RNA from spinal cord and cortex was extracted using 
TRIzol reagent (No. 15596026; Thermo Fisher Scientific, 
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Germany) or QIAzol lysis reagent (No. 79306; Qiagen, 
The Netherlands) and chloroform in combination 
with the RNeasy Mini Kit (No. 74104; Qiagen, The 
Netherlands) according to the manufacturer’s recom-
mendations. Total RNA from dorsal root ganglia was iso-
lated using the innuPREP Micro RNA Kit (No. C-6134; 
Analytik Jena, Germany) following the manufacturer’s 
instructions.

Isolated RNA was quantified with a NanoDrop 2000 
(Thermo Fisher Scientific), and cDNA was synthesized 
from 200 ng using the first strand cDNA synthesis kit (No. 
10774691; Thermo Fisher Scientific) with random hex-
amer primer. Quantitative real-time reverse transcription 
polymerase chain reaction was performed on a CFX96 
Touch Real-Time System (Bio-Rad, Germany) using the 
iTaq Universal SYBR Green SuperMix (No. 1725120; Bio-
Rad) and primer pairs for Kcnt2 (forward: 5′-gaaagcaccat-
gagtgcaga-3′, reverse: 5′-gttttgaaagcgcgagagag-3′), Kcnt1 
(forward: 5′-ctgctgtgcctggtcttca-3′, reverse: 5′-aaggaggt-
cagcaggttcaa-3′) and glyceraldehyde 3-phosphate dehy-
drogenase (forward: 5′-caatgtgtccgtcgtggatct-3′, reverse: 
5′-gtcctcagtgtagcccaagatg-3′; all from Biomers, Germany). 
Reactions were performed in duplicate or triplicate by 
incubating for 2 min at 50°C and 10 min at 95°C, followed 
by 40 15-s cycles at 95°C and 60 s at 60°C. Water and tem-
plate controls were included to ensure specificity. Relative 
expression of target gene levels was determined using the 
comparative 2-ΔΔCt method and normalized to glyceralde-
hyde 3-phosphate dehydrogenase.

Western Blots

For Slick detection, lumbar (L1–L5) dorsal root ganglia 
and lumbar (L1–L5) spinal cord of Slick–/– and wild-type 
mice (n = 3 males per group) were rapidly dissected, frozen 
in liquid nitrogen, and stored at −80°C until use. Lysates 
were prepared with buffer containing 0.32 M sucrose, 0.1 
M NaF, 5 mM sodium phosphate buffer (pH, 7.4 [protocol 
from University of California–Davis/National Institutes of 
Health NeuroMab Facility, USA]) mixed with a protease 
inhibitor cocktail (Complete Mini, No. 4693132001; Roche 
Diagnostics, Germany). For phosphorylated extracellular 
signal–regulated kinase (pERK) and ERK detection, lum-
bar (L4–L5) spinal cord of Slick–/– and wild-type mice (n 
= 4 per group [1 female and 3 males]) was homogenized 
in Phosphosafe extraction reagent (No. 71296, Novagen, 
Germany) mixed with the protease inhibitor cocktail. For 
somatostatin receptor 2 (SSTR2) detection, the lumbar 
(L4–L5) spinal cord of Slick–/–, wild-type, Lbx1-Slick–/–, 
and control mice (n = 3 per group [1 female and 2 males]) 
were prepared with radioimmunoprecipitation assay buffer 
containing 150 mM sodium chloride, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 
and 50 mM Tris (protocol from Abcam, United Kingdom) 
mixed with the protease inhibitor cocktail. Extracted pro-
teins (40 to 50 µg per lane) were separated by 6 or 10% 

SDS-PAGE and blotted onto a nitrocellulose membrane. 
After blocking of nonspecific binding sites with blocking 
buffer (Intercept Blocking Buffer, No. 927-70001; LI-COR 
Bioscience, USA), membranes were incubated with mouse 
anti-KCNT2/Slo2.1/Slick (1:500, clone N11/33, No. 
75-055; NeuroMab, USA), rabbit anti-phospho-p44/42 
mitogen-activated protein kinase ([MAPK] Thr202/Tyr204, 
1:700, No. 9101S; Cell Signaling, USA), rabbit anti-p44/42 
MAPK (Erk1/2; 1:600, No.4695S; Cell Signaling), mouse 
anti-SSTR2 (1:200, No. sc-365502, Santa Cruz, USA) and 
mouse anti–α-tubulin (1:1,000; clone DM1A, No. 05-829; 
Sigma-Aldrich, Germany) dissolved in blocking buffer con-
taining Tween 20, 0.1%, overnight at 4°C. After incubation 
with secondary antibodies for 1 h at room temperature, 
proteins were detected using an Odyssey Infrared Imaging 
System (LI-COR Bioscience). Quantification of band den-
sities was done using Image Studio Lite software (LI-COR 
Bioscience).

Immunostaining and In Situ Hybridization

Mice (n = 5 per group [2 females and 3 males]) and rats  
(n = 2 females) were killed by carbon dioxide and imme-
diately perfused intracardially with 0.9% saline, followed by 
1% or 4% paraformaldehyde in phosphate-buffered saline 
(pH, 7.4). Lumbar (L3–L5) dorsal root ganglia and lumbar 
(L3–L5) spinal cord were dissected and cryoprotected in 
20% sucrose for 4 h, followed by 30% sucrose overnight. 
Tissues were frozen in tissue freezing medium (Tissue-Tek 
O.C.T. Compound, No. 4583; Sakura, USA) on dry ice, 
cryostat-sectioned at a thickness of 14 µm, and stored at 
−80°C.

For immunostaining, sections were permeabilized 
for 5 min in Triton X-100, 0.1%, in phosphate-buffered 
saline, blocked for 1 h using normal goat serum, 10%, (No. 
10000C; Thermo Fisher Scientific) and bovine serum albu 
min, 3%, (No. A6003; Sigma-Aldrich) in phosphate-buffered  
saline, and incubated with primary antibodies diluted  
in 3% bovine serum albumin in phosphate-buffered saline 
overnight at 4°C or for 2 h at room temperature. The fol-
lowing antibodies were used: mouse anti-Slick (1:500, clone 
N11/33, No. 75-055; NeuroMab); rabbit anti–calcitonin 
gene-related peptide ([CGRP] 1:800, No. PC205L; Sigma-
Aldrich); guinea pig anti-CGRP (1:600, No. 414 004; 
Synaptic Systems, Germany); mouse anti-neurofilament  
200 ([NF200] 1:2,000, No. N0142; Sigma-Aldrich); rabbit 
anti-NF200 (1:2,000, No. N4142; Sigma-Aldrich); rabbit 
anti-transient receptor potential vanilloid 1 ([TRPV1] 
1:800, No. ACC-030; Alomone, Israel); and rabbit anti–
vesicular glutamate transporter type 3 ([VGLUT3] 1:400, 
No. 135203; Synaptic Systems). Sections were then washed 
in phosphate-buffered saline and stained with second-
ary antibodies conjugated with Alexa Fluor 350, 488, or 
555, or Cy5 (1:1,200; all from Thermo Fisher Scientific). 
For staining of class III β-tubulin (TUBB3), Alexa Fluor 
488–conjugated anti-TUBB3 (1:1,000; clone TUJ1, No. 
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801203; BioLegend, USA) diluted in bovine serum albu-
min, 3%, in phosphate-buffered saline was incubated for 2 h 
at 4°C. For staining with Griffonia simplicifolia isolectin B4, 
sections were incubated with Alexa Fluor 488–conjugated 
isolectin B4 (10 µg/ml in buffer containing 1 mM CaCl

2
 ∙ 2  

H
2
O, 1 mM MgCl

2
, 1 mM MnCl

2,
 and Triton X-100, 

0.2%; pH, 7.4 [No. 121411; Thermo Fisher Scientific]) 
for 2 h at room temperature. After immunostaining, slices 
were immersed for 5 min in 0.06% Sudan black B (No. 
199664; Sigma-Aldrich) in 70% ethanol to reduce lipofus-
cin-like autofluorescence, washed in phosphate-buffered 
saline, and coverslipped. In double-labeling experiments, 
primary antibodies were consecutively incubated.

For in situ hybridization, we used the QuantiGene 
ViewRNA tissue assay (Thermo Fisher Scientific), in 
which target mRNA signals appear as puncta in micros-
copy. Experiments were performed according to the manu-
facturer’s instructions using a type-1 probe set designed by 
Thermo Fisher Scientific to the coding region of mouse 
Slick (Kcnt2; No. VB1-17744) and type-6 probe sets for  
mouse Slack (Kcnt1; No. VB6-21049), vesicular γ- 
aminobutyric acid (GABA) transporter ([VGAT] No. VB6-
17400), vesicular glutamate transporter 2 (VGLUT2; No.  
VB6-16625), galanin (GAL; No. VB6-3199892), nitric 
oxide synthase 1 (nNOS; No. VB6-3197829), neuropeptide 
Y (NPY; No. VB6-16274), parvalbumin (PVALB; No. VB6-
13220), SSTR2 (No. VB6-3201802), and gastrin-releasing 
peptide receptor ([GRPR] No. VB6-3197053). Controls 
included scramble type-1 (No. VF1-17155) and type-6 (No. 
VF6-18580) probe sets. Briefly, tissue sections were fixed 
in 4% paraformaldehyde for 16 to 18 h at 4°C, dehydrated 
through 50%, 70%, and 100% ethanol, treated with protease 
QF for 25 min at 40°C, and incubated with probe sets for 
2 h at 40°C. In double in situ hybridization experiments, 
type-1 and type-6 labeled probes were simultaneously incu-
bated. After preamplifier and amplifier hybridization, the 
signal was developed via reaction with fast red and blue sub-
strate (for type-1 and -6 probes, respectively). Finally, sec-
tions were costained with 4′,6-diamidino-2-phenylindole  
(No. D1306; Thermo Fisher Scientific) and mounted 
with Fluoromount G (No. 00-4958-02; Thermo Fisher 
Scientific).

Images were taken using an Eclipse Ni-U (Nikon, 
Germany) microscope equipped with a monochrome 
charge-coupled device, and were pseudocolored and super-
imposed. Adjustment of brightness and contrast was done 
using Adobe Photoshop 2020 software (Adobe Systems, 
USA). Controls were performed by omitting the first 
and/or the second primary antibodies, incubating type-1 
and type-6 scramble probes, and incubating tissues of 
Slick–/– mice.

Cell Counting

For quantification of the number of cells expressing Slick 
or marker, at least three nonadjacent sections per dorsal root 

ganglia or spinal cords per animal (three mice per geno-
type) were counted. Only cells showing staining clearly 
above background were included. The specificity of Slick 
immunoreactivity was confirmed by simultaneous staining 
of coembedded tissues of wild-type and Slick–/– mice. The 
percentage of marker-positive dorsal root ganglia neurons 
in wild-type and Slick–/– mice is expressed as a proportion 
of marker-positive cells per total number of dorsal root 
ganglia neurons. The percentage of Slick-positive dorsal 
root ganglia neurons that expressed marker was calculated 
by dividing the number of Slick-positive cells colocalized 
with marker by the total number of Slick-positive cells. 
For quantification of mRNA-positive dorsal horn neurons, 
only nuclei-positive cells with hybridization signals clearly 
above background were counted.

Behavioral Testing

All behavioral studies were performed with littermate mice. 
Animals were habituated to the experimental room and 
randomized to different groups. All experiments were con-
ducted between 9:00 am and 5:00 pm.
Rotarod Test. Motor coordination was assessed with a 
Rotarod Treadmill for mice (Ugo Basile, Italy) at a constant 
rotating speed of 13 rpm. All mice had at least two training 
sessions before the day of the experiment (Slick–/–: n = 16 
[7 females and 9 males]; wild-type: n = 16 [9 females and 
7 males]; Lbx1-Slick–/–: n = 14 [8 females and 6 males]; 
control: n = 18 [9 female and 9 males]). The latency to fall 
was recorded during a maximum period of 120 s. The mean 
from three latencies was used for analysis.
Hot Plate Test. Mice were individually confined in a Plexiglas 
chamber on a heated metal surface (Hot/Cold Plate; Ugo 
Basile, Italy). The time between placement and a nocifen-
sive behavior (shaking or licking of a hind paw, jumping) 
was recorded, and the animal was removed from the plate 
immediately after a response. To prevent tissue damage, tem-
peratures of 48°C (Slick–/–: n = 12 [6 females and 6 males]; 
wild-type: n = 12 [5 females and 7 males]; Lbx1-Slick–/–:  
n = 13 [7 females and 6 males]; control: n = 14 [9 females 
and 5 males]); 50°C (Slick–/–: n = 18 [7 females and 11 
males]; wild-type: n = 18 [7 females and 11 males]; Lbx1-
Slick–/–: n = 13 [7 females and 6 males]; control: n = 14 
[9 females and 5 males]); 52°C (Slick–/–: n = 18 [7 females 
and 11 males]; wild-type: n = 18 [7 females and 11 males]; 
Lbx1-Slick–/–: n = 12 [6 females and 6 males]; control:  
n = 12 [7 females and 5 males]); and 54°C (Slick–/–: n = 18 
[7 females and 11 males]; wild-type: n = 18 [7 females and 
11 males]; Lbx1-Slick–/–: n = 12 [6 females and 6 males]; 
control: n = 12 [7 females and 5 males]) were applied with 
cutoff times of 80, 40, 30, and 20 s, respectively. Only one 
test per animal per temperature was performed.
Tail-immersion Test. Mice were immobilized in aluminum 
foil, which allowed free tail movement. For accommoda-
tion, the tip of the tail (approximately one third of the tail 
length) was first immersed in a water bath (Sunlab D-8810; 
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neoLab, Germany) at 32°C for 20 s. Then the tip of the 
tail was immersed in another water bath maintained at 
46°C (Slick–/–: n = 17 [7 females and 10 males]; wild-type: 
n = 17 [6 females and 11 males]; Lbx1-Slick–/–: n = 16 
[9 females and 7 males]; control: n = 16 [8 females and 8 
males]); 47°C (Slick–/–: n = 18 [12 females and 6 males]; 
wild-type: n = 18 [9 females and 9 males]; Lbx1-Slick–/–:  
n = 16 [9 females and 7 males]; control: n = 16 [8 females 
and 8 males]); 48°C (Slick–/–: n = 18 [9 females and 9 males]; 
wild-type: n = 18 [6 females and 12 males]; Lbx1-Slick–/–:  
n = 16 [9 females and 7 males]; control: n = 16 [8 females 
and 8 males]); 49°C (Slick–/–: n = 18 [8 females and 10 
males]; wild-type: n = 18 [11 females and 7 males]; Lbx1-
Slick–/–: n = 16 [9 females and 7 males]; control: n = 16 [8 
females and 8 males]); or 50°C (Slick–/–: n = 19 [6 females 
and 13 males]; wild-type: n = 19 [8 females and 11 males]; 
Lbx1-Slick–/–: n = 16 [9 females and 7 males]; control: n = 16  
[8 females and 8 males]) with cutoff times of 80, 60, 40, 30, 
and 20 s, respectively. The latency time to a tail withdrawal 
reflex was recorded, and the tail was removed from the bath 
immediately after response.13 Only one test per animal per 
temperature was used for analysis.
Cold Plate Test. Mice were individually placed in a Plexiglas 
chamber on a cold metal surface (Hot/Cold Plate; Ugo 
Basile) maintained at 10°C or 5°C. The total time the 
mouse spent lifting the forepaw during a 60-s period was 
measured via stopwatch (Slick–/–: n = 12 [8 females and 4 
males]; wild-type: n = 11 [6 females and 5 males]).14 Only 
one test per animal per temperature was performed.
Cold Plantar Test. Mice were acclimated on a borosilicate glass 
plate (6.5-mm thickness; GVB GmbH, Germany) in trans-
parent plastic enclosures and acclimated for 40 to 60 min. 
Powdered dry ice was packed into a modified syringe (3 ml; 
B. Braun, Germany) with a cut top (1-cm diameter). The 
open end of the syringe was held against a flat surface while 
pressure was applied to the plunger to compress the dry ice, 
and then the dense dry ice pellet was applied to the glass 
surface underneath a hind paw.15 The latency to move the 
paw vertically or horizontally away from the glass plate was 
measured with a stopwatch. An interval of at least 7 min was 
allowed between testing separate paws of a single mouse, and 
an interval of at least 15 min was allowed between trials on 
any single paw. Three to five measurements per paw were 
performed (Slick–/–: n = 15 [7 females and 8 males]; wild-
type: n = 13 [5 females and 8 males]).
Dynamic Plantar Test . Paw withdrawal latency after mechan-
ical stimulation was assessed using a dynamic plantar aesthe-
siometer (Ugo Basile), which pushes a thin probe (0.5-mm 
diameter) with increasing force through a wire-gated floor 
against the plantar surface of the hind paw from beneath. 
The force increased from 0 to 5 g within 10 s and was then 
held at 5 g for an additional 10 s.5 The latency was calculated 
as the average of four to six exposures with at least 20 s in 
between (Slick–/–: n = 10 [5 females and 5 males]; wild-type: 
n = 9 [4 females and 5 males]).

Tail-clip Test. Mice were individually placed in a Plexiglass 
chamber and habituated for 5 min. A plastic clip (force, 
approximately 300 g; Ericotry, China) was applied on the 
base of the tail, and the latency to the first response (bit-
ing, grasping, or jumping) was recorded (Slick–/–: n = 14 
[6 females and 8 males]; wild-type: n = 13 [4 females and 
9 males]).16

Tape-response Test. Mice were individually placed in 
Plexiglas cylinders and habituated for 5 min. A 3-cm piece 
of a common laboratory tape (marking tape; Diversified 
Biotech, USA) was put on the back of the mouse. A response 
was considered when the mouse stopped moving and bit the 
piece of tape or showed a visible “wet-dog shake” motion 
in an attempt to remove the tape.16 Responses occurring 
within 5 min were counted (Slick–/–: n = 18 [9 females and 
9 males]; wild-type: n = 15 [9 females and 9 males]).
Capsaicin Test. Mice were individually confined in a 
Plexiglas cylinder and habituated for 30 min. Capsaicin (5 
µg in 20 µl phosphate-buffered saline containing dimethyl 
sulfoxide, 2% [Sigma-Aldrich]) was injected into the dorsal 
surface of a hind paw. The time spent licking the injected 
paw was recorded with a stopwatch in 1-min intervals 
during a 20-min period (Slick–/–: n = 8 [4 females and 4 
males]; wild-type: n = 7 [4 females and 3 males]; Lbx1-
Slick–/–: n = 8 [3 females and 5 males]; control: n = 9 [6 
females and 3 males]). In experiments with the SSTR2 
antagonist CYN-154806 (500 ng in 5 µl NaCl, 0.9%; No. 
C2490; Sigma-Aldrich), the compound was intrathecally 
administered by direct lumbar puncture under short iso-
flurane anesthesia 30 min before capsaicin injection into a 
hind paw (Slick–/–: n = 5 [1 female and 4 males]; wild-type: 
n = 6 [1 female and 5 males]; Lbx1-Slick–/–: n = 5 [1 female 
and 4 males]; control: n = 5 [1 female and 4 males]). The 
time spent licking the injected paw was recorded during 
the 20 min after capsaicin injection.
Allyl Isothiocyanate Test. Mice were individually habitu-
ated in a Plexiglass cylinder for 30 min. Allyl isothiocyanate 
(10 nmol in 20 µl phosphate-buffered saline containing 
dimethyl sulfoxide, 0.05% [Sigma-Aldrich]) was injected 
into the plantar side of a hind paw. The time spent lick-
ing the injected paw was recorded in 5-min intervals up 
to 30 min after allyl isothiocyanate injection.17 Mechanical 
sensitivity was evaluated with a series of von Frey hairs stiff-
ness (0.04 to 2.00 g; Ugo Basile) at 1, 3, 5, and 24 h after 
allyl isothiocyanate injection (Slick–/–: n = 8 [4 females and 
4 males]; wild-type: n = 6 [2 females and 4 males]; Lbx1-
Slick–/–: n = 7 [4 females and 3 males]; control: n = 8 [4 
females and 4 males]).
Itch Behavior. Mice were habituated in a Plexiglass cylinder 
for 30 min. The pruritogens octreotide ([100 ng or 300 ng 
in 5 µl NaCl, 0.9%; No. O1014; Sigma-Aldrich]; 100 ng 
octreotide: Slick–/–: n = 8 [4 females and 4 males]; wild-
type: n = 8 [2 females and 6 males]; Lbx1-Slick–/–: n = 8 
[6 females and 2 males]; control: n = 8 [4 females and 4 
males]; 300 ng octreotide: Slick–/–: n = 7 [3 females and 4 
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males]; wild-type: n = 7 [3 females and 4 males]) or gastrin- 
releasing peptide (1 nmol in 5 µl NaCl, 0.9% [No.  
4011670; Bachem, Switzerland]; Slick–/–: n = 8 [4 females 
and 4 males]; wild-type: n = 8 [4 females and 4 males]) were 
intrathecally administered by direct lumbar puncture under 
short isoflurane anesthesia. The pruritogens histamine (200 
µg in 10 µl NaCl, 0.9% [No. H7125; Sigma-Aldrich]; Lbx1-
Slick–/–: n = 5 [3 females and 2 males]; control: n = 6 [2 
females and 4 males]) and chloroquine (200 µg in 10 µl 
NaCl, 0.9% [No. C6628; Sigma-Aldrich]; Lbx1-Slick–/–:  
n = 5 [3 females and 2 males]; control: n = 6 [2 females and 
4 males]) were injected intradermally into the nape of the 
neck. The number of scratching bouts that occurred during 
a 30-min period was recorded using a video tracking sys-
tem (VideoMot; TSE Systems, Germany) without human 
presence in the experiment room.18

Statistical analysis

Statistical analysis was performed with GraphPad Prism 
software version 8.0 (GraphPad, USA). No statistical power 
calculation was conducted before the study, and the sample 
sizes were determined based on our previous knowledge and 
experience with this design. Group sizes and experimental 
units are indicated in the Materials and Methods and Results 
sections, as well as figure legends. No outliers were observed, 
and no data were excluded from statistical analysis. Rotarod 
fall-off latencies were analyzed with Mann–Whitney U test 
and are expressed as medians and interquartile ranges. All 
other data are presented as mean ± SD. For some data, 95% 
CI are reported  in the Results section, and t or F values 
are reported in the figure legends. Differences between two 
groups (e.g., responses to the hot plate, tail-immersion, cold 
plate, cold plantar, dynamic plantar, tail-clip, and tape test; 
sum of licking time after allyl isothiocyanate injection; sum 
of scratching bouts after injection of histamine and chloro-
quine) were determined using two-tailed, unpaired t tests. 
Differences in Slack mRNA expression, dorsal root gan-
glia neurons subpopulations, Slick mRNA expression, sum 
of licking time after capsaicin, and Western blots of phos-
phorylated extracellular signal-regulated kinase and extra-
cellular signal-regulated kinase, and sum of scratching bouts 
after injection of octreotide with two doses were deter-
mined using multiple t tests. Allyl isothiocyanate–induced 
mechanical hypersensitivity was determined using two-way 
repeated-measures ANOVA followed by the post hoc Sidak 
multiple comparison test. For all tests, P < 0.05 was consid-
ered as statistically significant.

Results
Slick Is Expressed in aδ-Fiber Nociceptors and Dorsal 
Horn Interneurons

To study the functions of Slick potassium channels in pain 
processing, we first produced mice lacking Slick globally 

by crossing a mouse strain containing exon 22 of the 
Kcnt2 gene flanked by two loxP sites6 with transgenic 
mice expressing Cre under the transcriptional control of 
the cytomegalovirus promotor.11 The resulting knockout 
mice (referred to as Slick–/–) were viable and fertile, and in 
accordance with previous studies, there were no obvious 
differences in gross appearance and general behavior among 
Slick–/– and wild-type littermates.6 The deletion of Slick was 
confirmed by Western blotting in tissue extracts from dorsal 
root ganglia and the spinal cord (n = 3 per group; fig. 1A). 
The mRNA expression of Slack, a paralogous potassium 
channel that has been reported to form heteromers with 
Slick,19 was unaltered in dorsal root ganglia (Slick–/– [n = 3]: 
0.8 ± 0.2 [95% CI, 0.4 to 1.3]; wild-type [n = 3]: 1.0 ± 0.1 
[95% CI, 0.8 to 1.2]; P = 0.163; fig. 1B) and the spinal cord 
of Slick–/– mice (Slick–/– [n = 3]: 0.5 ± 0.0 [95% CI, 0.4 to 
0.6]; wild-type [n = 3]: 0.5 ± 0.1 [95% CI, 0.2 to 0.8]; P > 
0.999; fig. 1B). Moreover, the overall frequencies of dorsal 
root ganglia neuron populations positive for the established 
markers isolectin B4 (Slick–/– [n = 3]: 29.8 ± 3.6% [95% CI, 
20.8 to 38.9%]; wild-type [n = 3]: 31.4 ± 2.4% [95% CI, 
25.5 to 37.3%]; P = 0.920; fig. 1C); CGRP (Slick–/– [n = 3]:  
33.0 ± 8.6% [95% CI, 11.8 to 54.3%]; wild-type [n = 3]: 
39.6 ± 1.0% [95% CI, 37.0 to 42.2%]; P = 0.371; fig. 1C); 
and NF200 (Slick–/– [n = 3]: 58.3 ± 0.8% [95% CI, 56.2 to 
60.4%]; wild-type [n = 3]: 58.5 ± 8.0% [95% CI, 38.7 to 
78.3%]; P = 0.953; fig. 1C) were similar between genotypes, 
suggesting that there are no general defects in Slick–/– mice.

We then analyzed the cellular distribution of Slick in 
dorsal root ganglia by immunostaining and detected Slick 
immunoreactivity in a population of sensory neurons of  
wild-type mice (fig.  1D). Costaining with the pan- 
neuronal marker TUBB3 revealed that 9.3 ± 4.2% of total 
dorsal root ganglia neurons in wild-type mice expressed 
Slick (n = 4 per group; fig. 1D). No Slick immunoreactivity 
was seen in dorsal root ganglia from Slick–/– mice (fig. 1E), 
validating the specificity of our Slick antibody–based stain-
ing protocol. In further costaining experiments, we found 
that the vast majority (91.5 ± 12.0%) of Slick-positive 
(Slick+) cells expressed CGRP, a marker of the peptidergic 
population of nociceptors (fig. 1, F and H), confirming a 
previous report.7 Conversely, 36.3 ± 25.1% of CGRP+ cells 
coexpressed Slick, suggesting that Slick is localized to only a 
fraction of CGRP+ cells. Interestingly, 93.9 ± 8.6% of Slick+ 
cells were immunoreactive for NF200, which labels myelin-
ated dorsal root ganglia neurons, and 90.2 ± 13.8% of Slick+ 
cells expressed both CGRP and NF200 (n = 5 per group; 
fig. 1, F and H). This finding implicates that Slick is mainly 
localized to thinly myelinated Aδ-fiber nociceptors, which 
are CGRP+ and NF200+.20–22 This subclass of dorsal root 
ganglia neurons has recently been classified as peptidergic 
2 (PEP2) neurons in a single-cell RNA-sequencing study.23

Slick immunostaining was virtually absent from sen-
sory neurons binding isolectin B4, a marker of nonpep-
tidergic unmyelinated C-fiber nociceptors (n = 5 per 
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group; fig. 1, G and H). Considering that Slack is nearly 
exclusively expressed in isolectin B4–binding nocicep-
tors,5 this observation suggests that Slick and Slack do not 
form heteromers in dorsal root ganglia neurons, unlike in 
other tissues.6,24 Indeed, double-labeling fluorescent in situ 
hybridization confirmed that Slick and Slack mRNA do 
not overlap in dorsal root ganglia neurons (n = 3 per group; 

fig. 1I). Furthermore, a similar distribution pattern of Slick 
with enrichment in CGRP+;NF200+ cells and absence 
from isolectin B4–binding cells was observed in dorsal root 
ganglia from rats (Supplemental Digital Content  1 fig. 1, 
http://links.lww.com/ALN/C805). Together, these analy-
ses of dorsal root ganglia tissues indicate that Slick is mainly 
expressed in Aδ-fiber nociceptors.

Fig. 1. Distribution of Slick in dorsal root ganglia. (A) Western blot analysis of Slick (130 kDa) in dorsal root ganglia and spinal cord 
from wild-type and Slick–/– mice. Slick was specifically detected in tissues of wild-type, but not Slick–/–, mice. α-Tubulin (55 kd) was used 
as loading control. (B) Quantitative reverse transcription polymerase chain reaction in dorsal root ganglia and the spinal cords of wild-
type and Slick–/– mice revealed that Slack mRNa expression is not compensatory regulated in the absence of Slick (dorsal root ganglia: 
t8 = 1.96, P = 0.163; spinal cord: t8 = 0.00, P > 0.999; n = 3 per group). Values were normalized to wild-type dorsal root ganglia. (C) 
Percentages of dorsal root ganglia neurons that are isolectin B4–binding or immunoreactive for calcitonin gene-related peptide (CGRP) 
or neurofilament 200 (NF200) are comparable between wild-type and Slick–/– mice (isolectin B4: t12 = 0.37, P = 0.920; CGRP: t12 = 1.57,  
P = 0.371; NF200: t12 = 0.06, P = 0.953; n = 3 per group). (D) Double-immunostaining of Slick with the pan-neuronal marker class III β- 
tubulin (TUBB3) in dorsal root ganglia of wild-type mice reveals Slick expression in 9.3 ± 2.4% of TUBB3-positive dorsal root ganglia neurons 
(892 neurons counted; n = 4 per group). (E) No Slick immunoreactivity was detected in dorsal root ganglia of Slick–/– mice, confirming the 
specificity of the anti-Slick antibody. (F) Triple-immunostaining of Slick with CGRP and NF200 shows that Slick is mainly localized to dorsal 
root ganglia neurons that are positive for both CGRP and NF200 (i.e., are in myelinated aδ nociceptors). (G) Double-labeling of Slick and 
isolectin B4 shows that Slick is absent from isolectin B4–binding dorsal root ganglia neurons. (H) Percentage of marker-positive neurons 
that coexpress Slick (5,959 cells counted; n = 5 per group). (I) Double in situ hybridization of Slick mRNa with Slack mRNa confirms that 
Slick and Slack are not coexpressed in dorsal root ganglia neurons. Data are shown as mean ± SD. Scale bars = 50 µm.
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We next assessed the distribution of Slick in the spi-
nal cord and observed profound immunoreactivity in the 
superficial dorsal horn of wild-type mice (fig.  2A, left). 
Control experiments confirmed that Slick immunoreactiv-
ity was absent in the spinal cord of Slick–/– mice (fig. 2A, 
right). Inconsistent with the expression pattern of Slick in 
dorsal root ganglia neurons, Slick immunoreactivity in the 
dorsal horn was not limited to the central terminals of Aδ-
fibers that terminate mainly in lamina I and V.25 Colabeling 
experiments revealed that Slick immunoreactivity is present 
in lamina I and outer lamina II (marked by CGRP staining; 
fig. 2B), in the dorsal region of inner lamina II (marked by 
isolectin B4 binding; fig. 2C), and in the ventral region of 
inner lamina II (marked by VGLUT3 staining; fig. 2D).26 
These observations, together with available single-cell 
RNA-sequencing data,10 suggest that in addition to dorsal 
root ganglia neurons, populations of intrinsic neurons in the 
dorsal horn express Slick.

To further investigate the expression of Slick in the spi-
nal dorsal horn, we performed fluorescent in situ hybrid-
ization experiments of Slick mRNA. Consistent with the 
protein expression pattern previously described (fig.  2), 
multiple hybridization signals were detected in the dorsal 
horn (fig. 3A, left). As our hybridization probe (which binds 
to nucleotides 624 to 1568 of Slick mRNA, correspond-
ing to exons 8 through 16) cannot distinguish between tis-
sues from wild-type and Slick–/– mice (in which exon 22 is 
deleted), we used a scramble probe as a specificity control 
(fig. 3A, right). To estimate the distribution of Slick in inhib-
itory and excitatory interneurons of the superficial dorsal 
horn, we performed double-labeling in situ hybridization of 
Slick mRNA with VGAT mRNA, a marker of inhibitory 
neurons, and VGLUT2 mRNA, which marks excitatory 
neurons.10 We found that 67.3 ± 2.5% of Slick+ cells in the 
superficial dorsal horn expressed VGAT (fig. 3B), whereas 
28.7 ± 8.8% of Slick+ cells were positive for VGLUT2 
(fig. 3C). Conversely, 69.8 ± 4.5% of VGAT+ neurons and 
21.5 ± 5.6% of VGLUT2+ neurons in the superficial dorsal 
horn express Slick (fig.  3, B and C). These data indicate 
that Slick is predominantly, but not exclusively, expressed 
in inhibitory interneurons of the superficial dorsal horn of 
the spinal cord.

We then further analyzed the cellular distribution of 
Slick in subpopulations of inhibitory interneurons in the 
dorsal horn. Previous studies have identified five largely 
nonoverlapping neurochemical populations that express 
GAL, nNOS, NPY, PVALB, and calretinin.25 We found that 
38.4 ± 5.7%, 11.9 ± 2.8%, and 10.8 ± 2.7% of Slick+ cells 
coexpressed GAL, nNOS, and NPY, respectively (fig.  3, 
D to F). Conversely, 80.2 ± 1.1% of GAL+, 49.5 ± 4.8% of 
nNOS+, and 25.4 ± 8.8% of NPY+ neurons coexpressed 
Slick (fig.  3, D to F). By contrast, there was virtually no 
colocalization of Slick with PVALB (fig. 3G). We did not 
analyze the colocalization of Slick and calretinin, because 
this marker is also significantly expressed by excitatory 

interneurons.27 Altogether, the localization in distinct pop-
ulations of dorsal horn neurons in combination with the 
enrichment in Aδ-fiber nociceptors supports the idea that 
Slick is involved in somatosensory processing.

Slick–/– Mice Display Increased Heat Sensitivity but 
Normal Cold and Mechanical Sensitivity

To assess the functional relevance of Slick for somatosen-
sory processing, we tested the sensitivity of Slick–/– and lit-
termate wild-type mice to various innocuous and noxious 
sensory stimuli. As a prerequisite for behavioral testing, we 
first characterized their motor coordination and balance 
using the rotarod test. Slick–/– and wild-type mice demon-
strated intact motor coordination, as analyzed in the rotarod 
test (median fall-off latencies: Slick–/– [n = 16]: 120 s [inter-
quartile range, 108.0 to 120.0]; wild-type [n = 16]: 120 s 
[interquartile range, 120.0 to 120.0]; P = 0.174), suggesting 
that Slick/- mice are suitable for behavioral analyses. We then 
tested the ability of Slick–/– mice to respond to heat. In the 
hot plate test, Slick–/– mice exhibited significantly shorter 
latencies than wild-type mice when the plate was set at 
48°C (Slick–/– [n = 12]: 29.3 ± 11.0 s [95% CI, 22.3 to 36.3]; 
wild-type [n = 12]: 47.3 ± 17.8 s [95% CI, 36.0 to 58.6];  
P = 0.007) and 50°C (Slick–/– [n = 18]: 22.1 ± 9.0 s [95% 
CI, 17.6 to 26.6]; wild-type [n = 18]: 28.6 ± 6.0 s [95% CI, 
25.6 to 31.5]; P = 0.015), but they responded normally at 
higher temperatures of 52°C (Slick–/– [n = 18]: 15.6 ± 6.3 s 
[95% CI, 12.5 to 18.8]; wild-type [n = 18]: 18.4 ± 4.8 s 
[95% CI, 16.0 to 20.7]; P = 0.149) and 54°C (Slick–/–  
[n = 18]: 8.5 ± 2.5 s [95% CI, 7.3 to 9.7]; wild-type [n = 18]:  
10.1 ± 3.3 s [95% CI, 8.4 to 11.7]; P = 0.122; fig. 4A; results 
for female and male cohorts are  shown in Supplemental 
Digital Content 2 fig. 2, A and B, http://links.lww.com/
ALN/C806). Similarly, in the tail-immersion assay, Slick–/– 
animals showed significantly shorter tail flick latencies com-
pared with wild-type littermates for bath temperatures of 
46°C (Slick–/– [n = 17]: 20.1 ± 13.0 s [95% CI, 13.4 to 26.8]; 
wild-type [n = 17]: 32.7 ± 19.0 s [95% CI, 22.9 to 42.4];  
P = 0.032), 47°C (Slick–/– [n = 18]: 7.6 ± 3.5 s [95% CI, 
5.9 to 9.3]; wild-type [n = 18]: 11.4 ± 5.3 s [95% CI, 8.7 to 
14.0]; P = 0.016), and 48°C (Slick–/– [n = 18]: 5.0 ± 2.0 s 
[95% CI, 4.0 to 6.0]; wild-type [n = 18]: 7.1 ± 2.1 s [95% 
CI, 6.0 to 8.1]; P = 0.004), whereas responses to the higher 
temperatures 49°C (Slick–/– [n = 18]: 3.1 ± 1.7 s [95% CI, 
2.2 to 3.9]; wild-type [n = 18]: 7.1 ± 2.1 s [95% CI, 3.3 
to 4.3]; P = 0.107) and 50°C (Slick–/– [n = 19]: 2.5 ± 1.0 s 
[95% CI, 2.1 to 3.0]; wild-type [n = 19]: 3.0 ± 1.6 s [95% 
CI, 2.2 to 3.7]; P = 0.323) were unaltered (fig. 4B; results 
for female and male cohorts are presented in Supplemental 
Digital Content  2 fig. 2, C to E, http://links.lww.com/
ALN/C806). These data suggest that Slick specifically con-
trols heat sensation at distinct temperatures.

We next analyzed cold sensitivity of Slick–/– and wild-
type littermates. In the cold plate test, the duration of fore-
paw lifting14 at either 10°C or 5°C was comparable between 
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genotypes (10°C: Slick–/– [n = 12]: 16.2 ± 8.7 s [95% CI, 
10.6 to 21.7]; wild-type [n = 11]: 16.9 ± 7.5 s [95% CI, 11.9 
to 21.9]; P = 0.915; 5°C: Slick–/– [n = 12]: 39.5 ± 13.1 s 
[95% CI, 31.1 to 47.8]; wild-type [n = 11]: 41.0 ± 8.5 s 
[95% CI, 35.3 to 46.7]; P = 0.915; fig. 4C). Similar to the 
cold plate test, Slick–/– mice showed normal latencies in 
the cold plantar test (Slick–/– [n = 15]: 11.6 ± 2.0 s [95% 
CI, 10.5 to 12.7]; wild-type [n = 13]: 11.8 ± 2.4 s [95% CI, 
10.4 to 13.2]; P = 0.814; fig. 4D), in which a dry ice pellet 
is pushed to a glass surface beneath the hind paw.15 These 

data suggest an unimpaired cold sensitivity in the absence 
of Slick. In tests of mechanosensitivity, Slick–/– mice showed 
normal withdrawal latencies to an increasing mechanical 
force applied to the hind paw with a dynamic plantar aes-
thesiometer (Slick–/– [n = 10]: 9.1 ± 0.9 s [95% CI, 8.4 to 
9.7]; wild-type [n = 9]: 9.1 ± 0.7 s [95% CI, 8.6 to 9.6 s];  
P = 0.956; fig.  4E). They also demonstrated unaltered 
responses to a noxious mechanical stimulus in the tail-
clip test (Slick–/– [n = 14]: 6.7 ± 7.0 s [95% CI, 2.7 to 
10.7]; wild-type [n =13]: 6.8 ± 6.0 s [95% CI, 3.1 to 10.4]; 

Fig. 2. Distribution of Slick protein in the spinal cord. (A) Immunostaining of Slick in the lumbar spinal cord of wild-type (left) and Slick–/– 
(right) mice reveals specific Slick expression in the superficial dorsal horn. Dotted lines delineate the gray matter. (B through D) Double-
labeling of Slick with calcitonin gene-related peptide ([CGRP] which labels lamina I and outer lamina II [B]), isolectin B4 (inner/dorsal region 
of lamina II [C]), and vesicular glutamate transporter type 3 ([VGLUT3] inner/ventral region of lamina II [D]) shows that Slick immunoreactivity 
expands from lamina I to the ventral part of inner lamina II. Scale bars = 100 µm.
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Fig. 3. Expression of Slick mRNa in the spinal dorsal horn. (A) Distribution of Slick mRNa (left) in the dorsal horn of the spinal cord assessed 
by fluorescent in situ hybridization. No hybridization signal was detected using a scramble control (right). (B and C) Double in situ hybridiza-
tion of Slick mRNa with mRNa of VGaT (B), a marker of inhibitory interneurons, and of VGLUT2 (C), a marker of excitatory interneurons. (D 
through G) Double in situ hybridization of Slick mRNa with mRNa of galanin (GaL; D), neuronal nitric oxide synthase (nNOS; E), neuropeptide  
y (NPy; F), and parvalbumin (PVaLB; G), which mark subpopulations of inhibitory interneurons. The percentage of Slick+ neurons that coex-
press the selected marker and the percentage of marker-positive neurons that coexpress Slick are presented in the column (right). Scale bar 
= 100 µm (A); scale bars = 50 µm (B and G).
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P = 0.982; fig.  4F) and to innocuous mechanical stimuli 
evoked by applying an adhesive tape to the hairy skin of 
the back (Slick–/– [n = 18]: 35.3 ± 18.5 s [95% CI, 26.1 to 
44.5]; wild-type [n = 15]: 39.5 ± 19.6 s [95% CI, 28.7 to 
50.4]; P = 0.526; fig. 4G). Altogether, these behavioral assays 
implicate a specific alteration of noxious heat sensation in 
Slick–/– mice.

Slick in the Spinal Dorsal Horn Is Dispensable for Heat 
Sensation

Given the significant expression of Slick in dorsal horn 
neurons, we aimed to assess to what extent Slick in intrin-
sic spinal cord neurons contributes to pain processing. For 
that purpose, we crossed Lbx1-Cre mice, in which Cre is 
mainly restricted to neurons of the dorsal spinal cord and 
the dorsal hindbrain,12 with Slickfl/fl mice. In the result-
ing conditional knockouts (referred to as Lbx1-Slick–/–), 
Slick mRNA expression in the spinal cord was signifi-
cantly downregulated as compared to control (Slickfl/fl) 
mice (Lbx1-Slick–/– [n = 4]: 0.3 ± 0.0 [95% CI, 0.2 to 0.3]; 

control [n = 4]: 0.9 ± 0.0 [95% CI, 0.9 to 0.9]; P < 0.001; 
fig.  5A), whereas Slick mRNA expression was unaltered 
in dorsal root ganglia (Lbx1-Slick–/– [n = 4]: 0.9 ± 0.1 vs. 
1.0 ± 0.1; P = 0.420; fig. 5A) or brain cortex (Lbx1-Slick–/– 
[n = 4] vs. control [n = 4]: 4.0 ± 0.2 vs. 3.7 ± 0.3; P = 0.122; 
fig. 5A). Immunostainings confirmed a considerable reduc-
tion of Slick immunoreactivity in the spinal dorsal horn of 
Lbx1-Slick–/– mice (fig.  5B), and the antibody specificity 
was confirmed by staining of Slick–/– tissues (fig. 5B). The 
expression of Slack mRNA in dorsal root ganglia, the spinal 
cord and brain cortex was not compensatory regulated in 
Lbx1-Slick–/– mice (Lbx1-Slick–/– [n = 4] vs. control [n = 4]: 
dorsal root ganglia: 2.4 ± 0.3 vs. 2.1 ± 0.3; P = 0.218; spinal 
cord: 1.1 ± 0.2 vs. 1.0 ± 0.1; P = 0.816; cortex: 1.1 ± 0.3 vs. 
1.0 ± 0.3; P = 0.816; fig. 5C). Furthermore, in the rotarod 
test, Lbx1-Slick–/– and control mice demonstrated intact 
motor coordination, as analyzed in the rotarod test (median 
fall-off latencies: Lbx1-Slick–/– [n = 14]: 120 s [interquartile 
range, 120.0 to 120.0]; control [n = 18]: 120 s [interquartile 
range, 120.0 to 120.0]; P = 0.806), indicating intact motor 
coordination and balance.

Fig. 4. Behavioral responses of Slick–/– mice to heat, cold, and mechanical stimuli. (A and B) Responses to heat stimuli. (A) In the hot plate 
test, Slick–/– mice showed significantly reduced latencies compared with wild-type mice at 48° and 50°C, but showed unaltered responses 
at 52° and 54°C (48°C [n = 12 per group]: t22 = 2.99, P = 0.007; 50°C [n = 18 per group]: t34 = 2.55, P = 0.015; 52°C [n = 18 per group]:  
t34 = 1.48, P = 0.149; 54°C [n = 18 per group]: t34 = 1.58, P = 0.122). (B) In the tail-immersion test, tail withdrawal latencies were signifi-
cantly reduced in Slick–/– mice compared with wild-type mice at 46°C (t32 = 2.24, P = 0.032; n = 17 per group), 47°C (t34 = 2.53, P = 0.016; 
n = 18 per group), and 48°C (t34 = 3.05, P = 0.004; n = 18 per group), but were normal at 49°C (t34 = 1.65, P = 0.107; n = 18 per group) 
and 50°C (t36 = 1.00, P = 0.323; n = 19 per group). (C and D) Responses to cold stimuli. (C) On a cold plate maintained at 10°C or 5°C, the 
duration of forepaw lifting within 1 min was comparable between groups (10°C: t21 = 0.22, P = 0.831; n = 12 [Slick–/–], n = 11 [wild-type]; 
5°C: t21 = 0.33, P = 0.744; n = 12 [Slick–/–], n = 11 [wild-type]). (D) Paw withdrawal latencies in the cold plantar test were similar between 
groups (t26 = 0.24, P = 0.814; n = 15 [Slick–/–], n = 13 [wild-type]). (E through G) Responses to mechanical stimuli. Slick–/– mice showed 
normal responses to mechanical stimuli in the dynamic plantar test ([E] t17 = 0.06, P = 0.956; n = 10 [Slick–/–], n = 9 [wild-type]); tail-clip 
test ([F] t25 = 0.02, P = 0.982; n = 14 [Slick–/–], n = 13 [wild-type]) and tape response test ([G] t31 = 0.64, P = 0.526; n = 18 [Slick–/–],  
n = 15 [wild-type]). Data are presented as mean ± SD. *P < 0.05.
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We then tested heat, cold, and mechanical sensations in 
Lbx1-Slick–/– mice. Unlike Slick–/– mice, the responses to 
acute heat stimuli in the hot plate (Lbx1-Slick–/– [n = 13] 
vs. control [n = 14]: 48°C: 48.5 ± 18.4 s vs. 51.3 ± 14.8 s;  
P = 0.661; 50°C: 27.4 ± 7.6 s vs. 25.2 ± 4.7 s; P = 0.383; and 
Lbx1-Slick–/– [n = 12] vs. control [n = 12]: 52°C: 18.2 ± 4.0 s 
vs. 18.9 ± 3.5 s; P = 0.665; 54°C, 12.1 ± 2.6 s vs. 11.2 ± 3.1 s;  
P = 0.431) and tail immersion test (Lbx1-Slick–/– [n = 16] vs. 
control [n = 16]: 46°C: 13.8 ± 8.1 s vs. 14.8 ± 7.6 s; P = 0.640; 
47°C: 5.5 ± 2.4 s vs. 8.0 ± 4.6 s; P = 0.496; 48°C: 3.4 ± 1.5 s vs. 
3.4 ± 2.0 s; P = 0.942; 49°C: 2.0 ± 0.8 s vs. 1.7 ± 0.5 s; P = 0.856)  
were unaltered in Lbx1-Slick–/– mice (fig.  5, D and E). 
Moreover, similar to Slick–/– mice, Lbx1-Slick–/– mice demon-
strated normal responses to cold and mechanical stimuli (cold 
plate, cold plantar, dynamic plantar, tail-clip, and tape-response 
test: data not shown). These data suggest that Slick in dor-
sal horn neurons is dispensable for the immediate behavioral 
responses to acute heat, cold, and mechanical stimuli.

Slick in the Spinal Dorsal Horn Modulates Capsaicin-
induced Behavior

We then analyzed the tonic pain behavior of Slick–/– 
and wild-type mice using the capsaicin test. Intraplantar 

injection of capsaicin (5 µg) into a hind paw elicits a robust 
paw licking behavior that typically lasts for a few minutes 
and is mainly driven by TRPV1 activation.28 As shown in 
figure 6A, the paw licking response was similar in Slick–/– 
and wild-type mice during the first 5 min after the capsa-
icin injection (Slick–/– [n = 8]: 27.0 ± 11.1 s [95% CI, 17.7 
to 36.4]; wild-type [n = 7]: 21.4 ± 7.7 s [95% CI, 14.3 to 
28.5]; P = 0.574). Interestingly however, Slick–/– mice con-
tinued to lick the paw during 6 to 20 min after the cap-
saicin injection, while this late-stage licking behavior was 
virtually absent in wild-type mice. The sum of licking time 
during the 6 to 20 min period was significantly increased 
in Slick–/– mice compared with wild-type mice (Slick–/– 
[n = 8]: 45.6 ± 30.1 s [95% CI, 19.8 to 71.4]; wild-type 
[n = 7]: 13.1 ± 16.1 s [95% CI, –1.8 to 28.0]; P = 0.006; 
fig. 6A; results for female and male cohorts are presented 
in Supplemental Digital Content 3 fig. 3, A and B, http://
links.lww.com/ALN/C807), suggesting that Slick controls 
the nocifensive behavior at late stages of the capsaicin test.

We then exposed Lbx1-Slick–/– mice to capsaicin injec-
tion. Notably, similar to Slick–/– mice, the licking behav-
ior in Lbx1-Slick–/– mice was enhanced in the later phase, 
i.e., 6 to 20 min after capsaicin injection (Lbx1-Slick–/–  

Fig. 5. Lbx1-Slick–/– mice show normal heat responses. (A and B) Confirmation of tissue-specific deletion of Slick in Lbx1-Slick–/– mice. (A) 
Quantitative reverse transcription polymerase chain reaction revealed that in Lbx1-Slick–/– mice, Slick mRNa is selectively reduced in the spi-
nal cord (t6 = 32.7, P < 0.001), but remains unaltered in dorsal root ganglia (t6 = 0.87, P = 0.420) and the brain cortex (t6 = 1.80, P = 0.122; 
n = 4 per group). Values were normalized to wild-type dorsal root ganglia. (B) Immunostaining revealed that Slick immunoreactivity in the 
superficial dorsal horn is considerably reduced in spinal cords of Lbx1-Slick–/– mice compared with control mice. Weak Slick immunoreactivity 
was detected throughout the spinal cords of Lbx1-Slick–/– mice, as revealed by comparison with spinal cords of Slick–/– mice. (C) Expression 
of Slack mRNa in Lbx1-Slick–/– and control mice is comparable in dorsal root ganglia (t18 = 1.86, P = 0.218), the spinal cord (t18 = 0.58,  
P = 0.816), and the brain cortex (t18 = 0.47, P = 0.816; n = 4 per group). (D and E) Responses to heat stimuli in Lbx1-Slick–/– mice. The behavior 
of Lbx1-Slick–/– mice was unaltered as compared to control mice in the hot plate test ([D] 48°C: t25 = 0.44, P = 0.661; n = 13 [Lbx1-Slick–/–], n 
= 14 [control]; 50°C: t25 = 0.89, P = 0.383; n = 13 [Lbx1-Slick–/–], n = 14 [control]; 52°C: t22 = 0.44, P = 0.665; n = 12 per group; 54°C: t22 = 
0.80, P = 0.431; n = 12 per group), and in the tail-immersion test ([E] 46°C: t30 = 0.37, P = 0.714; 47°C: t30 = 1.85, P = 0.075; 48°C: t30 = 0.05, 
P = 0.957; 49°C: t30 = 1.00, P = 0.323; n = 16 per group). Data are presented as mean ± SD. *P < 0.05. Scale bar = 100 µm (B).
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Fig. 6. Increased capsaicin-induced pain behavior in Slick–/– and Lbx1-Slick–/– mice. (A and B) Capsaicin test in Slick–/– and wild-type mice. 
(A) Capsaicin-induced licking behavior. (A, left) Time course of paw licking induced by injection of 5 µg capsaicin into a hind paw. (A, right) 
Sum of paw licking shows that the behavior of Slick–/– mice compared with wild-type mice is normal during the 0- to 5-min period (t26 = 0.57, 
P = 0.574; n = 8 [Slick–/–], n = 7 [wild-type]), but significantly increased during the 6- to 20-min period (t26 = 3.30, P = 0.006; n = 8 [Slick–/–], 
n = 7 [wild-type]) after the capsaicin injection. (B) Capsaicin test in Lbx1-Slick–/– and control mice. Similar to Slick–/– mice, Lbx1-Slick–/– mice 
exhibited an unaltered paw-licking behavior compared with control mice in the first 5 min after capsaicin injection (t30 = 0.16, P = 0.871; n = 8  
[Slick–/–], n = 9 [wild-type]), whereas the paw licking was significantly increased during the 6- to 20-min period (t30 = 2.97, P = 0.012; n = 8 
[Slick–/–], n = 9 [wild-type]). (C) Double immunostaining of Slick and transient receptor potential vanilloid 1 (TRPV1) in dorsal root ganglia reveals 
that Slick is virtually absent from TRPV1-positive sensory neurons. (D) Double immunostaining of Slick and TRPV1 in the spinal cord shows 
some overlap of Slick and TRPV1 immunoreactivity. (E) Higher magnification of the area marked in the merge picture in D. Slick immunoreac-
tivity is in close proximity to the central projections of TRPV1-positive afferent fibers. (F) Western blot analysis of phosphorylated extracellular 
signal–regulated kinase in the spinal cord of wild-type and Slick–/– mice 10 min after capsaicin injection into a hind paw. Data show that 
phosphorylation of both p44 (t12 = 3.72, P = 0.003; n = 4 per group) and p42 (t12 = 4.39, P = 0.002; n = 4 per group) mitogen-activated protein 
kinase is significantly increased in Slick–/– mice as compared to wild-type mice. (G) Western blot of extracellular signal–regulated kinase in the 
spinal cord confirmed a similar expression of p44 (t12 = 0.32, P = 0.940; n = 4 per group) and p42 (t12 = 0.10, P = 0.940; n = 4 per group) in 
Slick–/– and wild-type mice. Values in F and G were normalized to α-tubulin as loading control and are expressed as relative values compared  
to phosphorylated p44 expression of wild-type control. Data are presented as mean ± SD. *P < 0.05. Scale bars = 50 µm (C and D); scale 
bar = 25 µm (E).
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[n = 8]: 73.6 ± 85.4 s [95% CI, 2.2 to 145.1]; control [n = 9]:  
12.3 ± 9.9 s [95% CI, 4.6 to 19.9]; P = 0.012; fig.  6B), 
but unaltered in the first 5 min as compared with control 
mice (Lbx1-Slick–/– [n = 8]: 37.5 ± 15.3 s [95% CI, 24.7 to 
50.3]; control [n = 9]: 40.9 ± 10.3 s [95% CI, 33.0 to 48.9];  
P = 0.871; fig. 6B; results for female and male cohorts are 
shown in Supplemental Digital Content 3 fig. 3, C and D, 
http://links.lww.com/ALN/C807). These results indicate 
that Slick in dorsal horn neurons modulates the pain behav-
ior at a late stage of the capsaicin test.

To further explore this finding, we performed double- 
labeling immunostaining of Slick and TRPV1 in dorsal root 
ganglia and the spinal cord. Consistent with the observation 
that Slick is enriched in Aδ-fibers (fig. 1, F and H) and most 
TRPV1+ sensory neurons are C-fibers,28 we found that 
Slick+ sensory neurons virtually do not coexpress TRPV1 
(fig. 6C). In the dorsal horn of the spinal cord, Slick immu-
noreactivity is partly colocalized with the central projec-
tions of TRPV1+ afferent fibers (fig. 6D). Interestingly, at 
higher magnification, we detected TRPV1+ fibers in close 
proximity to somata of Slick+ cells (fig.  6E), pointing to 
a possible interaction of Slick+ dorsal horn neurons and 
TRPV1+ sensory neurons that respond to capsaicin.

We then performed Western blot analyses of pERK as a 
marker for neuronal activation in the dorsal horn.29 Lumbar 
(L4–L5) spinal cords from wild-type and Slick–/– mice were 
obtained 10 min after intraplantar capsaicin injection, i.e., at 
a time point of increased paw licking in Slick–/– mice (com-
pared to fig. 6A). Of note, phosphorylation of ERK1 (p44 
MAPK) and ERK2 (p42 MAPK), which both are detected 
by the anti-pERK antibody, was significantly increased in 
Slick–/– mice compared with wild-type mice (p-p44, Slick–/–: 
1.5 ± 0.3 [95% CI, 1.1 to 2.0], wild-type: 1.0 ± 0.0 [95% CI, 
1.0 to 1.0], P = 0.003; p-p42, Slick–/–: 1.3 ± 0.2 [95% CI, 0.9 
to 1.7], wild-type: 0.7 ± 0.1 [95% CI, 0.5 to 0.9]; P = 0.002; 
n = 4/group; fig. 6F). Control experiments confirmed that 
ERK1 and ERK2 protein expression is similar between 
wild-type and Slick–/– mice in the lumbar spinal cord (p44, 
Slick–/–: 1.2 ± 0.1 [95% CI, 1.0 to 1.4], wild-type: 1.1 ± 0.2 
[95% CI, 0.9 to 1.4]; P = 0.940; p42, Slick–/–: 1.3 ± 0.1 [95% 
CI, 1.1 to 1.4], wild-type: 1.3 ± 0.2 [95% CI, 1.0 to 1.5];  
P = 0.940; n = 4/group; fig. 6G). Together, these data indi-
cate that Slick modulates the activity of dorsal horn neu-
rons in response to TRPV1 activation in sensory neurons.

Slick Is Dispensable for allyl Isothiocyanate–induced 
Pain Behavior

In response to peer review, we assessed the behavior after 
intraplantar injection of the transient receptor poten-
tial ankyrin 1 (TRPA1) activator, allyl isothiocyanate, to 
explore the role of Slick in TRPA1-dependent pain pro-
cessing. Compared to wild-type mice, Slick–/– mice demon-
strated unaltered licking behavior after allyl isothiocyanate 
injection (Slick–/– [n = 8]: 210.4 ± 127.0 s [95% CI, 104.1 
to 316.6]; wild-type [n = 6]: 253.9 ± 166.3 s [95% CI, 79.4 

to 428.4]; P = 0.587; fig. 7A). We also tested allyl isothio-
cyanate–induced mechanical pain sensitivity, but did not 
observe significant differences between Slick–/– and wild-
type mice (baseline: Slick–/– [n = 8]: 0.9 ± 0.1 g [95% CI, 
0.8 to 1.0]; wild-type [n = 6]: 0.8 ± 0.1 g [95% CI, 0.7 to 
0.9]; P = 0.844; 1 h: Slick–/– [n = 8]: 0.2 ± 0.1 g [95% CI, 
0.1 to 0.3]; wild-type [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 
0.3]; P > 0.999; 3 h: Slick–/– [n = 8]: 0.2 ± 0.1 g [95% CI, 
0.1 to 0.3]; wild-type [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 
0.3]; P = 0.935; 5 h: Slick–/– [n = 8]: 0.3 ± 0.2 g [95% CI, 
0.2 to 0.4]; wild-type [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 
0.2]; P = 0.230; 24 h: Slick–/– [n = 8]: 0.5 ± 0.2 g [95% CI, 
0.4 to 0.7]; wild-type: 0.4 ± 0.2 g [95% CI, 0.2 to 0.6];  
P = 0.917; fig. 7B). Similar to Slick–/– mice, Lbx1-Slick–/– 
mice demonstrated intact licking behavior (Lbx1-Slick–/–  
[n = 7]: 158.3 ± 111.5 s [95% CI, 55.2 to 261.5]; control 
[n = 8]: 103.0 ± 90.5 s [95% CI, 27.3 to 178.6]; P = 0.308; 
fig.  7C) and mechanical hypersensitivity (baseline: Lbx1-
Slick–/– [n = 5]: 0.9 ± 0.1 g [95% CI, 0.8 to 1.0]; control 
[n = 6]: 0.9 ± 0.1 g [95% CI, 0.7 to 1.0]; P = 0.995; 1 h: 
Lbx1-Slick–/– [n = 5]: 0.2 ± 0.1 g [95% CI, 0.1 to 0.3]; con-
trol [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 0.3]; P = 0.998; 3 
h: Lbx1-Slick–/– [n = 5]: 0.2 ± 0.1 g [95% CI, 0.1 to 0.4]; 
control [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 0.4]; P > 0.999; 
5 h: Lbx1-Slick–/– [n = 5]: 0.3 ± 0.1 g [95% CI, 0.1 to 0.5]; 
control [n = 6]: 0.2 ± 0.1 g [95% CI, 0.1 to 0.4]; P = 0.986; 
24 h: Lbx1-Slick–/– [n = 5]: 0.9 ± 0.2 g [95% CI, 0.6 to 1.2]; 
control: 0.8 ± 0.2 g [95% CI, 0.6 to 1.0]; P = 0.997; fig. 7D) 
compared with control mice. Thus, unlike the capsaicin 
test, Slick seems not to be involved in allyl isothiocyanate–
induced pain.

Slick in the Spinal Dorsal Horn Modulates Somatostatin 
Signaling

To further explore the functional role of Slick in dorsal 
horn neurons, we focused on the neuropeptide soma-
tostatin, because (1) previous studies reported that soma-
tostatin is released from capsaicin-sensitive sensory nerve 
terminals in the dorsal horn30; (2) immunostaining revealed 
that SSTR2, the most abundant somatostatin receptor in 
the spinal cord,31 is expressed by virtually all GAL+ cells in 
the dorsal horn32—of which approximately 80% are Slick+ 
(fig. 3D); and (3) single-cell RNA-sequencing data further 
support a colocalization of SSTR2 and Slick in dorsal horn 
neuron populations (i.e., both were detected in the Gaba2, 
3, 8, and 9 populations of inhibitory interneurons in the 
dorsal horn).10 In accordance with these data, we observed 
a substantial degree of coexpression of Slick mRNA and 
SSTR2 mRNA in the dorsal horn using double in situ 
hybridization experiments; 50.4 ± 1.6% of Slick+ cells 
expressed SSTR2, whereas 61.3 ± 7.4% of SSTR2+ cells 
were positive for Slick (fig. 8A).

We then assessed whether Slick and somatostatin path-
ways might functionally interact in the dorsal horn. For that 
purpose, we intrathecally administered the selective SSTR2 
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antagonist CYN-15480618 in Slick–/– and wild-type mice 
30 min before intraplantar capsaicin injection and analyzed 
the pain behavior. Interestingly, the enhanced paw licking 
in the later phase (6 to 20 min after capsaicin injection; 
fig. 6A) was absent in Slick–/– mice pretreated with CYN-
154806 (Slick–/– [n = 5] vs. wild-type [n = 6]: 6.8 ± 4.1 s 
vs. 10.1 ± 12.9 s, respectively; P = 0.862; fig. 8B). Similarly, 
intrathecal CYN-154806 pretreatment prevented the later 
phase of paw licking in Lbx1-Slick–/– mice (Lbx1-Slick–/–  
[n = 5] vs. control [n = 5]: 16.1 ± 18.9 s vs. 19.1 ± 9.9 s, 
respectively; P = 0.942; fig.  8C [compared to fig.  6B]). 
Together, these data point to a signaling pathway that 
involves TRPV1+ sensory neurons and Slick+/SSTR2+ 
dorsal horn neurons.

Recent studies revealed that somatostatin contributes to 
the processing of itch in the dorsal horn, and that intrathe-
cal administration of somatostatin or its analog octreotide 
induces scratching in rodents via binding to SSTR2 and 
subsequent inhibition of inhibitory interneurons.18,33 We 
therefore analyzed the scratching behavior of Slick–/– and 
wild-type mice after intrathecal injection of octreotide. 
Interestingly, the scratching behavior induced by 100 ng 
octreotide was observed in wild-type mice but consider-
ably reduced in Slick–/– mice (Slick–/–: 6.1 ± 6.7 bouts [95% 
CI, 0.5 to 11.7]; wild-type: 47.5 ± 51.1 bouts [95% CI, 4.8 
to 90.2]; P = 0.039, n = 8/group; fig. 8D; results for female 
and male cohorts are presented in Supplemental Digital 
Content 4  fig. 4, A and B, http://links.lww.com/ALN/

Fig. 7. allyl isothiocyanate–induced pain behavior in Slick–/– and Lbx1-Slick–/– mice. (A) allyl isothiocyanate test in Slick–/– and wild-type 
mice. (A, left) Time course of paw licking induced by injection of 10 nmol allyl isothiocyanate into a hind paw. (A, right) Sum of paw licking 
shows that the behavior of Slick–/– mice is comparable to wild-type mice during 30 min after the allyl isothiocyanate injection (t12 = 0.56, P = 
0.587; n = 8 [Slick–/–], n = 6 [wild-type]). (B) Intraplantar injection of allyl isothiocyanate elicits similar mechanical hypersensitivity in Slick–/– 
and wild-type mice (F[4,48] = 0.91, P = 0.464; n = 8 [Slick–/–], n = 6 [wild-type]). (C) allyl isothiocyanate test in Lbx1-Slick–/– and control mice. 
(Left) Time course of paw licking induced by injection of 10 nmol allyl isothiocyanate into a hind paw. (Right) Sum of paw licking shows that 
the behavior of Lbx1-Slick–/– mice is comparable to control mice during 30 min after the allyl isothiocyanate injection (t13 = 1.06, P = 0.308; n 
= 7 [Lbx1-Slick–/–], n = 8 [control]). (D) Intraplantar injection of allyl isothiocyanate elicits similar mechanical hypersensitivity in Lbx1-Slick–/– 
and control mice (F[4,36] = 0.05, P = 0.464; n = 5 [Lbx1-Slick–/–], n = 6 [control]). Data are presented as mean ± SD.
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Fig. 8. Slick interacts with somatostatin pathways in pain and itch. (A) Double in situ hybridization experiments show that Slick and somatostatin 
receptor 2 (SSTR2) are colocalized in the spinal dorsal horn. (B and C) Capsaicin test after intrathecal pretreatment with the SSTR2 antagonist 
CyN-154806 (500 ng in 5 µl NaCl, 0.9%). (B) In Slick–/– mice, intrathecal CyN-154806 delivery 30 min before capsaicin injection into a hind paw 
prevented increased paw licking from 6 to 20 min after capsaicin injection ([compare with fig. 6a] 0 to 5 min: t18 = 0.17, P = 0.871; 5 to 20 min: 
t18 = 0.50, P = 0.862; n = 5 [Slick–/–], n = 6 [wild-type]). (C) Similarly, increased paw licking at 6 to 20 min after capsaicin injection (compare with 
fig. 6B) did not occur in Lbx1-Slick–/– mice pretreated with intrathecal CyN-154806 (0 to 5 min: t16 = 0.26, P = 0.942; 6 to 20 min: t16 = 0.31, P = 
0.942; n = 5 per group). (D and E) Somatostatin-induced itch behavior in Slick–/– and Lbx1-Slick–/– mice. after intrathecal injection of the soma-
tostatin analog octreotide (100 ng and 300 ng in 5 µl NaCl, 0.9%), the scratching behavior during a 30-min period was significantly reduced in 
Slick–/– mice compared with wild-type mice ([D] 100 ng: t14 = 2.27, P = 0.039; n = 8 per group; 300 ng: t12 = 2.43, P = 0.032; n = 7 per group), and 
in Lbx1-Slick–/– mice compared with control mice ([E] t14 = 3.35, P = 0.005; n = 8 per group). (F and G) Western blot of SSTR2 in the spinal cord 
from Slick–/– and wild-type mice ([F] t4 = 0.38, P = 0.725; n = 3 per group) and from Lbx1-Slick–/– and control mice ([G] t4 = 0.13, P = 0.904; n = 
3 per group) demonstrated unaltered SSTR2 expression in the absence of Slick. Values were normalized to α-tubulin as loading control. (H) Double 
in situ hybridization of Slick mRNa with gastrin-releasing peptide receptor (GRPR) mRNa in the spinal dorsal horn shows virtually no colocalization. 
(I) after intrathecal injection of gastrin-releasing peptide (GRP), the scratching behavior was unaltered in Slick–/– mice compared to wild-type mice 
(unpaired two-tailed t test: t11 = 0.10, P = 0.921; n = 8 per group). Data are presented as mean ± SD. *P < 0.05. Scale bar = 50 µm.
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C808). In response to peer review, we also injected 300 ng  
octreotide to investigate whether the effect is dose- 
dependent. Indeed, a dose-dependent response to intra-
thecal octreotide was observed in wild-type mice (100 ng  
[n = 8]: 47.5 ± 51.1 bouts [95% CI, 4.8 to 90.2]; 300 ng 
[n = 7]: 142.9 ± 79.1 bouts [95% CI, 69.7 to 216.1];  
P = 0.005; fig. 8D), and again, a significant difference in 
scratching behavior was observed between genotypes  
(Slick–/– [n = 7]: 49.9 ± 63.4 bouts [95% CI, –8.8 to 108.5]; 
wild-type [n = 7]: 142.9 ± 79.1 bouts [95% CI, 69.7 to 216.1]; 
P = 0.032; fig. 8D). Similarly, Lbx1-Slick–/– mice showed a 
significantly reduced scratching behavior compared with 
control mice after intrathecal administration of 100 ng oct-
reotide (Lbx1-Slick–/– [n = 8]: 6.1 ± 6.2 bouts [95% CI, 0.9 
to 11.3]; control [n = 8]: 50.3 ± 36.8 bouts [95% CI, 19.5 to 
81.0]; P = 0.005; fig. 8E; Supplemental Digital Content 4 fig. 
4, C and D, http://links.lww.com/ALN/C808). Western 
blot experiments demonstrated similar SSTR2 levels in the 
spinal cord and dorsal root ganglia of wild-type and Slick–/– 
mice (Slick–/– [n = 3] vs. wild-type [n =3]: 0.9 ± 0.2 vs. 
0.9 ± 0.1, respectively; P = 0.725; fig. 7F), and of control 
and Lbx1-Slick–/– mice (Lbx1-Slick–/– [n = 3] vs. control  
[n = 3]: 1.0 ± 0.2 vs. 1.0 ± 0.2, respectively; P = 0.904; 
fig. 8G), suggesting that there was no compensatory regula-
tion due to the Slick knockout that might have contributed 
to the observed itch behavior. Together, these data suggest 
that Slick expressed in dorsal horn neurons is required 
for the behavioral response to intrathecally administered 
octreotide.

In control experiments, we intrathecally injected GRP, 
which evokes scratching via activation of its receptor, 
GRPR, which is almost exclusively expressed in excitatory 
interneurons.2,10 Double in situ hybridization experiments 
revealed that GRPR mRNA is virtually absent from Slick+ 
neurons in the dorsal horn (fig. 8H). In line with this obser-
vation, the scratching behavior after intrathecal injection of 
GRP was not significantly altered in Slick–/– mice as com-
pared with wild-type mice (Slick–/– [n = 8] vs. wild-type  
[n = 8]: 97.8 ± 49.5 bouts vs. 95.5 ± 38.6 bouts, respectively; 
P = 0.921; fig. 8I), indicating that the scratching behavior is 
not generally impaired in Slick knockouts. Altogether, these 
data suggest that Slick at distinct neuronal populations con-
tributes to pain and itch processing.

Slick Is Not Required for Histamine or Chloroquine-
induced Itch

Recent evidence has indicated that Slick–/– mice exhibit 
normal responses to the pruritic stimuli histamine and chlo-
roquine,6 but the specific contribution of Slick in the spinal 
dorsal horn to these pruritic stimuli is unclear. In response 
to peer review, we analyzed the scratching behavior after 
intradermal injection of histamine (200 µg) and chloro-
quine (200 µg) into the nape of the neck. As expected, 
histamine and chloroquine evoked robust scratching 
behavior in control mice (fig. 9, A and B). However, similar 

to Slick–/– and wild-type mice, no differences between 
Lbx1-Slick–/– mice and control littermates were observed 
for either histamine (Lbx1-Slick–/– [n = 5] vs. control  
[n = 6]: 59.6 ± 33.6 bouts vs. 101 ± 68.7 bouts, respectively; 
P = 0.249; fig. 9A) or chloroquine (Lbx1-Slick–/– [n = 5] 
vs. control n = 6]): 105.0 ± 28.0 bouts vs. 150 ± 88.3 bouts, 
respectively; P = 0.305; fig. 9B). These results suggest that 
Slick does not contribute to the processing of histamine- 
and chloroquine-evoked itch.

discussion
Using multiple tissue-staining procedures, biochem-
ical assays, and behavioral tests in global and conditional 
knockout mice, we delineated novel roles of the potassium 
channel Slick in sensations of both pain and itch. Using 
immunostaining and in situ hybridization, we identified 
Slick in Aδ-fiber nociceptors and in populations of inter-
neurons in the spinal dorsal horn. Global Slick knockouts 
demonstrated increased nocifensive responses to noxious 
heat and intraplantar capsaicin, whereas the scratching 
behavior induced by intrathecal octreotide was abolished. 
Our experiments in tissue-specific Lbx1-Slick–/– mice 
revealed that Slick localized to dorsal horn neurons mod-
ulates capsaicin and octreotide behavior, but not noxious 
heat responses. In combination with previous reports,6,7 the 
fact that in our study both Slick–/– and Lbx1-Slick–/– mice 
displayed normal responses to cold and mechanical stim-
uli, as well as after intrathecal GRP injection supports the 
hypothesis that Slick exerts distinct functions in pain and 
itch pathways.

Slick–/– mice showed enhanced sensitivity to heat stim-
uli at 48° to 50°C in the hot plate test and at 46° to 48°C 
in the tail-immersion test, but had normal responses after 
exposure to higher temperatures. This implies that Slick, 
which may inhibit pain processing in sensory neurons by 
potassium efflux across the plasma membrane, modulates 
heat pain only in a certain temperature range. During the 
past 2 decades, several ion channels have been identified 
as potential molecular thermosensors in mammals. These 
include various temperature-sensitive members of the TRP 
channel family (e.g., TRPV1, TRPV2, TRPV3, TRPV4, 
TRPA1, TRPM2, TRPM3, and TRPM8); the Ca2+-
activated chloride channel, anoctamin 1; stromal interaction 
molecule 1 (STIM1); members of the two-pore domain 
potassium channel family (such as KCNK2, KCNK4, and 
KCNK10); and Nav1.8 channels.34 Many studies illustrate 
that these channels are sensitive to heat or cold at differ-
ent temperature ranges. This is also reflected by the pheno-
typic profile of respective knockout mice in pain models. 
For example, TRPV1–/– mice showed impaired behavioral 
responses in the hot plate test at temperatures greater than 
or equal to 52.5°C, as well as in the tail-immersion test 
at temperatures of 50°C, but showed normal responses at 
lower temperatures.28 Furthermore, TRPM3–/– mice exhib-
ited increased hot plate latencies at temperatures 52°C or 
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higher and unaltered latencies at 50°C, whereas their laten-
cies in the tail immersion test were increased in the range of 
45° to 57°C.35 Conversely, TRPM2–/– mice showed a defi-
cit in their sensation of non-noxious warm temperatures.36 
While TRPA1–/– mice demonstrated a normal behavior on 
a 50 to 55°C hot plate,37 a recent study revealed that tri-
ple knockouts lacking TRPA1, TRPV1 and TRPM3 show 
considerably reduced responses to noxious heat at 45° to 
52°C in the hot plate test and at 45° to 57°C in the tail-
flick test,13,38 implicating that noxious heat sensing in a wide 
temperature spectrum essentially relies on these three TRP 
channels. Future work will be necessary to determine the 
mechanism underlying the specific modulation of heat sen-
sation by Slick.

In addition to its function in acute heat pain, our study 
provides several lines of evidence that Slick expressed 
in the spinal cord contributes to nociceptive signaling 
between TRPV1+ sensory neurons and SSTR2+ dorsal 
horn neurons. First, both Slick–/– and Lbx1-Slick–/– mice 
showed a prolonged paw licking behavior after intraplan-
tar injection of the TRPV1 activator capsaicin. The altered 
behavior in Lbx1-Slick–/– mice suggests that this pheno-
type is driven by Slick in dorsal horn neurons. Second, 
the prolonged capsaicin paw licking was paralleled by 
increased phosphorylation of the neuronal activity marker 
ERK in spinal cord extracts of Slick–/– mice. Third, the 
prolonged capsaicin paw licking in Slick–/– and Lbx1-
Slick–/– mice was abolished by intrathecal pretreatment 
with the SSTR2 antagonist CYN-154806. This finding is 
in accordance with previous reports that the activation of 
TRPV1+ sensory neurons—which largely project to lam-
ina I and outer lamina II in the spinal cord39—results not 

only in glutamate release from presynaptic terminals40 but 
also in the release of neuropeptides, including somatosta-
tin.41 In general, somatostatin exerts a wide range of effects 
that are mediated via SSTR1-5 (somatostatin cell-surface 
receptor subtypes 1 through 5), which belong to the seven 
transmembrane G protein–coupled receptor superfamily.42 
Among these, SSTR2 is dominantly detected in the dorsal 
horn of the spinal cord,10,43 and several studies implicate 
important functions of SSTR2 in the processing of pain 
and itch.18,33 Like all other SST receptors, SSTR2 associates 
with the pertussis toxin–sensitive Gi protein and is cou-
pled to adenylate cyclase and other signaling pathways,42 
and SSTR2 activation has been shown to result in mem-
brane hyperpolarization and inhibition of exocytosis.42,44 
Our finding that intrathecal CYN-154806 abolished the 
prolonged capsaicin-induced licking behavior in Slick–/– 
and Lbx1-Slick–/– mice, but did not affect the behavior in 
control mice, points to an increased activity of SSTR2+ 
dorsal horn neurons in the absence of Slick. Considering 
that SSTR2+ dorsal horn neurons mostly release GABA,10 
one might assume that after capsaicin injection, somatosta-
tin inhibits the GABA release from SSTR2+ dorsal horn 
neurons in a Slick-dependent manner. Further studies are 
needed to elucidate the mechanisms by which Slick+/
SSTR2+ dorsal horn neurons limit the nocifensive response 
to intraplantar capsaicin. It must also be considered that the 
response of an interneuronal population to a given sensory 
modality is defined not only by its peripheral afferent input 
but also by the neuronal input it receives from other local 
circuit interneurons.45

A function of Slick in SSTR2+ dorsal horn neurons is 
further supported by the considerably reduced scratching 

Fig. 9. Lbx1-Slick–/– mice show normal itch behavior after injection of histamine or chloroquine. (A) Histamine-induced scratching behavior 
in Lbx1-Slick–/– and control mice. (A, left) Time course of scratching bouts induced by injection of 200 µg histamine into the nape of the neck. 
(A, right) Total scratching bouts within 30 min after histamine injection. Note that histamine-induced itch behavior is comparable between 
Lbx1-Slick–/– and control mice (unpaired two-tailed t test: t9 = 1.23, P = 0.249; n = 5 [Lbx1-Slick–/–], n = 6 [control]). (B) Chloroquine-induced 
itch behavior in Lbx1-Slick–/– and control mice. (B, left) Time course of scratching bouts induced via 200 µg chloroquine injection into nape 
of the neck. (B, right) Total scratching bouts within 30 min after chloroquine injection (unpaired two-tailed t test: t9 = 1.09, P = 0.305; n = 5 
[Lbx1-Slick–/–], n = 6 [control]). Data are presented as mean ± SD.
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behavior of Slick–/– and Lbx1-Slick–/– mice after intra-
thecal injection of octreotide, which binds preferentially 
to SSTR2 with only moderate affinity for SSTR5 and 
SSTR3.42 Given the prolonged nocifensive behavior of 
Slick-deficient mice after intraplantar capsaicin, their 
ameliorated itch behavior was quite surprising. However, 
these apparently contrasting functions of Slick in pain and 
itch are in line with the complex interactions between 
the circuitries for pain and itch within the dorsal horn 
that were reported in previous studies (for review, see Lay 
and Dong,2 Koch et al.,45 and Chen and Sun46). The essen-
tial function of SSTR2+ interneurons in both pain and 
itch has been demonstrated in several previous studies. For 
example, Huang et al. demonstrated that intrathecal oct-
reotide potentiates itch through disinhibition of SSTR2+ 
inhibitory interneurons, which results in disinhibition of 
GRPR+ neurons that exert a key function in the pro-
cessing of itch.18 Moreover, many SSTR2+ dorsal horn 
neurons contain the transcription factor helix-loop-he-
lix family member B5 (Bhlhb5).44 The essential function 
of Bhlhb5+ interneurons in itch processing is reflected by 
the observation that mice lacking Bhlhb5 develop self-in-
flicted skin lesions and elevated scratching in response to 
various pruritogens.47 As the deletion of Bhlhb5 resulted 
in a substantial loss of spinal interneurons expressing GAL 
and nNOS, while other inhibitory neuronal populations 
expressing NPY or PVALB remained intact, it was con-
cluded that spinal GAL+ and nNOS+ interneurons both 
can play a key role in gating chemical itch.47 Therefore, 
the enrichment of Slick in spinal interneurons express-
ing GAL, nNOS (fig. 3, D and E), and SSTR2 (fig. 8A) 
further supports a function of Slick in itch pathways. 
Furthermore, Bhlhb5+ interneurons are thought to sup-
press itch via cross-activation by nociceptive afferents 
(including those responding to capsaicin), such that the 
priming of Bhlhb5+ interneurons by a nociceptive stim-
ulus inhibits itch transmission.45,48 These findings are in 
accordance with the contrasting pain and itch behavior 
of Slick-deficient mice we report in our study. Similar 
contrasting phenotypes have also been observed in other 
knockout strains, such as mice lacking somatostatin18 or 
VGLUT2.49 Future studies are needed to further elucidate 
the circuits of pain and itch, and the mechanisms by which 
they interact.

In conclusion, we here provide evidence that Slick in 
distinct populations of sensory neurons and dorsal horn 
neurons exerts specific functions in the processing of pain 
and itch.
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I was introduced to anesthesiology as a third-year medical stu-
dent at the University of Michigan (Ann Arbor, Michigan) 

in 1960, after which I chose the University of California, San 
Francisco (San Francisco, California) as the department in 
which to undertake residency training (fig. 1). I knew little of 
this department other than that it offered a third year of train-
ing (3 yr must be better than 2), and my wife, Arlene, and I 
(neither of whom had been west of the Mississippi) preferred 
San Francisco to Philadelphia or New York City.

Imagine my good fortune to have chosen University of 
California, San Francisco, wherein Edmond “Ted” Eger II, 
M.D., and John Severinghaus, M.D., were investigating all 
things related to inhaled anesthetic pharmacokinetics and 
pharmacodynamics (fig. 2). Ted Eger, at the time an assistant 
professor of anesthesia, had just published a paper with Giles 
Merkel, M.D., describing the minimum alveolar concentra-
tion (MAC) of halopropane needed to suppress a response 
to noxious stimulation in dogs.1

Several months after starting my training in 1962, I found 
myself being “grilled” by Ted, my faculty supervisor for the day, 
about my knowledge of gas laws (Boyle, Charles, Gay–Lussac, 
Dalton). Apparently I passed this test, for Ted subsequently 
invited me to participate in the first study to determine MAC 
in humans.2 This study was performed in 68 surgical patients 
undergoing inhalation induction with halothane plus oxy-
gen, oxygen with 70% nitrous oxide, or oxygen with opioid 
premedication. The end-tidal concentration of halothane that 
appeared to produce a light surgical plane of anesthesia was 
held constant for 10 to 15 min before surgical incision.

Neither intravenous induction agents nor muscle relaxants 
were used before incision. Each patient’s response to the skin 
incision (movement vs. the absence of movement) was noted. 
The MAC of halothane in humans (0.74%) was determined 
as the transition point between responses of movement and 
nonmovement (fig. 3). Our study also demonstrated that 70% 

nitrous oxide and opioid premedication reduced the halothane 
alveolar concentration required to eliminate movement by 
61% and 7%, respectively. The discovery of MAC in humans 
was revolutionary for clinical and research purposes in that it 
allowed the pharmacologic effects of inhaled anesthetics to be 
compared against each other at a similar anesthetic depth.

Ted and I then decided to determine MAC in each of 
four additional patients by a different method to validate 
our initial measurements. Rather than observing a response 
to a single skin incision occurring after a fixed concentra-
tion of halothane, we examined each of these four patients’ 
responses to cutaneous electrical stimulation by increasing 
or decreasing the end-tidal halothane concentration. This 
process, which continued until the minimum concentration 
needed to eliminate movement was found, required sev-
eral hours to accomplish! Remember that the early 1960s 
preceded the era of human study committees, and these 
patients had only been told that we would try to determine 
the precise amount of anesthetic needed for their surgery. 
These four latter patients’ MAC determinations confirmed 
the data derived from the responses of the original 68 
patients in whom a single surgical incision had occurred.2

In three of the four patients studied during the extended 
presurgical period, no untoward events occurred. The 
fourth patient, however, was very different.3 The patient 

Jane s. Moon, M.d., editor

Serendipity: Being in the 
Right Place at the Right 
Time
Lawrence J. Saidman, M.D.

Anesthesiology 2022; 136:823–6

The first paper (Saidman and Eger) was presented at the PostGraduate Assembly in Anesthesiology in New York, New York, in 1963. The second paper (Saidman, Havard, and Eger) 
was presented at the Anesthesia Section of the American Medical Association Meeting in San Francisco, California, in 1963.

Submitted for publication January 4, 2022. Accepted for publication January 6, 2022. Published online first on February 18, 2022. From the Department of Anesthesiology, 
Perioperative and Pain Medicine, Stanford University, Stanford, California.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Anesthesiology 2022; 136:823–6. DOI: 10.1097/ALN.0000000000004140
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Hyperthermia during anesthesia. By Saidman LJ, Havard ES, Eger EI II. 
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abstract
The minimum alveolar concentration (MAC) of an inhaled anesthetic preventing 
movement in response to a surgical incision as a measure of equipotency was 
“invented” in 1964 at the University of California, San Francisco. The princi-
pal advantage of MAC is that it allows the pharmacologic effects of inhaled 
anesthetics to be compared against each other at a similar anesthetic depth. 
Thus, if the hemodynamic effect (hypotension, decreased cardiac output) of 
anesthetic “A” is greater than that of anesthetic “B,” the anesthesiologist may 
elect to use “A” in patients with myocardial dysfunction. A rare side effect of 
a volatile anesthetic is that in some patients, malignant hyperthermia may 
occur with or without succinylcholine use. This phenomenon was detected in 
a patient in whom halothane MAC was being measured. The availability of the 
Severinghaus blood gas device allowed for the first ever measurement of the 
metabolic and respiratory acidemia that accompanies malignant hyperthermia.

(ANESTHESIOLOGY 2022; 136:823–6)
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was a 47-yr-old man undergoing repair of a large ventral 
hernia. During the extended presurgical period described, 
he had been anesthetized with halothane–oxygen after pre-
medication with 0.8 mg intramuscular atropine. After the 
MAC determination, surgery was started, and anesthesia 

was maintained with halothane, oxygen, and 65% nitrous 
oxide, along with a continuous infusion of succinylcho-
line for deep abdominal relaxation. Monitoring included a 
noninvasive blood pressure cuff, an esophageal temperature 
probe, and a continuous electrocardiogram.

One hour into surgery, the patient became diapho-
retic, and his temperature had increased to 100°F. In order 
to maintain adequate muscle relaxation, it was necessary to 
increase the rate of the succinylcholine infusion. Alarmingly, 
the patient’s temperature rapidly increased to 108.5°F, after 
which his blood pressure abruptly decreased from 100/70 
mmHg to 40/0 mmHg. Fortuitously, we had access to John 
Severinghaus’s apparatus (now called a blood gas machine),4 
and arterial blood gas analysis showed profound metabolic 
and respiratory acidosis (pH 6.8; Pco

2
 179 mmHg; base defi-

cit 14.7). The surgeon was alerted to these events, and during 
the next 4 hr, the patient was packed in ice and given intra-
venous bicarbonate, vasopressors, prednisolone, and 3,000 ml 
cold lactated Ringer’s solution. Gradually, his temperature 
decreased, his acidosis mostly resolved, and we were able to 
extubate his trachea. His subsequent recovery was uneventful.

I presented this case report to the Anesthesia Section of the 
American Medical Association meeting in San Francisco in 
1963. At the end of my presentation, the moderator queried 
the audience if anyone had cared for a patient exhibiting sim-
ilar events. To my surprise, several attendees described a similar 
combination of hyperthermia and hemodynamic instability 
occurring in patients to whom halothane and succinylcho-
line were given. However, they were unable to measure the 
metabolic derangement that is the hallmark of the condition.

We published this case report that presented the first-
ever acid–base data associated with hyperthermia in a 

Fig. 2. Personnel working in the Severinghaus Lab in 1962 to 1963. From left to right: Richard Shargel, Cedric Bainton, Lawrence Saidman, 
Robert Mitchell, Freeman Bradley, Ted Eger, Ed Munson, Dorothy Herbert, John Severinghaus, and Pat Bradley.

Fig. 1. Dr. Lawrence Saidman was Chairman of Anesthesia at 
the University of California, San Diego (San Diego, California) 
from 1973 to 1985; Editor-in-Chief of Anesthesiology from 1986 
to 1996; and President of the American Board of Anesthesiology 
from 1994 to 1995. Image courtesy of Stanford University 
(Stanford, California) and the International Anesthesia Research 
Society (San Francisco, California).
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patient anesthetized with halothane.3 Denborough et al. 
had published a paper in 1962 describing deaths in a family 
who had received general anesthesia.5 While these deaths 
may well have been related to malignant hyperthermia, no 
acid–base data had been readily available at the time.

The association between profound hyperthermia and 
severe acidosis had remained undescribed until our paper 
was published. I include “serendipity” in the title of this arti-
cle because of the unusual set of circumstances that led to 
two separate papers, each of which included information 
from the same patient.2,3 The serendipitous circumstances 
included the lengthy presurgical interval of halothane 
MAC measurement during which succinylcholine was not 
used, and body temperature remained normal2,3; the previ-
ously unknown association between halothane and malig-
nant hyperthermia3; and the fortuitous availability of the 
Severinghaus blood gas machine—an early version of which 
now rests in the Smithsonian Institution (Washington, D.C.).

The second part of the MAC study during which four 
patients were anesthetized for several hours before surgery 
might not have been possible today due to the need for 
approval from an institutional human research committee. 
In addition, even if the study had been approved by a 
review board during that era, the cause of the hyperther-
mia would not have been properly diagnosed due to the 
lack of clinical experience with malignant hyperthermia. 

By contrast, PubMed citations of papers dealing with 
malignant hyperthermia now number in the thousands.

Our experience with this patient is a classic example of 
first observing a clinical phenomenon, then funding basic 
research to discover the mechanism underlying the problem, 
and finally applying this knowledge to clinical practice to pre-
vent the problem from occurring. Personally, this experience 
left me in awe of how close our patient came to dying from a 
previously unknown phenomenon. He was rescued due to a 
device that had only recently become clinically available. This 
case also illustrates how what we do every day renders our 
patients susceptible to the vagaries of chance events. Most 
importantly, it affirmed the essential role of anesthesiologists 
in responding to these rare and unpredictable events.
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Fig. 3. Responses to skin incision in surgical patients in the first human minimum alveolar concentration study. Reprinted from Saidman 
and Eger2 with permission.
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Let the Record Show: McKesson’s Automated Nargraf

A high school principal who became a physician, inventor, and entrepreneur, Elmer McKesson, M.D. (1881 
to 1935, lower right), championed technology to optimize physiology under anesthesia. Enchanted by nitrous 
oxide anesthesia as an intern, he designed his first gas apparatus and founded his successful McKesson Appliance 
Company a few years later. He also served as the first President of the International Anesthesia Research 
Society. Truly ahead of his time, McKesson invented the first semiautomated anesthesia record when intra-
operative blood pressure measurement was only beginning to gain favor. His revolutionary Nargraf Model J 
(1930, left) fed a preprinted paper record through a machine that charted blood pressure, tidal volume, oxygen 
concentration, and inspiratory gas pressure (red ink, upper right). The anesthetist would document the patient’s 
heart rate and respiratory rate by hand (black ink, upper right). While fully automated records would not be in 
vogue until the twenty-first century, McKesson’s Nargraf was a harbinger of things to come. (Image of record 
from the Geoffrey Kaye Museum of Anaesthetic History, VGKM5042. Copyright © the American Society of 
Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

Jane S. Moon, M.D., Assistant Clinical Professor, Department of Anesthesiology and Perioperative Medicine, University 
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A high school principal who became a physician, inventor, and entrepreneur, Elmer McKesson, M.D. (1881 
to 1935, lower right), championed technology to optimize physiology under anesthesia. Enchanted by nitrous 
oxide anesthesia as an intern, he designed his first gas apparatus and founded his successful McKesson Appliance 
Company a few years later. He also served as the first President of the International Anesthesia Research 
Society. Truly ahead of his time, McKesson invented the first semiautomated anesthesia record when intra-
operative blood pressure measurement was only beginning to gain favor. His revolutionary Nargraf Model J 
(1930, left) fed a preprinted paper record through a machine that charted blood pressure, tidal volume, oxygen 
concentration, and inspiratory gas pressure (red ink, upper right). The anesthetist would document the patient’s 
heart rate and respiratory rate by hand (black ink, upper right). While fully automated records would not be in 
vogue until the twenty-first century, McKesson’s Nargraf was a harbinger of things to come. (Image of record 
from the Geoffrey Kaye Museum of Anaesthetic History, VGKM5042. Copyright © the American Society of 
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Yandong Jiang, M.D., Ph.D., Editor

Facial Pressure Ulcers: Unsightly Complication of Prone 
Positioning
Eliane Varga, M.D., Sae-In Kay, D.O., Reine A. Zbeidy, M.D., Fouad G. Souki, M.D., M.S.

The image depicts a 67-yr-old man who had significant 
periorbital skin injury after 5 h of prone spine surgery 

using a foam headrest with standard taping of eyes. The 
patient underwent facial laser skin resurfacing 2 months 
before the event.

Facial pressure ulcers are a serious complication that 
may lead to pain, additional treatment, longer hospital stays, 
disfigurement or scarring, increased medical cost, and sub-
sequent lawsuits.1 Facial pressure ulcer has an incidence 
of 27% in prone spine surgery lasting more than 3 h and 
occurs most commonly over the bony prominence of the 
chin, maxilla, and forehead.1 Skin damage is due to pro-
longed and excessive pressure and/or shear that blocks cap-
illary blood flow.2 Risk factors include operation duration, 
hyperthermia, hypotension, aggressive fluid replacement, 
and cervical hyperextension or hyperflexion.1,2

Patients with recent facial laser skin resurfacing are at 
greater risk of perioperative facial pressure ulcers due to 
increased skin fragility.3 Laser skin resurfacing uses thermal 
damage of epidermis and parts of dermis to stimulate repair 
for ultimate facial rejuvenation.3 Complete recovery could 
take up to 1 yr, particularly in older patients.3 Perioperative 
considerations should include adequate healing of resur-
faced skin, consultation with dermatologist, and communi-
cation about increased risk of skin injury.3

Preventive measures for facial pressure ulcers during 
prone position surgery include assessment of skin risk area, 
application of moisturizer barrier cream, using pressure 
redistribution support surfaces or positioning devices to  
offload pressure points (silicone-foam dressings, face- 
contoured prone device, Mayfield clamp, or Gardner–Wells 
tongs with traction), and minimizing risk factors.1,2
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Perioperative Management of Patients Receiving 
Short-term Mechanical Circulatory Support with the 
Transvalvular Heart Pump
Isaac Y. Wu, M.D., Julie A. Wyrobek, M.D., Yoshifumi Naka, M.D., Ph.D., Marc L. Dickstein, M.D., Laurent G. Glance, M.D.

Cardiogenic shock continues to be an unresolved clinical 
challenge. The initial management of cardiogenic shock 

includes etiology-specific treatment (e.g., coronary revascular-
ization for acute myocardial infarction), optimization of vol-
ume and respiratory status, and administration of inotropic 
and vasopressor medications. However, inotropes may increase 
myocardial oxygen consumption, which may further worsen 
myocardial ischemia, can induce arrhythmias, and may not 
provide adequate circulatory support. Vasopressors may fur-
ther decrease tissue perfusion and impair microcirculation.1

As a result, interest in the potential role of short-term 
mechanical circulatory support in cardiogenic shock has 
grown and clinical uptake of these devices continues to 
increase.2,3 Use of the Impella (Abiomed Inc., USA) transval-
vular heart pump in particular, has grown significantly.3–5 As 
such, anesthesiologists are increasingly likely to care for patients 
receiving transvalvular heart pump support and should have a 
thorough understanding of the device and its hemodynamic 
effects and perioperative considerations. Recent publications 
have described other short-term mechanical circulatory sup-
port devices, including venoarterial extracorporeal membrane 
oxygenation and intraaortic balloon pump counterpulsa-
tion.6,7 To provide clinicians with a comprehensive review, this 
article focuses on the perioperative management of a single 
device, the transvalvular heart pump.

Transvalvular Heart Pump

Device Overview

The Impella family of heart pumps are microaxial, trans-
valvular ventricular assist devices that provide continuous, 
antegrade flow. There are five left ventricular assist devices 
capable of providing various levels of circulatory support 

and one right ventricular assist device, the Impella RP 
(table 1). The Impella 2.5, CP, and RP are typically placed 
percutaneously, while the Impella 5.0, LD, and 5.5 are placed 
surgically. The surgically placed devices provide the highest 
levels of maximum pump flow, with the Impella 5.5 capable 
of flowing up to 6 l/min, and can be used in patients with 
unsuitable femoral and aorto-iliac anatomy.

The Impella catheter consists of a blood inlet area, cannula, 
placement sensor area, blood outlet area, and motor hous-
ing (fig. 1). Blood is aspirated from the blood inlet area and 
expelled through the outlet area. In the case of a left-sided 
transvalvular heart pump, the blood inlet and outlet areas reside 
in the left ventricle and ascending aorta, respectively; for the 
RP, they reside in the inferior vena cava and pulmonary artery, 
respectively. The placement sensor area, which is a fluid-filled 
pressure lumen in the 2.5 and CP, a differential pressure sensor 
in the 5.0, LD, and RP, and a fiber-optic sensor in the 5.5, gen-
erates a placement signal that is used to assist in proper device 
positioning. The Impella 2.5, CP, 5.0, and RP have a pigtail 
that is used to stabilize the device during placement.

The Automated Impella Controller (Abiomed Inc.) is 
used to monitor and control the Impella catheter. It contains 
a purge cassette, which delivers purge fluid to the catheter. 
The heparin-containing purge fluid prevents blood from 
entering the motor housing by pushing blood away from the 
motor housing and maintaining a pressure barrier between 
the blood and motor. The Automated Impella Controller 
monitor displays alarms, the P-level (flow rate) indicator, 
transvalvular heart pump flow rates, purge fluid flow rates, 
and battery power status. It also contains a central display area 
that changes depending on the “screen” selected. The place-
ment screen, which is used to verify correct device position-
ing, is the most relevant screen for device placement and will 
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be discussed here. When the placement screen is selected, the 
placement signal and motor current waveforms are displayed.

The placement signal is determined at the placement 
sensor area of the catheter and is used to confirm whether 
the device is appropriately positioned (fig. 2; fig. A1). In the 
Impella 2.5 and CP, the placement signal is a pressure wave-
form that is measured from the fluid-filled pressure lumen 
just proximal (closer to the insertion site) to the outlet area. 
The placement signal will display either a pulsatile aortic 
waveform (correct position) or pulsatile ventricular wave-
form (incorrect position) depending on the position of the 
fluid-filled pressure lumen. In the Impella 5.5, the placement 
signal is a pressure waveform measured from the fiber-op-
tic sensor just distal (further from the insertion site) to the 
outlet area. The placement signal will display either an aortic 
pressure waveform (correct position) or ventricular pressure 
waveform (incorrect position) depending on the position of 
the fiber-optic sensor. In the Impella LD, 5.0, and RP, the 
placement signal is a differential pressure waveform that is 
measured from the differential pressure sensor. The differ-
ential pressure waveform displays the difference in pressure 
between the outside of the cannula and the inside of the 
cannula. In left-sided devices, when the Impella catheter is 
appropriately positioned across the aortic valve, the outside 
of the differential pressure sensor is exposed to aortic pres-
sures, and the inside of the sensor is exposed to ventricular 
pressures. In this scenario, the difference in pressure should 
result in a pulsatile placement signal, with the maximum 
pressure difference occurring in diastole (when ventricular 
pressure is lowest relative to aortic pressure) and the mini-
mum pressure difference occurring in systole (when ven-
tricular pressure is closest to aortic pressure). If the blood 
inlet and outlet areas are in the same chamber, the outside 

and inside of the cannula will be exposed to the same pres-
sures throughout the cardiac cycle leading to a nonpulsa-
tile placement signal. In contrast to the left-sided devices, 
the differential pressure sensor on the RP is located by the 
blood inlet area. When the Impella catheter is appropriately 
positioned across the pulmonary valve, the outside of the 
differential pressure sensor is exposed to the inferior vena 
cava pressure, while the inside of the sensor is exposed to 
the pulmonary artery pressure. The placement signal will be 
pulsatile if the transvalvular heart pump is correctly posi-
tioned and will be nonpulsatile if the blood inlet and outlet 
areas are incorrectly located in the same chamber. Notably, 
the placement signal will also be pulsatile when the outlet is 
incorrectly positioned in the right ventricle, if the inlet is in 
the inferior vena cava. In this case, echocardiographic assess-
ment will show the tip of the device in the right ventricle.

The motor current waveform displays the variation in 
energy use by the transvalvular heart pump motor (fig. 2; 
fig. A1). Energy use is affected by motor speed and by the 
pressure difference between the blood inlet and outlet areas. 
Because the pressure difference between the inlet and out-
let changes throughout the cardiac cycle, the motor current 
waveform should be pulsatile if the device is appropriately 
positioned. This is particularly useful for left-sided devices 
to ensure that the device remains properly positioned. 
Notably, the motor current waveform will also be pulsatile 
even when the outlet of the RP is incorrectly positioned in 
the right ventricle, if the inlet is in the inferior vena cava.

Hemodynamic Effects

Transvalvular heart pump flow is directly related to rota-
tions per minute of the device and inversely related to 

Table 1. Impella Heart Pump Characteristics

 impella 2.5 impella CP impella lD impella 5.0 impella 5.5 impella RP

Supported ventricle Left ventricle Left ventricle Left ventricle Left ventricle Left ventricle Right ventricle
Insertion depth 3.5 cm into left ven-

tricle from aortic 
valve annulus

3.5 cm into left ven-
tricle from aortic 
valve annulus

3.5 cm into left ven-
tricle from aortic 
valve annulus

3.5 cm into left ven-
tricle from aortic 
valve annulus

5 cm into left ven-
tricle from aortic 
valve annulus

4 cm into pulmonary 
artery from pulmo-
nary valve annulus

Typical insertion 
technique

Percutaneous Percutaneous Surgical Surgical Surgical Percutaneous

Typical insertion 
location

Femoral artery Femoral artery Ascending aorta Axillary artery, femoral 
artery

Axillary artery, 
ascending aorta

Femoral vein

Catheter/motor  
housing size

9 Fr/12 Fr 9 Fr/14 Fr 9 Fr/21 Fr 9 Fr/21 Fr 9 Fr/19 Fr 11 Fr/22 Fr

Maximum flow rate ~2.5 l/min ~4.3 l/min ~5.0 l/min ~5.0 l/min ~6 l/min ~4.0 l/min
Placement signal Fluid-filled pressure 

lumen
Fluid-filled pressure 

lumen*
Differential pressure 

sensor
Differential pressure 

sensor
Fiber-optic sensor Differential pressure 

sensor
U.S. Food and Drug 

Administration–
approved indications 
and emergency use 
authorizations

• Refractory cardio-
genic shock

• High-risk PCI
• COVID-19 

emergency use 
authorization

• Refractory cardio-
genic shock

• High-risk PCI
• COVID-19 

emergency use 
authorization

• Refractory cardio-
genic shock

• Refractory cardio-
genic shock

• COVID-19 
emergency use 
authorization

• Refractory cardio-
genic shock

• COVID-19 
emergency use 
authorization

• Acute right heart 
failure

• COVID-19 
emergency use 
authorization

*Impella CP with SmartAssist (Abiomed Inc., USA) uses a fiber-optic sensor to determine the placement signal.
Fr, French; PCI, percutaneous coronary intervention.
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the pressure gradient between the blood inlet and outlet 
areas of the pump. The highest pump flow occurs when 
the gradient between the left ventricle and aorta (in the 
case of a left-sided device) or the inferior vena cava and 
pulmonary artery (in the case of the RP) is minimized. 
Variation in flow throughout the cardiac cycle is typically 

more pronounced in a left-sided device compared to the 
RP because there is greater pressure variation in the left 
ventricle than in the inferior vena cava and pulmonary 
artery.8 Pump flows will decrease with vasopressor admin-
istration because the pressure gradient will increase as the 
systemic pressure (for left-sided devices) and pulmonary 

Fig. 1. Impella catheter. The Impella 5.0 (left) and Impella RP (right) are shown in their appropriate positions. Left-sided devices traverse the 
aortic valve, while the right-sided Impella RP traverses the tricuspid and pulmonary valves. Adapted and reproduced with permission from 
Abiomed Inc. (USA).

Fig. 2. Placement screen on the Automated Impella Controller. Placement screens generated by a fluid-filled pressure lumen (Impella 2.5 
and CP) are shown. (Left) The transvalvular heart pump is appropriately positioned and shows an aortic waveform in the placement signal and 
a pulsatile motor current. (Middle) The blood inlet and outlet areas are both in the aorta (aortic waveform placement signal, flat motor current). 
(Right) Both the inlet and outlet areas are in the ventricle (ventricular waveform placement signal, flat motor current). Please see figure A1 for 
placement screens generated by a differential pressure sensor. Adapted and reproduced with permission from Abiomed Inc. (USA).
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arterial pressure (for the RP) increase. Unlike the intraaor-
tic balloon pump, the transvalvular heart pump functions 
independently of cardiac rhythm and is not reliant upon 
on a consistent EKG signal or arterial pressure waveform 
to function properly.9

In left ventricular failure, the transvalvular heart pump 
is placed retrograde across the aortic valve and pumps 
blood from the left ventricle into the ascending aorta. 
This unloads the left ventricle, improves cardiac output, 
and increases systemic blood pressure.9,10 Left ventricular 
unloading decreases peak left ventricular pressure, left ven-
tricular end-diastolic pressure, and left ventricular wall ten-
sion, leading to a reduction in stroke work and myocardial 
oxygen demand. These hemodynamic effects are illustrated 
by the left ventricular pressure–volume loops in figure 3. 
Greater ventricular unloading is achieved with increasing 
pump flow rates, shown by a leftward shift in the pressure–
volume loop. A decrease in the area enclosed by the loop 
reflects a reduction in left ventricular stroke work, while a 
decrease in the pressure–volume area reflects a reduction 
in myocardial oxygen consumption. Because the pump 
continuously unloads the ventricle throughout the cardiac 
cycle, isovolumic phases are absent, and the pressure–vol-
ume loop becomes triangular in shape. Left ventricular 
unloading also decreases left atrial and pulmonary capil-
lary wedge pressure, which in turn may reduce cardiogenic 
pulmonary edema and right ventricular afterload.9,11

Escalating transvalvular heart pump flow rates induce 
a widening dissociation between arterial pressure, which 
increases, and peak left ventricular pressure, which decreases 
(fig. 3).11 An increase in arterial diastolic pressure along with 
a decrease in left ventricular end-diastolic pressure leads to 
improved coronary perfusion pressure.12

In right ventricular failure, the transvalvular heart pump 
is placed antegrade across the tricuspid and pulmonary 
valves. Blood is pumped from the inferior vena cava into 
the pulmonary artery, bypassing the right ventricle. This 
decreases right atrial pressure while increasing mean pul-
monary artery pressure and left ventricular preload.8 If left 
ventricular function is normal, right-sided transvalvular 
heart pump support will result in increased or unchanged 
left ventricular pressures and improved cardiac output. 
However, in the setting of concomitant left ventricular dys-
function, right-sided transvalvular heart pump support may 
lead to a significant increase in left ventricular pressures, 
worsening left ventricular function, and pulmonary edema, 
with little improvement in cardiac output.8 Similarly, initi-
ation of left-sided transvalvular heart pump support in the 
setting of concomitant right ventricular dysfunction may 
result in an abrupt increase in right ventricular pressure and 
size, further exacerbating right ventricular dysfunction and 
limiting left ventricular preload. These effects underscore 
the importance of evaluating biventricular function before 
initiating right- or left-sided transvalvular heart pump 
support.

evidence and Clinical use

An overview of the major studies evaluating transval-
vular heart pump use in cardiogenic shock are shown in  
table A1. While transvalvular heart pump support has been 
found to provide improved hemodynamics compared 
to intraaortic balloon pump counterpulsation, random-
ized controlled trials have not shown a survival bene-
fit.13,14 However, these trials involve very small numbers 
of patients and are likely underpowered. Studies have also 
found higher rates of major bleeding and vascular compli-
cations with transvalvular heart pump therapy compared to 
intraaortic balloon pump counterpulsation.14,17 Therefore, 
while transvalvular heart pump use has expanded rapidly 
in recent years, there is limited evidence to support such 
robust growth. Larger randomized controlled trials are 
needed to further clarify the appropriate clinical indications 
and patient populations that would benefit most from trans-
valvular heart pump therapy.

The Impella received U.S. Food and Drug Administration 
approval in 2008 and is currently approved for commercial 
use in cardiogenic shock and high-risk percutaneous cor-
onary intervention (PCI; table A2). In clinical practice, it is 
most commonly used for the treatment of acute heart fail-
ure—cardiogenic shock after acute myocardial infarction, 
decompensated heart failure,22 postcardiotomy cardiogenic 
shock,23 myocarditis,24–26 and peripartum cardiomyopa-
thy27—and for ventricular support during high-risk PCI. It 
has also been placed during procedures with elevated risk 
for hemodynamic instability, including ventricular tachycar-
dia ablation,28,29 off-pump coronary artery bypass grafting,30 
high-risk balloon aortic valvuloplasty,31 and high-risk trans-
cathether aortic valve replacement.32 In advanced heart fail-
ure patients, transvalvular heart pump support has bridged 
patients to recovery, durable left ventricular assist device, 
and heart transplantation.33 Finally, transvalvular heart pump 
therapy has been used to unload the left ventricle during 
the increased afterload state of venoarterial extracorporeal 
membrane oxygenation (ECMO).34 The transvalvular heart 
pump is contraindicated in patients with conditions that 
would preclude safe device placement or use, including 
the presence of mechanical valves (aortic position for left-
sided devices, and tricuspid or pulmonary position for the 
Impella RP) or cardiac thrombus, and significant valvular 
stenosis or regurgitation (aortic for left-sided devices, and 
tricuspid or pulmonary for Impella RP; table A3).

There are a number of known complications associated 
with transvalvular heart pump support. In a meta-analysis  
of 671 patients, Vargas et al.35 found that major bleeding 
was the most common complication (19.9%). Hemolysis 
(10.5%), limb ischemia (5.0%), and stroke (3.8%) were 
also common. Hemolysis, which is caused by shear stress 
from the axial pump, may be exacerbated by higher device 
flows or obstruction of the blood inlet or outlet areas from 
improper device positioning or hypovolemia. Hemolysis 
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may also be an indicator of pump thrombosis. Persistent 
hemolysis despite proper device positioning and ade-
quate volume is associated with acute kidney injury and 
may require device removal. In a meta-analysis comparing 
the transvalvular heart pump to intraaortic balloon pump 
counterpulsation, rates of major bleeding (relative risk, 3.11; 
95% CI, 1.50 to 6.44; P = 0.002) and limb ischemia (rela-
tive risk, 2.58; 95% CI, 1.24 to 5.34; P = 0.01) were higher 
in the transvalvular heart pump population.36 Infection, 
ventricular arrythmias, device migration, device malfunc-
tion from thrombosis, acute kidney injury, and thrombocy-
topenia are also known complications of transvalvular heart 
pump support.14,37,38 Finally, aortic and mitral valve injury 
can occur during insertion or manipulation of left-sided 
devices, leading to clinically significant increases in aortic 
or mitral regurgitation.39,40

Perioperative Management

Device Placement and Initial Optimization

Standardized intraoperative monitoring requirements for 
patients who may require or are receiving transvalvular 
heart pump therapy have not been developed. However, 
it is appropriate to use standard American Society of 
Anesthesiologists monitors with continuous intraarte-
rial blood pressure monitoring, pulmonary artery cathe-
ter monitoring, and echocardiography. In their analysis of 
registry data on 15,259 patients who received transvalvular 
heart pump support for cardiogenic shock, O’Neill et al.16 
found a higher survival rate in those who received hemody-
namic monitoring with a pulmonary artery catheter than in 
those who did not (63% vs. 49%; P < 0.0001). In a separate 
registry analysis of 1,414 patients in cardiogenic shock, use 

Fig. 3. Hemodynamic effects of the transvalvular heart pump. Pressure–volume relationships with (red loop) and without (green loop) 
transvalvular heart pump support are shown (top). The triangular-shaped pressure–volume loop reflects continuous left ventricular unloading 
performed by the pump. A reduction in pressure–volume area (the area enclosed by end-systolic pressure–volume relationship, end-diastolic 
pressure–volume relationship, and the systolic portion of the loop) with transvalvular heart pump support indicates a decrease in myocardial 
oxygen consumption. (Bottom) Uncoupling of arterial and left ventricular pressures after initiation of pump flow is illustrated. This uncoupling 
results in flattening of the arterial pressure waveform due to a loss of left ventricular ejection and native cardiac output. Figure created using 
Harvi.online with permission from PVLoops, Inc., USA (Burkhoff D, Dickstein ML, Schleicher T. Harvi – Online. Available at: https://harvi.online. 
Accessed December 15, 2021).
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of complete pulmonary artery catheter-derived hemody-
namic data before initiation of temporary mechanical cir-
culatory support was found to be associated with improved 
survival.41

Anesthesiologists are most likely to encounter patients 
requiring transvalvular heart pump therapy for cardio-
genic shock. The first line treatment for cardiogenic shock 
includes optimization of volume status and administration 
of vasopressors and inotropic medications. However, when 
medical therapy alone does not provide adequate circula-
tory support, temporary mechanical circulatory support 
should be considered. The specific mechanical circulatory 
support strategy will depend on patient factors, including 
the presence of any contraindications, as well as institutional 
experience and preference. The transvalvular heart pump is 
not commonly utilized in refractory cardiac arrest or when 
there is severe respiratory compromise; venoarterial ECMO 
should be considered in these situations.42 Although not 
used in patients with severe primary pulmonary disease, 
transvalvular heart pump support may improve oxygen-
ation by unloading the left heart and reducing pulmonary 
edema. The choice of left-sided transvalvular heart pump 
will depend in part on the level of support that is required; 
maximal flow rates range between 2.5 l/min for the Impella 
2.5 and 6 l/min for the Impella 5.5 (table 1).

During transvalvular heart pump placement in the oper-
ating room, heparin should be administered to achieve an 
activated clotting time of 250 s or greater. Of note, while an 
activated clotting time of 250 s or greater is recommended 
for placement, the recommended activated clotting time for 
an indwelling device is 160 to 180 s. The optimal anticoagu-
lation strategy for patients with heparin-induced thrombo-
cytopenia is unknown. However, direct thrombin inhibitors 
have been used for both systemic anticoagulation and as a 
replacement for heparin in the purge solution.9 The manu-
facturer notes that use of a purge solution without heparin 
has not been tested.43

Transesophageal echocardiography (TEE) can be used 
in combination with fluoroscopy to guide implantation. 
Successful implantation with TEE guidance alone has also 
been described when fluoroscopy is unavailable.44 In the 
case of a left-sided transvalvular heart pump, the guidewire 
should be visualized in the lumen of the aorta, crossing 
the aortic valve and terminating in the left ventricle, with 
the tip directed toward the apex. The tip of the wire can 
be visualized crossing the aortic valve and terminating in 
the left ventricle using the midesophageal long-axis view. 
Worsening mitral regurgitation may occur with guidewire 
positioning because of interference with the mitral subval-
vular apparatus. The midesophageal aortic valve long- and 
short-axis views can be used to verify normal aortic valve 
movement and rule out tethering or aortic valve injury. The 
descending aorta, aortic arch, and ascending aorta views 
should also be visualized to rule out aortic dissection. Once 
proper guidewire position is verified, the transvalvular heart 

pump is advanced over the wire under echocardiographic 
and fluoroscopic guidance. For the Impella 5.5, the device 
should be inserted 5 cm into the left ventricle from the 
aortic valve annulus (fig.  4). For the remaining left-sided 
devices, the inlet should terminate 3.5 cm into the ven-
tricle (fig.  4). The tip of each device should be directed 
toward the left ventricular apex and sit in the middle of 
the ventricular cavity to prevent suction events. This should 
be verified using multiple two-dimensional views or a 
three-dimensional view of the left ventricle. A thorough 
examination of the aorta, mitral and aortic valves, and peri-
cardial space should be performed after transvalvular heart 
pump implantation to promptly identify injuries to these 
structures. Transvalvular heart pump placement may also 
precipitate arrhythmias, which can often be managed by 
adjusting device position.

Echocardiographic guidance can also assist with Impella 
RP placement. The RP is inserted into the femoral vein 
and advanced antegrade over a guidewire, placed with the 
aid of a flow-directed catheter, across the tricuspid and 
pulmonary valves and into the pulmonary artery. As with 
left-sided device placement, the procedural steps can be 
visualized with echocardiography; correct positioning of 
the blood inlet (inferior vena cava) and outlet areas (4 cm 
into the pulmonary artery from the pulmonary valve 
annulus) should be confirmed; and surrounding structures, 
including the pericardial space, pulmonary artery, and tri-
cuspid and pulmonary valves, should be examined to rule 
out injury.

For the sake of simplicity, we will primarily focus on the 
initial optimization of left-sided transvalvular heart pumps. 
Once a left-sided device is appropriately positioned, pump 
flow is initiated and increased gradually to allow the right 
ventricle to adapt to the increasing preload provided by the 
device and to allow for real-time hemodynamic and echo-
cardiographic assessment. Color Doppler imaging should 
be used to confirm flow into the inlet (located in the left 
ventricle) and out of the outlet (located in the ascending 
aorta). Malpositioning of a left-sided transvalvular heart 
pump (inlet and outlet areas both within the left ventricle 
or both within the aorta) will cause recirculation and will 
not provide circulatory support. With correct positioning 
and optimization of pump flow rates, the interventricular 
septum should be in a neutral position when visualized in 
the midesophageal four-chamber view.

Deviation of the interventricular septum toward the 
right ventricular lateral wall may indicate inadequate left 
ventricular decompression, which may be due to malposi-
tion of the blood outlet area within the left ventricle. This 
will be associated with inadequate circulatory support and 
a lack of pulsatility (for devices with a differential pres-
sure sensor) or increased pulsatility (left ventricular pres-
sure waveform for devices with a fluid-filled or fiber-optic 
pressure sensor) on the placement screen of the Automated 
Impella Controller (fig. 2; fig. A1; table 1). If the transvalvular 
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heart pump is noted to be inappropriately positioned, the 
device flow rate should be reduced, and the device should 
be repositioned under echocardiographic and fluoro- 
scopic guidance. If rightward septal deviation remains 
despite appropriate device position, this can be managed by 
increasing transvalvular heart pump flows in the setting of 
inadequate cardiac output.

Deviation of the interventricular septum toward the left 
ventricular anterolateral wall as visualized in the midesoph-
ageal four-chamber view may indicate excessive left ven-
tricular decompression due to pump flows that are too high, 
right heart failure causing inadequate left ventricular filling, 
or hypovolemia. Even if leftward septal shift is not caused 
by right ventricular failure, the resultant right ventricular 
distension will increase right ventricular wall stress and 
afterload and can lead to right ventricular decompensation. 
Device flow rates should be temporarily decreased, and the 
presence of right ventricular dysfunction or hypovolemia 
should be identified and treated.

Uriel et al.45 have proposed a framework that can be used 
to evaluate the cardiovascular response to changing pump 
speeds after device implantation. This framework may be 
used to complement TEE evaluation. They propose moni-
toring the central venous pressure (CVP), pulmonary cap-
illary wedge pressure (PCWP), and cardiac index as pump 
speeds are increased in a stepwise fashion. If achievable, the 
pump speed that normalizes PCWP, CVP, and cardiac index 
should be used.11,45 As an example, patients with isolated left 
ventricular failure undergoing left-sided transvalvular heart 
pump placement may present with an elevated PCWP, nor-
mal CVP, and reduced cardiac index. As pump speeds are 
increased, PCWP should fall. If the right ventricle is able 

to increase right-sided output in response to the increase 
in venous return, CVP should remain within normal lim-
its, and cardiac index should rise. A brisk rise in CVP and 
a greater-than-expected reduction in PCWP may indicate 
the need for additional right ventricular support.

Similarly, escalating pump speeds of a right-sided 
transvalvular heart pump in isolated right ventricular 
failure should reduce CVP and increase cardiac index 
with a minimal change in PCWP. A significant rise in 
PCWP may indicate the need for additional left ventric-
ular support.

If additional left or right ventricular support is required, 
this may be achieved with escalation of inotropic support 
or initiation of pulmonary vasodilators, in the case of con-
comitant right ventricular failure. When this is inadequate, 
temporary mechanical circulatory support, including trans-
valvular heart pump placement, should be considered. In 
the case of BiPella (both left-sided Impella and Impella RP) 
support, it is critical to balance pulmonary and systemic 
blood flow.

If PCWP and CVP are both elevated despite increasing 
pump speeds and a normal cardiac index, the patient may 
be fluid overloaded and may benefit from diuretic therapy. 
On the other hand, if PCWP and CVP are both low, the 
patient may benefit from fluid administration.

Device Management

Patients receiving transvalvular heart pump support may 
require surgical intervention. Initial intraoperative manage-
ment should include confirmation of appropriate device 
position and assessment of ventricular size and function 
by echocardiography. The adequacy of circulatory support 

Fig. 4. Impella (Abiomed Inc., USA) placement. (A) The Impella 5.5 should be inserted 5.0 cm into the left ventricle, measured from the aortic 
valve annulus (dashed line). A midesophageal long-axis view is shown. (B) The Impella CP should be inserted 3.5 cm into the left ventricle 
(dashed line). A parasternal long-axis view is shown.
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should also be continuously evaluated intraoperatively. 
Blood pressure, cardiac index, urine output, lactate, and 
mixed venous oxygen saturation are readily available indi-
cators of tissue perfusion that should be monitored by the 
anesthesiologist. If there are signs of hypoperfusion, echo-
cardiography and pulmonary artery catheter data can be 
used to elucidate the cause and to optimize pharmacologic 
and mechanical circulatory support. The potential causes 
of inadequate circulatory support and options for man-
agement are summarized in table  2 and described in the  
following paragraphs.

Hypoperfusion despite transvalvular heart pump 
support may be due to improper device positioning or 
device malfunction.42 Device positioning was discussed 
in previous sections of this review and should be assessed 
when the expected pump flow cannot be achieved or 
when a suction event occurs. A suction event is a reduc-
tion in pump flow due to complete or partial obstruction 
of the blood inlet area. Suction events can be caused by 
incorrect device positioning (i.e., blood inlet area abut-
ting the ventricular wall), aspiration of thrombus, hypo-
volemia, or right ventricular failure leading to inadequate 
left ventricular preload. If a suction event occurs, device 
flow should be reduced until the etiology of the suction 
event is identified and addressed. Pump flows can then 
be returned to previous levels. Device malfunction is rare 
but often requires exchange or placement of an alterna-
tive mechanical circulatory support device. Malfunction is 
most frequently caused by aspiration of thrombus into the 
pump and typically presents with a motor current spike 
followed by motor current instability and hemolysis.42

Inadequate preload is a common cause of inadequate 
pump flow and may be due to hypovolemia or failure of the 
unsupported ventricle.42 Hypovolemia should be suspected 
if filling pressures decrease in the setting of a constant pump 
speed, particularly in procedures with significant blood loss 
or coagulopathy. Assessment of ventricular size on echocar-
diography will also provide information on the etiology of 
inadequate preload. In particular, a low cardiac output asso-
ciated with a reduction in both right and left end-diastolic  
volumes suggests that the patient is hypovolemic and will 
respond to volume administration. Fluid responsiveness can 
also often be assessed by passive leg raise, Trendelenburg 
positioning, or fluid challenge. In hypovolemia without 
concomitant dysfunction of the unsupported ventricle, a 
rapid fluid bolus should improve cardiac output without 
inducing a rapid significant rise in CVP or PCWP.

Failure of the unsupported ventricle may also cause 
inadequate preload to the supported ventricle, leading to 
low pump flow. Optimizing right ventricular function is 
one of the cornerstones of the management of left-sided 
transvalvular heart pumps. Poor right ventricular function 
often presents with an elevated CVP and reduced pulmo-
nary artery pulsatility index.46 Pulmonary artery pulsatility 

index is equal to pulmonary artery pulse pressure divided 
by CVP. A pulmonary artery pulsatility index less than 1.0 
was found to be a highly sensitive marker for right ventric-
ular failure in acute myocardial infarction,47 while a pulmo-
nary artery pulsatility index less than 1.85 was a sensitive 
predictor of right ventricular failure after left ventricular 
assist device implantation.48 Echocardiographic signs of 
right ventricular dysfunction include worsening right ven-
tricular dilation, a leftward shift in the interatrial or inter-
ventricular septum, and a reduction in parameters such as 
right ventricular fractional area change, tricuspid annular 
plane systolic excursion, and tissue Doppler-derived tricus-
pid lateral annular systolic velocity. Right ventricular output 
may be improved by reducing afterload with pulmonary 
vasodilators such as inhaled prostacyclin or nitric oxide 
and increasing contractility with inotropic agents such as 
epinephrine or milrinone. Right ventricular afterload may 
also be minimized by optimizing mechanical ventilation 
to achieve the lowest mean airway pressures and positive 
end-expiratory pressure that effectively avoids hypercarbia, 
atelectasis, and hypoxemia.49 Left-sided transvalvular heart 
pump flows should also be adjusted to avoid leftward shift 
of the interventricular septum, with the goal of keeping the 
interventricular septum midline. Increasing systemic vascu-
lar resistance can reduce flattening of the interventricular 
septum by inducing a net increase in the pressure gradient 
between the device inlet and outlet areas. If this occurs, and 
rotations per minute are held constant, pump flow will be 
reduced, and left ventricular volumes will increase. In addi-
tion to decreasing leftward septal shift, increasing systemic 
vascular resistance can also be helpful in acutely reversing a 
suction event. Right-sided mechanical circulatory support, 
including use of the Impella RP should be considered in 
refractory right ventricular failure.

In the setting of an Impella RP, insufficient support 
may be caused by concomitant left ventricular fail-
ure. Under these conditions, cardiac output will remain 
unchanged or increase slightly with increasing RP flows, 
but the incremental improvement may not be enough to 
provide adequate circulatory support.8 Left ventricular 
volumes and pressures may also increase significantly with 
escalating Impella RP flow rates, leading to pulmonary 
edema.8 As such, biventricular failure must be identified 
and managed when initiating Impella RP support. Signs 
of left ventricular failure include an elevated PCWP, as 
well as worsening mitral regurgitation, left ventricular 
dilation, and poor ventricular contractility on echocar-
diography. Additionally, a cardiac power output less than 
0.6 W is an indicator of ongoing cardiogenic shock.50,51 
Cardiac power output is equal to mean arterial pressure 
times cardiac output divided by 451. Management of left 
ventricular failure should include afterload optimization 
and consideration for additional inotropic or left ventric-
ular mechanical support.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:829–42 837

Transvalvular Heart Pump: Perioperative Management

Wu et al.

Ventricular function may be influenced by factors out-
side of intrinsic myocardial contractility, such as arrhythmia 
or cardiac tamponade. Depending on the hemodynamic 
status and precise rhythm abnormality, an arrhythmia may 
be managed medically or electrically, with pacing, cardio-
version, or defibrillation. If cardiopulmonary resuscitation is 
indicated, device flow rates should be reduced while resus-
citation is performed. After recovery of cardiac function to 
preresuscitation levels, pump flow rates may be restored. 
Because chest compressions may result in transvalvular heart 
pump displacement,52 correct pump placement should be 
confirmed with imaging and assessment of the placement 
signal on the Automated Impella Controller. Tamponade in 
the setting of left-sided support presents with an elevated 
CVP without equalization of pressures,42 and pericardial 
effusion with chamber collapse on echocardiography. The 
effusion should be drained to restore ventricular function 
and cardiac preload.

Inadequate circulatory support may also be due to 
increased metabolic demand,42 which should be managed 
by treating the underlying cause. Intraoperatively, this may 
also require deeper levels of anesthesia, tracheal intubation, 
muscle paralysis, and avoidance of hyperthermia. Despite 
minimizing metabolic demand, confirming appropriate 
device function and position, and optimizing volume status 

and ventricular function, transvalvular heart pump therapy 
still may not provide sufficient support despite maximum 
pump flow. This should prompt consideration for escalation 
to a device capable of higher maximum flow or placement 
of an additional mechanical circulatory support device.

Weaning and Explantation

Due to a lack of standardized practice guidelines, the timing 
and management of weaning from transvalvular heart pump 
support is often determined by institution-specific proto-
cols. In general, weaning should be considered once patient 
hemodynamics have stabilized (mean arterial pressure of 
at least 65 mmHg and heart rate less than 100 beats/min) 
on less than moderate doses of pharmacologic support, 
systemic arterial pulsatility (left-sided device), and pulmo-
nary arterial pulsatility (right-sided device) have increased, 
indicators of tissue perfusion have improved (lactate less 
than 2 mmol/l), and end-organ dysfunction is resolving.53 
Under these conditions, transvalvular heart pump flows 
can be gradually reduced in a stepwise fashion while mon-
itoring hemodynamics, mixed venous oxygen saturation, 
cardiac index, and ventricular function with echocardiog-
raphy. Real-time calculated cardiac power output, which 
is available with SmartAssist (Abiomed Inc.) technology 
on the Impella CP and 5.5 devices, should not decrease 

Table 2. Intraoperative Causes of Inadequate Circulatory Support in Transvalvular Heart Pump Therapy

Causes Corroborating Findings Treatment options

Device-related complications   
 Malposition • Improper placement on echocardiography

• Automated Impella Controller (Abiomed Inc., USA) showing inappropriate  
placement signal

• Reposition device

 Malfunction • Presence of thrombus on echocardiography
• Motor current spike and instability
• Abrupt cessation of pump flow

• Exchange device

Inadequate preload   
 Hypovolemia • Reduced biventricular filling on echocardiography

• Improvement in systemic blood flow with fluid challenge
• Reduction in CVP and PCWP
• Presence of intraoperative bleeding

• Administer crystalloid, packed red blood cells
• Treat coagulopathy

 Dysfunction of unsupported  
 ventricle

• Reduced ventricular function on echocardiography
• No improvement in systemic blood flow with fluid challenge
• Right ventricular dysfunction: elevated CVP and low/normal PCWP, reduced 

pulmonary artery pulsatility index
• Left ventricular dysfunction: elevated PCWP and low/normal CVP, pulmonary 

edema

• Administer/escalate inotropic support
• Optimize ventricular afterload*
• Adjust device flows to optimize ventricular shape†
• Place mechanical circulatory support device in 

unsupported ventricle
• Rule out/treat arrhythmia, tamponade

Increased metabolic demand • Inadequate depth of anesthesia
• Hyperthermia

• Treat underlying cause
• Increase depth of anesthesia
• Avoid hyperthermia 
• Consider muscle paralysis, tracheal intubation

Insufficient maximum device 
flow

• Persistent hypoperfusion despite maximum device flow • Place higher flow device
• Place additional mechanical circulatory support 

device

*Pulmonary vasodilators/adjustment of ventilator settings to reduce right ventricular afterload. Reduction in vasopressor support to reduce left ventricular afterload. †Transvalvular 
heart pump flows should be adjusted to obtain a neutral interventricular septum (e.g., reducing left-sided device flows can decrease flattening of the interventricular septum in the 
setting of excessive left ventricular decompression).
CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure.
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significantly during the weaning process.53 If the transvalvu-
lar heart pump is removed in the operating room, the same 
monitors and parameters used during device implantation, 
including pulmonary artery catheterization and echocardi-
ography, may be used to ensure adequate ventricular func-
tion and end-organ perfusion. Low doses of inotropes and 
vasopressors, including epinephrine and norepinephrine, 
are frequently administered to facilitate the weaning process 
and device explant. The transvalvular heart pump is typi-
cally removed once the activated clotting time is less than 
150 to 160 s. In cases of inadequate myocardial recovery, a 
decision should be made regarding patient candidacy for 
escalation to durable ventricular assist device or heart trans-
plantation. If irreversible multiorgan failure has occurred, 
withdrawal of mechanical circulatory support may also be 
considered.

Future Directions
With advancements in device technology,54 the clini-
cal uptake of transvalvular heart pump therapy will likely 
continue to grow. Larger, high-quality randomized con-
trolled trials are needed to further clarify optimal clinical 
indications, patient selection criteria, and outcomes com-
pared to standard therapy and alternative mechanical cir-
culatory support devices. One such ongoing study is the 
Danish–German cardiogenic shock trial (ClinicalTrials.gov 
NCT01633502), a randomized controlled trial comparing 
Impella CP to conventional circulatory support in patients 
with acute myocardial infarction complicated by cardio-
genic shock.55 As use of the transvalvular heart pump in the 

treatment of cardiogenic shock increases, anesthesiologists 
will increasingly be called upon to care for patients who 
are receiving or may require mechanical support. A com-
prehensive understanding of the transvalvular heart pump, 
its mechanics, hemodynamic effects, and considerations for 
perioperative management will allow anesthesiologists to 
provide optimal patient care and contribute to the periop-
erative decision-making process.
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Fig. a1. Placement screen. Placement screens generated by a differential pressure sensor (Impella LD and 5.0) in an appropriately placed 
transvalvular heart pump (left) and inappropriately placed transvalvular heart pump (right) are shown. (Right) The inlet and outlet areas of the 
pump are in the same chamber (either the aorta or ventricle), resulting in no pulsatility in the placement signal or motor current. Adapted and 
reproduced with permission from Abiomed Inc. (USA).
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Table a1. Overview of Major Studies

Reference Design
Patient  

Population n Device(s) Findings limitations

Seyfarth et al.13 Prospective, randomized Cardiogenic 
shock after 
acute MI

26 Impella 2.5  
(Abiomed Inc., 
USA) vs. intraaortic 
balloon pump

• Greater change in cardiac index from 
baseline at 30 minutes in Impella group: 
0.49 ± 0.46 l/min/m2 (Impella) vs. 0.11 ± .31 
l/min/m2 (intraaortic balloon pump), P = 0.02

• No difference in 30-day mortality: 46% in 
both groups

• Small N
• Underpowered 

for mortality 
analysis

Ouweneel et al.14 Prospective, randomized Cardiogenic 
shock after 
acute MI*

48 Impella CP vs. 
intraaortic balloon 
pump

• No difference in 30-day all-cause mortality: 
46% (Impella) vs. 50% (intraaortic balloon 
pump), P = 0.92

• Major vascular/bleeding complications were 
higher in the Impella group

• Small N
• Underpowered

Ouweneel et al.15 Meta-analysis Cardiogenic 
shock after 
acute MI

95 Impella 2.5/CP vs. 
intraaortic balloon 
pump

• No difference in 30-day and 6-month all-
cause mortality

• No difference in follow-up left ventricular 
ejection fraction in subset of patients

• Retrospective
• Small number of 

included studies/
total N

• Included studies 
with different 
inclusion criteria

O’Neill et al.16 Retrospective analysis Cardiogenic 
shock after 
acute MI

15,259 Impella 2.5/CP/5.0 • 51% survival to explantation
• Wide variation in survival rates between 

institutions
• Higher-volume centers, pre-PCI Impella 

implantation, use of right heart catheter 
associated with higher survival rate

• Retrospective
• No control arm

Schrage et al.17 Retrospective, matched-
pair analysis with 
Intraaortic Balloon 
Pump in Cardiogenic 
Shock II trial patients

Cardiogenic 
shock after 
acute MI

237 matched 
pairs

Impella 2.5/CP vs. 
intraaortic balloon 
pump or medical 
therapy

• No difference in 30-day mortality: 48.5% 
(Impella) vs. 46.4% (intraaortic balloon pump 
or medical therapy), P = 0.64

• Higher rates of major bleeding and peripheral 
vascular complications in Impella group

• Retrospective

Dhruva et al.18 Retrospective, 
propensity-matched 
analysis

Cardiogenic 
shock after 
acute MI

1,680 
matched 
pairs

Impella device(s) 
not specified vs. 
intraaortic balloon 
pump

• Higher risk of in-hospital mortality in Impella 
group: absolute risk difference 10.9% (95% 
CI, 7.1 to 14.2%), P < 0.001

• Higher risk of in-hospital major bleeding 
in Impella group: absolute risk difference 
15.4% (95% CI, 12.5 to 18.2), P < 0.001

• Retrospective

Griffith et al.19 Prospective, single-arm Postcardiotomy 
shock

16 Impella 5.0/LD • 94% survival until next therapy
• 13% incidence of major adverse events
• Improvement in cardiac index, MAP, 

pulmonary artery diastolic pressure

• Small N
• No control arm

Anderson et al.20 Prospective, single-arm Right ventricular 
failure after 
MI or cardiac 
surgery

30 Impella RP • 73% survival to 30 days or hospital 
discharge

• Improvement in cardiac index, reduction in 
CVP after device initiation

• Small N
• No control arm

Anderson et al.21 Retrospective analysis Right ventricular 
failure after 
MI or cardiac 
surgery

60 Impella RP • 72% 30-day survival rate
• Improvement in cardiac index, reduction in 

CVP after device initiation

• Retrospective
• Small N
• No control arm

*This study included only patients with ST-segment elevation myocardial infarction.
CVP, central venous pressure; MAP, mean arterial pressure; MI, myocardial infarction; PCI, percutaneous coronary intervention.

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



840 Anesthesiology 2022; 136:829–42 Wu et al.

CLINICAL FOCUS REVIEW

References

 1. Werdan K, Gielen S, Ebelt H, Hochman JS: Mechanical 
circulatory support in cardiogenic shock. Eur Heart J 
2014; 35:156–67

 2. Stretch R, Sauer CM, Yuh DD, Bonde P: National 
trends in the utilization of short-term mechanical cir-
culatory support: Incidence, outcomes, and cost analy-
sis. J Am Coll Cardiol 2014; 64:1407–15

 3. Strom JB, Zhao Y, Shen C, Chung M, Pinto DS, Popma 
JJ, Yeh RW: National trends, predictors of use, and 
in-hospital outcomes in mechanical circulatory sup-
port for cardiogenic shock. EuroIntervention 2018; 
13:e2152–9

 4. Amin AP, Spertus JA, Curtis JP, Desai N, Masoudi 
FA, Bach RG, McNeely C, Al-Badarin F, House JA, 

Kulkarni H, Rao SV: The evolving landscape of Impella 
use in the United States among patients undergoing 
percutaneous coronary intervention with mechanical 
circulatory support. Circulation 2020; 141:273–84

 5. Shah M, Patnaik S, Patel B, Ram P, Garg L, Agarwal M, 
Agrawal S, Arora S, Patel N, Wald J, Jorde UP: Trends in 
mechanical circulatory support use and hospital mor-
tality among patients with acute myocardial infarction 
and non-infarction related cardiogenic shock in the 
United States. Clin Res Cardiol 2018; 107:287–303

 6. Mazzeffi MA, Rao VK, Dodd-o J, Del Rio JM, 
Hernandez A, Chung M, Bardia A, Bauer RM, Meltzer 
JS, Satyapriya S, Rector R, Ramsay JG, Gutsche J: 
Intraoperative management of adult patients on extra-
corporeal membrane oxygenation: An expert con-
sensus statement from the Society of Cardiovascular 
Anesthesiologists—Part II. Intraoperative management 
and troubleshooting. Anesth Analg 2021; 133:1478–93

 7. González LS, Chaney MA: Intraaortic balloon pump 
counterpulsation. Part I: History, technical aspects, 
physiologic effects, contraindications, medical applica-
tions/outcomes. Anesth Analg 2020; 131:776–91

 8. Kapur NK, Esposito ML, Bader Y, Morine KJ, Kiernan 
MS, Pham DT, Burkhoff D: Mechanical circulatory 
support devices for acute right ventricular failure. 
Circulation 2017; 136:314–26

 9. Burzotta F, Trani C, Doshi SN, Townend J, van Geuns 
RJ, Hunziker P, Schieffer B, Karatolios K, Møller JE, 
Ribichini FL, Schäfer A, Henriques JP: Impella ven-
tricular support in clinical practice: Collaborative 
viewpoint from a European expert user group. Int J 
Cardiol 2015; 201:684–91

 10. Kar B, Gregoric ID, Basra SS, Idelchik GM, Loyalka 
P: The percutaneous ventricular assist device in severe 
refractory cardiogenic shock. J Am Coll Cardiol 2011; 
57:688–96

 11. Burkhoff D, Sayer G, Doshi D, Uriel N: Hemodynamics 
of mechanical circulatory support. J Am Coll Cardiol 
2015; 66:2663–74

 12. Alqarqaz M, Basir M, Alaswad K, O’Neill W: Effects of 
Impella on coronary perfusion in patients with critical 
coronary artery stenosis. Circ Cardiovasc Interv 2018; 
11:e005870

 13. Seyfarth M, Sibbing D, Bauer I, Fröhlich G, Bott-
Flügel L, Byrne R, Dirschinger J, Kastrati A, Schömig 
A: A randomized clinical trial to evaluate the safety and 
efficacy of a percutaneous left ventricular assist device 
versus intra-aortic balloon pumping for treatment of 
cardiogenic shock caused by myocardial infarction. J 
Am Coll Cardiol 2008; 52:1584–8

 14. Ouweneel DM, Eriksen E, Sjauw KD, van Dongen IM, 
Hirsch A, Packer EJ, Vis MM, Wykrzykowska JJ, Koch 
KT, Baan J, de Winter RJ, Piek JJ, Lagrand WK, de Mol 
BA, Tijssen JG, Henriques JP: Percutaneous mechanical 
circulatory support versus intra-aortic balloon pump in 

Table a2. U.S. Food and Drug Administration Approval 
Indications

Device approved indications
Maximum  
Duration

Impella 2.5 
(Abiomed 
Inc., USA)

High-risk PCI* 6 h
Refractory cardiogenic shock† 4 days
COVID-19 emergency use authorization‡ 4 days

Impella CP High-risk PCI* 6 h
Refractory cardiogenic shock† 4 days
COVID-19 emergency use authorization‡ 4 days

Impella LD Refractory cardiogenic shock† 14 days
Impella 5.0 Refractory cardiogenic shock† 14 days

COVID-19 emergency use authorization‡ 14 days
Impella 5.5 Refractory cardiogenic shock† 14 days

COVID-19 emergency use authorization‡ 14 days
Impella RP Acute right heart failure§ 14 days

COVID-19 emergency use authorization∥ 14 days

*Performed electively or urgently in hemodynamically stable patients with severe cor-
onary artery disease. †Because of left ventricular failure in the setting of acute myo-
cardial infarction, cardiac surgery, cardiomyopathy, and myocarditis. ‡In patients with 
COVID-19 and heart failure from myocarditis while on veno-venous ECMO or with 
pulmonary edema while on veno-arterial ECMO. §In the setting of acute myocardial 
infarction, heart transplantation, left ventricular assist device implantation, or cardiac 
surgery in patients with a body surface area greater than or equal to 1.5 m2. ∥In 
patients with acute right ventricular failure caused by complications from COVID-19.
ECMO, extracorporeal membrane oxygenation; PCI, percutaneous coronary interven-
tion.

Table a3. Contraindications

Contraindications to left-sided Impella (Abiomed Inc., USA)
• Presence of a mechanical aortic valve
• Presence of left ventricular thrombus
• Inability to tolerate anticoagulation
• Presence of an atrial or ventricular septal defect
• Severe peripheral arterial disease
• Severe aortic stenosis/≥2+ aortic regurgitation
Contraindications to Impella RP
• Presence of a mechanical tricuspid or pulmonary valve
• Presence of right-sided thrombus
• Presence of vena caval filter
• Severe tricuspid or pulmonary valve stenosis/regurgitation

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:829–42 841

Transvalvular Heart Pump: Perioperative Management

Wu et al.

cardiogenic shock after acute myocardial infarction. J 
Am Coll Cardiol 2017; 69:278–87

 15. Ouweneel DM, Eriksen E, Seyfarth M, Henriques 
JP: Percutaneous mechanical circulatory support ver-
sus intra-aortic balloon pump for treating cardio-
genic shock: Meta-analysis. J Am Coll Cardiol 2017; 
69:358–60

 16. O’Neill WW, Grines C, Schreiber T, Moses J, Maini 
B, Dixon SR, Ohman EM: Analysis of outcomes for 
15,259 US patients with acute myocardial infarc-
tion cardiogenic shock (AMICS) supported with the 
Impella device. Am Heart J 2018; 202:33–8

 17. Schrage B, Ibrahim K, Loehn T, Werner N, Sinning JM, 
Pappalardo F, Pieri M, Skurk C, Lauten A, Landmesser 
U, Westenfeld R, Horn P, Pauschinger M, Eckner D, 
Twerenbold R, Nordbeck P, Salinger T, Abel P, Empen 
K, Busch MC, Felix SB, Sieweke JT, Møller JE, Pareek 
N, Hill J, MacCarthy P, Bergmann MW, Henriques JPS, 
Möbius-Winkler S, Schulze PC, Ouarrak T, Zeymer 
U, Schneider S, Blankenberg S, Thiele H, Schäfer A, 
Westermann D: Impella support for acute myocar-
dial infarction complicated by cardiogenic shock. 
Circulation 2019; 139:1249–58

 18. Dhruva SS, Ross JS, Mortazavi BJ, Hurley NC, 
Krumholz HM, Curtis JP, Berkowitz A, Masoudi FA, 
Messenger JC, Parzynski CS, Ngufor C, Girotra S, 
Amin AP, Shah ND, Desai NR: Association of use of an 
intravascular microaxial left ventricular assist device vs. 
intra-aortic balloon pump with in-hospital mortality 
and major bleeding among patients with acute myo-
cardial infarction complicated by cardiogenic shock. 
JAMA 2020; 323:734–45

 19. Griffith BP, Anderson MB, Samuels LE, Pae WE Jr, 
Naka Y, Frazier OH: The RECOVER I: A multicenter 
prospective study of Impella 5.0/LD for postcardiot-
omy circulatory support. J Thorac Cardiovasc Surg 
2013; 145:548–54

 20. Anderson MB, Goldstein J, Milano C, Morris LD, 
Kormos RL, Bhama J, Kapur NK, Bansal A, Garcia 
J, Baker JN, Silvestry S, Holman WL, Douglas PS, 
O’Neill W: Benefits of a novel percutaneous ventricu-
lar assist device for right heart failure: The prospective 
RECOVER RIGHT study of the Impella RP device. 
J Heart Lung Transplant 2015; 34:1549–60

 21. Anderson M, Morris DL, Tang D, Batsides G, Kirtane A, 
Hanson I, Meraj P, Kapur NK, O’Neill W: Outcomes 
of patients with right ventricular failure requiring 
short-term hemodynamic support with the Impella 
RP device. J Heart Lung Transplant 2018; 37:1448–58

 22. Cena M, Karam F, Ramineni R, Khalife W, Barbagelata 
A: New Impella cardiac power device used in patient 
with cardiogenic shock due to nonischemic cardiomy-
opathy. Int J Angiol 2016; 25:258–62

 23. Seliem A, Hall SA: The new era of cardiogenic shock: 
Progress in mechanical circulatory support. Curr Heart 
Fail Rep 2020; 17:325–32

 24. Yastrebov K, Brunel L, Paterson HS, Williams ZA, Wise 
IK, Burrows CS, Bannon PG: Implantation of Impella 
CP left ventricular assist device under the guidance of 
three-dimensional intracardiac echocardiography. Sci 
Rep 2020; 10:17485

 25. Fox H, Farr M, Horstkotte D, Flottmann C: Fulminant 
myocarditis managed by extracorporeal life support 
(Impella® CP): A rare case. Case Rep Cardiol 2017; 
2017:9231959

 26. Tschöpe C, Van Linthout S, Klein O, Mairinger T, 
Krackhardt F, Potapov EV, Schmidt G, Burkhoff D, 
Pieske B, Spillmann F: Mechanical unloading by ful-
minant myocarditis: LV-IMPELLA, ECMELLA, 
BI-PELLA, and PROPELLA Concepts. J Cardiovasc 
Transl Res 2019; 12:116–23

 27. Schroeter MR, Unsold B, Holke K, Schillinger W: 
Pro-thrombotic condition in a woman with peripar-
tum cardiomyopathy treated with bromocriptine and 
an Impella LP 2.5 heart pump. Clin Res Cardiol 2013; 
102:155–7

 28. Miller MA, Dukkipati SR, Chinitz JS, Koruth JS, 
Mittnacht AJ, Napolitano C, d’Avila A, Reddy VY: 
Percutaneous hemodynamic support with Impella 2.5 
during scar-related ventricular tachycardia ablation 
(PERMIT 1). Circ Arrhythm Electrophysiol 2013; 
6:151–9

 29. Reddy YM, Chinitz L, Mansour M, Bunch TJ, 
Mahapatra S, Swarup V, Di Biase L, Bommana S, Atkins 
D, Tung R, Shivkumar K, Burkhardt JD, Ruskin J, 
Natale A, Lakkireddy D: Percutaneous left ventric-
ular assist devices in ventricular tachycardia ablation: 
Multicenter experience. Circ Arrhythm Electrophysiol 
2014; 7:244–50

 30. Glazier JJ, Kaki A: The Impella device: Historical back-
ground, clinical applications and future directions. Int J 
Angiol 2019; 28:118–23

 31. Ludeman DJ, Schwartz BG, Burstein S: Impella-assisted 
balloon aortic valvuloplasty. J Invasive Cardiol 2012; 
24:E19–20

 32. Singh V, Damluji AA, Mendirichaga R, Alfonso CE, 
Martinez CA, Williams D, Heldman AW, de Marchena 
EJ, O’Neill WW, Cohen MG: Elective or emergency 
use of mechanical circulatory support devices during 
transcatheter aortic valve replacement. J Interv Cardiol 
2016; 29:513–22

 33. Lima B, Kale P, Gonzalez-Stawinski GV, Kuiper JJ, Carey 
S, Hall SA: Effectiveness and safety of the Impella 5.0 as 
a bridge to cardiac transplantation or durable left ven-
tricular assist device. Am J Cardiol 2016; 117:1622–8

 34. Lim HS: The physiologic basis and clinical outcomes 
of combined Impella and veno-arterial extracorporeal 
membrane oxygenation support in cardiogenic shock. 
Cardiol Ther 2020; 9:245–55

 35. Vargas KG, Jäger B, Kaufmann CC, Biagioli A, Watremez 
S, Gatto F, Özbek C, Razouk A, Geppert A, Huber K: 
Impella in cardiogenic shock following acute myocardial 

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



842 Anesthesiology 2022; 136:829–42 Wu et al.

CLINICAL FOCUS REVIEW

infarction: A systematic review and meta-analysis. Wien 
Klin Wochenschr 2020; 132:716–25

 36. Wernly B, Seelmaier C, Leistner D, Stähli BE, Pretsch 
I, Lichtenauer M, Jung C, Hoppe UC, Landmesser U, 
Thiele H, Lauten A: Mechanical circulatory support 
with Impella versus intra-aortic balloon pump or med-
ical treatment in cardiogenic shock-a critical appraisal 
of current data. Clin Res Cardiol 2019; 108:1249–57

 37. Wong ASK, Sin SWC: Short-term mechanical cir-
culatory support (intra-aortic balloon pump, Impella, 
extracorporeal membrane oxygenation, TandemHeart): 
A review. Ann Transl Med 2020; 8:829

 38. O’Neill WW, Schreiber T, Wohns DH, Rihal C, Naidu 
SS, Civitello AB, Dixon SR, Massaro JM, Maini B, 
Ohman EM: The current use of Impella 2.5 in acute 
myocardial infarction complicated by cardiogenic 
shock: Results from the USpella registry. J Interv 
Cardiol 2014; 27:1–11

 39. Sef D, Kabir T, Lees NJ, Stock U: Valvular complica-
tions following the Impella device implantation. J Card 
Surg 2021; 36:1062–6

 40. Hironaka CE, Ortoleva J, Zhan Y, Chen FY, Couper 
GS, Kapur NK, Kawabori M: The effects of percuta-
neous left ventricular assist device placement on native 
valve competency. ASAIO J 2021;1529

 41. Garan AR, Kanwar M, Thayer KL, Whitehead E, 
Zweck E, Hernandez-Montfort J, Mahr C, Haywood 
JL, Harwani NM, Wencker D, Sinha SS, Vorovich 
E, Abraham J, O’Neill W, Burkhoff D, Kapur NK: 
Complete hemodynamic profiling with pulmonary 
artery catheters in cardiogenic shock is associated with 
lower in-hospital mortality. JACC Heart Fail 2020; 
8:903–13

 42. Balthazar T, Vandenbriele C, Verbrugge FH, Den Uil C, 
Engström A, Janssens S, Rex S, Meyns B, Van Mieghem 
N, Price S, Adriaenssens T: Managing patients with 
short-term mechanical circulatory support: JACC 
review topic of the week. J Am Coll Cardiol 2021; 
77:1243–56

 43. Abiomed. Impella Ventricular Support Systems for 
Use during Cardiogenic Shock and High-Risk PCI. 
Impella 2.5, Impella 5.0, Impella LD, and Impella 
CP (Shock): Impella 2.5 and Impella CP (HRPCI). 
Instructions for use and clinical reference manual. 
Danvers, Massachusetts, Abiomed, Inc., 2021

 44. Pieri M, Pappalardo F: Bedside insertion of impella 
percutaneous ventricular assist device in patients with 
cardiogenic shock. Int J Cardiol 2020; 316:26–30

 45. Uriel N, Sayer G, Addetia K, Fedson S, Kim GH, 
Rodgers D, Kruse E, Collins K, Adatya S, Sarswat N, 
Jorde UP, Juricek C, Ota T, Jeevanandam V, Burkhoff D, 
Lang RM: Hemodynamic ramp tests in patients with 
left ventricular assist devices. JACC Heart Fail 2016; 
4:208–17

 46. Gudejko MD, Gebhardt BR, Zahedi F, Jain A, Breeze JL, 
Lawrence MR, Shernan SK, Kapur NK, Kiernan MS, 
Couper G, Cobey FC: Intraoperative hemodynamic 
and echocardiographic measurements associated with 
severe right ventricular failure after left ventricular assist 
device implantation. Anesth Analg 2019; 128:25–32

 47. Korabathina R, Heffernan KS, Paruchuri V, Patel 
AR, Mudd JO, Prutkin JM, Orr NM, Weintraub A, 
Kimmelstiel CD, Kapur NK: The pulmonary artery 
pulsatility index identifies severe right ventricular 
dysfunction in acute inferior myocardial infarction. 
Catheter Cardiovasc Interv 2012; 80:593–600

 48. Morine KJ, Kiernan MS, Pham DT, Paruchuri V, 
Denofrio D, Kapur NK: Pulmonary artery pulsatility 
index is associated with right ventricular failure after 
left ventricular assist device surgery. J Card Fail 2016; 
22:110–6

 49. Alviar CL, Miller PE, McAreavey D, Katz JN, Lee 
B, Moriyama B, Soble J, van Diepen S, Solomon 
MA, Morrow DA; ACC Critical Care Cardiology 
Working Group: Positive pressure ventilation in the 
cardiac intensive care unit. J Am Coll Cardiol 2018; 
72:1532–53

 50. Rab T, Ratanapo S, Kern KB, Basir MB, McDaniel M, 
Meraj P, King SB III, O’Neill W: Cardiac shock care 
centers: JACC review topic of the week. J Am Coll 
Cardiol 2018; 72:1972–80

 51. Fincke R, Hochman JS, Lowe AM, Menon V, Slater 
JN, Webb JG, LeJemtel TH, Cotter G; SHOCK 
Investigators: Cardiac power is the strongest hemo-
dynamic correlate of mortality in cardiogenic shock: 
A report from the SHOCK trial registry. J Am Coll 
Cardiol 2004; 44:340–8

 52. Aggarwal S, Bannon S: Displacement of impella post 
chest compressions. Heart Views 2014; 15:127–8

 53. Randhawa VK, Al-Fares A, Tong MZY, Soltesz EG, 
Hernandez-Montfort J, Taimeh Z, Weiss AJ, Menon V, 
Campbell J, Cremer P, Estep JD. A pragmatic approach 
to weaning temporary mechanical circulatory support: 
A state-of-the-art review. JACC: Heart Failure 2021; 
9:664–73

 54. Karr S: FDA approves Abiomed’s first-in-human trial 
of Impella ECP, world’s smallest heart pump. Abiomed. 
Available at: https://investors.abiomed.com/news-re-
leases/news-release-details/fda-approves-abiomeds-
first-human-trial-impella-ecp-worlds. Accessed June 
28, 2021.

 55. Udesen NJ, Møller JE, Lindholm MG, Eiskjær H, 
Schäfer A, Werner N, Holmvang L, Terkelsen CJ, 
Jensen LO, Junker A, Schmidt H, Wachtell K, Thiele 
H, Engstrøm T, Hassager C; DanGer Shock investiga-
tors: Rationale and design of DanGer shock: Danish–
German cardiogenic shock trial. Am Heart J 2019; 
214:60–8

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024

https://investors.abiomed.com/news-releases/news-release-details/fda-approves-abiomeds-first-human-trial-impella-ecp-worlds
https://investors.abiomed.com/news-releases/news-release-details/fda-approves-abiomeds-first-human-trial-impella-ecp-worlds
https://investors.abiomed.com/news-releases/news-release-details/fda-approves-abiomeds-first-human-trial-impella-ecp-worlds


Review ARticle

ANESTHESIOLOGY, V 136   •   NO 5 MAY 2022 843

Nonsteroidal anti-inflammatory drugs (NSAIDs) 
are widely used and are known for their analgesic, 

antipyretic, and immune-modulating properties. Their 
mechanism of action is though inhibition of cyclooxy-
genase, also known as prostaglandin–endoperoxide syn-
thase, the key enzyme involved in prostaglandin synthesis. 
Cyclooxygenases (COX-1 and COX-2) catalyze the for-
mation of prostaglandin (PS) H

2
 (PGH

2
) from arachidonic 

acid, upon which PGH
2
 is metabolized by tissue-specific 

isomerases to other prostanoids such as prostaglandins 
(PGD

2
, PGE

2
, PGF

2α), prostacycline (PGI
2
), and thrombox-

ane. Prostanoids are a subgroup of eicosanoids with distinct 
functions in health and disease. Their most important gen-
eral and immunologic effects are summarized in table 1 and 
shown in figure 1.

Both cyclooxygenase isoenzymes have a similar molec-
ular weight, a 65% amino acid sequence homology, and 
nearly identical catalytic sites, but differ in function, pat-
tern, and location of expression.17 COX-1 has predomi-
nantly homeostatic functions, such as maintaining normal 

gastric mucosa, regulating renal blood flow, and regulating 
coagulation by abetting platelet aggregation. It is present 
in most cells and is constitutively expressed, and various 
studies have shown that its messenger RNA and protein 
expression does not change upon inflammation.18 In con-
trast, COX-2 is less widely expressed, but its expression is 
induced upon activation by proinflammatory mediators, 
like interleukin 1, tumor necrosis factor α, lipopolysac-
charides, and tumor promotors.19 Although it is generally 
stated that COX-1 is not involved upon immune acti-
vation, its role in inflammation should not be underesti-
mated. Studies in animal models have shown that COX-1 
serves an important role in the development of inflam-
matory sequelae like edema.20,21 Nevertheless, COX-2–
derived metabolites are considered to be responsible 
for mediating pain and inflammation. To minimize side 
effects, while maintaining their function, selective COX-2 
inhibitors were developed and have been available since 
2000 (fig. 2).

A specific category of NSAIDs, aspirin, not only 
inhibits cyclooxygenase but also stimulates the produc-
tion of anti-inflammatory and proresolving mediators. 
These mediators are endogenous bioactive metabolites 
that are involved in the regulation and resolution of an 
effective innate immune response. Proresolving medi-
ators stop the recruitment of leukocytes in inflamed 
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tissue and increase the removal of apoptotic polymor-
phonuclear neutrophils. Polymorphonuclear neutrophils 
enhance microbial killing and clearance and are consid-
ered organ-protective.22 This unique feature of aspirin 
involves acetylation rather than inhibition of the active 
site of COX-2 in endothelial or epithelial cells, which 
results in the conversion of arachidonic acid to prore-
solving mediators. Examples of proresolving mediators 
activated by aspirin, termed aspirin-triggered specialized 
proresolving mediators, are aspirin-triggered resolvins 
and lipoxins.23 Lipoxins are known to regulate leuko-
cyte traffic, interfere with the chemokine-cytokine axis, 
reduce edema, and block pain signals.

The immune-modulatory consequences of NSAIDs 
are considered to be relevant in the perioperative period, 
since surgical injury elicits an inflammatory response asso-
ciated with postoperative outcome.24 Several reviews and 
meta-analyses have focused on the adverse effects of NSAIDs 

on multiple organ systems like the kidney and heart, which are 
beyond the scope of this review, whereas the immune-modu-
lating effects of NSAIDs are poorly described.25–29 Therefore, 
the aim of this narrative review is to describe the immuno-
logic effects of NSAIDs in the perioperative period and their 
consequence on different postoperative outcomes. When 
possible, a distinction will be made between selective and 
nonselective cyclooxygenase inhibitors.

Beneficial immune-modulating effects of NSAiDs

Effects on the Surgical Stress Response
Surgical injury activates the immune system in a direct 
manner by the binding of danger-associated molecular pat-
terns to pattern recognition receptors of the innate immune 
system and indirectly via surgical injury induced activation 
of the neuroendocrine system, through the hypothalamic–
pituitary–adrenal axis. Activation then involves the release of 

table 1. Short Outline of General and Immune Effects of Prostanoids

Prostanoids Receptor Function immunologic effect

PGD2 DP1-2 •  Platelet aggregation
•  Allergic reactions
•  Contraction of bronchial 

airway
•  Sensation of pain
•  Sleep–wake cycle

•  Involved in type 2 immune responses, including T helper 2 cells, type 2 innate lymphoid cells, and eosin-
ophils with a subsequent effect on asthmatic airways inflammation through increased inflammatory cell 
chemotaxis/cytokines and enhanced immunoglobulin E class switching in B cells.1

•  Elevated level of PGD2 resulted in a defect in virus-specific T-cell responses due to impaired respiratory 
dendritic cells migration.2

•  PGD2 also has anti-inflammatory effects upon multiple spontaneous dehydrations and conversion into 
15-deoxy-∆-prostaglandin J2, which in turn inhibits the activation of nuclear factor κB system resulting 
in reduction of interleukins 6, 1β, and 12 and tumor necrosis factor α from macrophages and decreases 
the production of inducible nitric oxide synthase.3

PGE2 EP1–4 •  Contraction and relaxation 
of smooth muscle

•  Control of blood pressure
•  Sensation of pain
•  Proinflammatory response

•  Serves as an important proinflammatory mediator, involved in development of all physical signs of inflam-
mation such as rubor, tumor, and dolor.

•  Also has anti-inflammatory properties that are context-dependent; downregulation of interleukin 2 by T 
cells and phagocytosis by macrophages.4

•  Promotes dendritic cells migration and upregulates costimulatory molecule expression to promote T cell 
activation.5

•  Promotes T helper 2 cell response by impairing the ability of dendritic cells to produce interleukin 12 
and shifts the balance away from a cellular T helper 1 cell to a humoral T helper 2 cell response with a 
decreased T helper 1/T helper 2 ratio.6

•  Involved in the activation of the T helper 17 cell responses that characterized by the production of the 
proinflammatory cytokine interleukin 17.7

•  Promotes the development and function of regulatory T cells.8

•  Inhibits the cytolytic function of natural killer cells and therefore reduces target cell lysis.9

•  Suppresses proliferation and induce apoptosis of immature B cells and enhances immunoglobulin class 
switching in mature B cells.10,11

PGI2 P •  Platelet aggregation
•  Vasodilatation
•  Renin release

•  Decreases the production of proinflammatory cytokines (tumor necrosis factor α and interleukins 12, 
1β, and 6) and chemokines (MIP-1α and MCP-1) and increases the production of the anti-inflammatory 
cytokine interleukin 10 by bone marrow dendritic cells.12

•  Inhibits the ability of dendritic cells to stimulate antigen-specific T-cell proliferation.12

•  Inhibits T helper 1 cell and T helper 2 cell activation, differentiation, and cytokine production, while 
enhancing T helper 17 cell immune responses and interleukin 17 production.13

PGF2α FPA-B •  Stimulates the contraction 
of uterine and bronchial 
smooth muscle

•  Produces vasoconstriction

•  Involved in cellular infiltration and early recruitment of neutrophils.14

Thromboxane TPα-β •  Platelet aggregation
•  Vasoconstriction
•  Bronchoconstriction

•  Acts as a general suppressor of a low-avidity interaction between dendritic cells and T cells and inhibits T 
cell activation.15,16

PG, prostaglandin.
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hormones, cytokines, chemokines, and prostanoids, which 
are essential to restore homeostasis and are involved in tissue 
repair and the host’s response against invading pathogens.24 
An exaggerated surgical stress response may lead to a sys-
temic inflammatory response syndrome, is associated with 
postoperative morbidity and a higher risk of infections and 
organ failure, and may be detrimental to long-term survival 
after oncological surgery.30 In response to surgical injury, the 
T helper 1/T helper 2 balance (between T helper 1 cells and 
T helper 2 cells) shifts toward T helper 2 cells, suggesting that 
cell-mediated immunity is downregulated and antibody/
humoral-mediated immunity is upregulated.31 This also 
affects the cytolytic function of natural killer cells, which is 
enhanced by a T helper 1 cell response. In a study examining 
the immunologic effects of parecoxib (a selective COX-2 

inhibitor) in adults undergoing laparoscopic cholecystec-
tomy, the balance between T helper 1 cells, T helper 2 cells, T 
helper 17 cells, and regulatory T cell cytokines was restored 
after administration of parecoxib, suggesting an important 
role for prostanoids in the polarization of T helper cells.32

In two randomized controlled trials, the effect of intra-
venous ibuprofen on the surgical stress response during 
cholecystectomy was assessed.33,34 Although administra-
tion strategies were different (500 mg ibuprofen, 12 and 
2 h before surgery and every 8 h until the third postoper-
ative day vs. a single preoperative dose of 800 mg ibupro-
fen), a reduced endocrine response and cytokine release 
were observed in both studies in patients receiving ibu-
profen. Both trials, however, observed increased intraoper-
ative levels of tumor necrosis factor α, which the authors 

Fig. 1. Effects of the most important immune active prostanoids: prostaglandin (PG) I2, PGE2, and PGD2. PGI2 increases the level of anti- 
inflammatory cytokines, while the proinflammatory cytokines tumor necrosis factor α (TNF-α), interleukin (IL)-1β, and interleukin 12 
decrease in vitro. Depending on the stage of inflammation, PGE2 has a profound effect on the production of cytokines by T cells. Particularly 
at later stages of immune responses, PGE2 has immune suppressive properties, resulting in the inhibition of T helper (Th) 1 cell cytokines 
(interferon γ [IFN-γ] and IL-2), which results in the suppression of Th1 cell–dependent antimetastatic immunity. Furthermore, PGE2 is a 
potent inhibitor of the cytolytic effector function of natural killer cells and therefore reduces target cell lysis. In contrast, PGE2 promotes the 
production of cytokines produced by Th2 (IL-4, IL-5, IL-10, and IL-13), although these cytokines can also be mediated indirectly by PGE2 
through cyclic adenosine monophosphate (cAMP). Thus, PGE2 promotes Th2 cell differentiation and shifts the balance away from a cellular 
Th1 cell to a humeral Th2 cell response, with a decreased Th1/Th2 ratio. PGD2 is a prostaglandin produced mainly by mast cells but also by 
other leukocytes, including dendritic cells and Th2 cells. Production of PGD2 by mast cells is an important initiator of immunoglobulin E (IgE) 
mediated type 1 acute allergic reactions. PGD2 has anti-inflammatory effects through inhibition of the production of inducible nitric oxide 
synthase (iNOS), TNF-α, and IL-1β by mouse and human macrophages.
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ascribe to the direct stimulation of mononuclear cells and 
the release of tumor necrosis factor α by NSAIDs, thereby 
causing a subsequent short-term intraoperative increase.34 
Ibuprofen attenuated postoperative anti-inflammatory 
interleukin 10 release, suggesting a reduction of the 
proinflammatory response, requiring less interleukin 10 
modulation.18 Although the study of Le et al.34 could 
not demonstrate a difference in perioperative interleukin 
6 levels, several other studies, administering ibuprofen, 
diclofenac, and parecoxib perioperatively, demonstrated an 
association between the use of NSAIDs and lower inter-
leukin 6 levels.33,35,36 Moreover, high perioperative levels 
of interleukin 6 are associated with postoperative com-
plications in different types of surgery.37,38 According to 
clinicaltrials.gov (accessed January 2, 2021), there are no 
current randomized controlled trials assessing the effect of 
NSAIDs on the surgical stress response.

The effects of NSAIDs in septic patients undergoing 
surgery has not been investigated. In (animal) sepsis mod-
els, however, aspirin and other NSAIDs are associated with 
improved hemodynamic parameters, organ function, and 
survival.39,40 There are several hypotheses about the potential 
beneficial effect of NSAIDs or aspirin in systemic inflam-
matory response syndrome/sepsis patients. The immune 
response in systemic inflammatory response syndrome/sep-
sis is a dynamic process and differs between an immune-acti-
vated state and a paralyzed state. Effects will therefore depend 
on the time of administration and the current immunologic 
state of the patient. During an exaggerated immune response, 
one could hypothesize that it might be beneficial to have 
NSAIDs mitigating this response. The positive effect of aspi-
rin might be explained by the ability of aspirin to stimu-
late the production of anti-inflammatory and proresolving 

mediators, a feature that is not shared by other NSAIDs. On 
the other hand, aspirin has been shown to potentiate leuko-
cytic cytokine production in human endotoxemia trials.41,42 
This proinflammatory response might be beneficial in a 
sepsis-induced immunoparalysis and could contribute to 
the improved survival found in a meta-analysis that included 
17,065 patients from observational studies: aspirin use before 
the onset of sepsis resulted in a 7% decrease in mortality.43 In 
a recent double-blind, placebo-controlled follow-up study, 
in which 16,703 patients aged above 70 yr were randomized 
to receive either 100 mg aspirin or placebo, these benefi-
cial effects could not be confirmed. After follow-up with a 
median of 4.6 yr, a total of 203 deaths were considered to 
be associated with sepsis, with no differences between the 
two groups.44 These studies, however, have a different design 
(meta-analysis of observational studies vs. randomized con-
trolled trial), which may explain the difference in outcome. 
In a randomized, double-blind, placebo-controlled trial 
that included 455 septic patients, treatment with ibuprofen 
(10 mg/kg given every 6 h for eight doses) decreased fever, 
tachycardia, oxygen consumption, and lactic acidosis but 
was not associated with improved survival or development 
of shock.45 With a maximum of eight doses of ibuprofen, 
longer-lasting therapy might have produced different results. 
Comparing these studies is difficult due to major method-
ologic differences such as duration and start of treatment and 
type of NSAID. Administration of NSAIDs might even have 
negative consequences, since the use of NSAIDs in patients 
with septic shock led to a delayed administration of anti-
biotic therapy by masking the signs of sepsis.46 Moreover, 
various case reports have suggested that NSAIDs in sep-
tic patients might increase the severity of infection, which 
might be due to the immune suppression seen in these 
patients.47,48 According to clinicaltrials.gov (accessed January 
2, 2021), there is currently one randomized controlled trial 
(NCT01784159) in septic patients assessing the effect of 
aspirin on the reduction of intensity of organ dysfunction, 
measured by the variation of the Sequential Organ Failure 
Assessment score, starting from the day of admission to day 7.

Taken together, there is no beneficial effect of NSAIDs 
in patients with sepsis and in those with an exagger-
ated surgical stress response. These responses are highly 
dynamic, not only changing over time but also differing 
between subjects. In addition, prostaglandins possess pro- 
and anti-inflammatory properties, again dependent on type, 
time of release, and context (table 1). The ultimate effect, 
tempering or enhancing the immune response, therefore, 
most likely depends on the cause of sepsis, patient char-
acteristics (immune status, comorbidity), type of NSAID 
(COX-1 and/or COX-2, aspirin), dosage, and time point of 
administration (studies are summarized in table 2).

Acute Respiratory Distress Syndrome
Aspirin and, to a lesser extent, other NSAIDs might have 
beneficial effects on patients with acute respiratory distress 

Fig. 2. Cyclooxygenase (COX) 1/2 selectivity of different non-
steroidal anti-inflammatory drugs ordered from mainly COX-1 
selectivity to mainly COX-2 selectivity.
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syndrome (ARDS) due to their effect on platelet activa-
tion and anti-inflammatory properties. Aspirin covalently 
and irreversibly binds to platelet cyclooxygenase, whereas 
other NSAIDs reversibly inhibit platelet cyclooxygenase. 
Platelets are activated in the presence of lipopolysaccharides 
and thrombin, both sepsis mediators, resulting in pulmonary 
microcirculatory thrombosis, increasing pulmonary vascular 
dead space, ventilation perfusion mismatch, and worse out-
comes in patients with ARDS.80 The interaction between 
activated platelets and leukocytes results in production of 
proinflammatory cytokines (interleukins 1β and 8 and tumor 
necrosis factor α) and pulmonary edema.81 Aspirin has the 
ability to modify these pathways and might be used both pre-
ventively and therapeutically. Furthermore, aspirin-triggered 
specialized proresolving mediators can potentially contribute 
to regulation of the immune response during ARDS. These 
effects are further enhanced by the fact that aspirin has the 
ability to regulate leukocyte traffic by aspirin-triggered lipox-
ins.82 In different in vitro, animal, and observational studies, 
the administration of aspirin was related to the prevention 
of or an improvement in patients with ARDS.50 In a review 
of preclinical models and a meta-analysis of clinical studies, 
the authors concluded that the administration of aspirin in 
animal studies was associated with improved survival and 
attenuated inflammation and pulmonary edema. In clinical 
trials, there was an association with a reduced incidence of 
ARDS.51 The differences between preclinical and clinical 
studies may be explained by differences in dosage and timing 
of administration. In preclinical studies, higher doses of aspi-
rin have generally been administered compared to clinical 

studies in which lower doses were used. A higher dose pro-
vides a greater COX-2 blockade, while a lower dose provides 
a greater COX-1 blockade. A 2015 review by Toner et al.50 
concluded that ongoing randomized controlled trials would 
elucidate the role of aspirin in treating ARDS. Afterward, a 
multicenter double-blind, placebo-controlled, randomized 
controlled trial including 390 patients at risk of ARDS was 
performed: in contrast to former research, the use of aspirin 
compared with placebo did not reduce the risk of ARDS 
at 7 days, nor were there any differences in secondary out-
comes or adverse events.49 Patients in this study were admin-
istered a loading dose of 325 mg aspirin, followed by 81 mg/
day for up to 7 days after admission. Although, or perhaps 
because, patients were enrolled in the emergency depart-
ment, the incidence of ARDS was lower than expected 
(9.5% vs. 18%), resulting in an insufficient power. Another 
randomized controlled trial (NCT02326350), investigat-
ing the effect of 75 mg aspirin on oxygenation index at 
day 7 in patients diagnosed with ARDS, was terminated 
prematurely due to slow recruitment (clinicaltrials.gov). 
Recently, Chow et al.83 examined the relationship between 
aspirin and clinical outcomes in patients with ARDS due 
to COVID-19. In this retrospective study of 412 patients, 
patients who received aspirin (N = 98) were less likely to 
need mechanical ventilation (35.7% vs. 48.4%) and inten-
sive care unit admission (38.8% vs. 41.0%), despite a higher 
rate of comorbidities in the aspirin group. These results, how-
ever, should be interpreted with caution, since COVID-19  
patients display a hypercoagulatory state, the study only 
concerns a small number of patients, and the differences are 

table 2. Overview of Described Literature and Their Conclusions about the Effect of Nonsteroidal Anti-inflammatory Drugs on Different 
Postoperative Outcomes

Outcome Randomized controlled trial (Systemic) Review Meta-analysis

Immune response    
 Surgical stress response •  Decreased33–36   
 Systemic inflammatory distress syndrome/sepsis •  Improved45

•  No effect44 
 •  Improved43 

Pulmonary effects    
 ARDS •  No effect49 •  Unknown50 •  Improved (animal)51

 Aspirin-exacerbated respiratory disease •  No effect (COX-2)52 •  No effect (COX-2)53  
Inflammation and pain    
 Preemptive  •  Moderate effect54 •  Improved (COX-2)55,56

 Perioperative  •  Improved57 •  Improved58,59

 Persistent pain •  No effect60–63  •  No effect64

Oncology    
 Outcome •  Improved65 •  Unknown66 •  Improved (animal studies)67

Neurology    
 Postoperative cognitive dysfunction   •  Improved68

 Aneurysmal subarachnoid hemorrhage •  No effect69   
Healing processes    
 Wound healing •  No effect70   
 Anastomotic healing •  Impaired (animal study)71  •  Impaired72–74

•  No effect75

 Bone healing •  No effect76 •  No effect77 •  Impaired78

•  No effect in high-quality studies79

ARDS, acute respiratory distress syndrome; COX, cyclooxygenase.
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small, making the clinical relevance minimal. Currently, the 
Effect of Aspirin on REducing iNflammation in Human in 
vivo Model of Acute Lung Injury (ARENA) trial is includ-
ing patients (according to clinicaltrials.gov accessed January 
2, 2021; 33 patients after 8 yr of inclusion) and examines 
the effect of aspirin on inflammation in acute lung injury 
(NCT01659307). In conclusion, despite a pathophysiologic 
explanation for a beneficial effect of aspirin or other NSAIDs 
in patients with ARDS, the only performed randomized 
controlled trial does not show a protective effect (the studies 
are summarized in table 2).

Inflammation and Pain

Surgical injury leads to activation and sensitization of the 
nociceptive system through the release of different mediators, 
like bradykinin, prostanoids, and cytokines. Activated prosta-
noids, in particular PGE

2
 and PGI

2
, are involved in peripheral 

and central sensitization and in (neuro)inflammatory pain. 
PGE

2
 serves as an important proinflammatory mediator and is 

involved in development of all physical signs of inflammation. 
Peripheral sensitization by PGE

2
 involves the activation of 

E-prostanoid receptors (EP1, EP2, and EP4), which mediate 
pain responses from noxious and innocuous stimuli.84 These 
receptors are also found in the spinal cord, highlighting the 
central sensitization activity of PGE

2
, where it is considered 

the dominant prostaglandin in the spinal nociceptive system.85 
PGI

2
 causes hyperalgesia by activating the prostacyclin (IP) 

receptor, which acts directly on the peripheral afferent noci-
ceptors.85 In addition, PGE

2
 and PGI

2
 also have sensitizing 

properties through other mechanisms. For instance, PGE
2
 

enhances the sensitization of nociceptors by lowering the 
threshold of the tetrodoxin-resistant sodium channels (found 
in the cell bodies of many peripheral nervous systems).84 
Second, the transient receptor potential vanilloid 1 channel, 
which is involved in heat sensation, iS potentiated severalfold 
by PGE

2
 and PGI

2
 in afferent neurons.84 Finally, PGE

2
 sensi-

tizes afferent neurons to produce bradykinin, which is involved 
in lowering the heat threshold of bradykinin 2 receptors and 
is therefore responsible for long-lasting pain associated with 
inflammation.84 In addition to activated prostanoids, proin-
flammatory cytokines, like tumor necrosis factor α and inter-
leukins 1β, 6, and 17, secreted at and recruited to the site of 
injury, have the ability to activate and to increase the sensitiv-
ity to pain stimuli.86 Receptors for these specific cytokines are 
located on the nociceptive neurons and, together with other 
noxious stimuli, stimulate the primary afferent A-delta and 
C-nerve fibers and synapse with neurons in the dorsal horn 
of the spinal cord.87 Neutralization of these cytokines results 
in a quick reduction of pain. In addition, these cytokines not 
only play a role in mechanical pain stimulation but also are 
involved in the development of neuropathic pain.84

NSAIDs as Preemptive Analgesics

NSAIDs are widely used in the treatment of acute 
(perioperative) or chronic pain but are also used as a 

preemptive analgesic agent. NSAIDs might be ideal for 
this purpose due to their anti-inflammatory effects and 
by preventing the establishment of peripheral and central 
sensitization in nociceptive pathways. In a systematic review, 
the authors concluded that some aspects of postoperative 
pain control were improved by preemptive treatment in 
4 of the 20 randomized controlled trials, but overall, the 
effect was moderate.54 Moreover, there was no analgesic 
benefit to preemptive administration of NSAIDs compared 
with postincisional administration. Despite including only 
randomized controlled trials, the studies displayed a wide 
heterogeneity, ranging from abdominal to orthopedic 
surgery, and many different NSAIDs (for example, 
ibuprofen, diclofenac, ketorolac, naproxen, and flurbiprofen) 
were used. In a more recent systemic review and meta-
analysis, the authors examined the effect of preemptive drug 
administration on postoperative analgesic consumption 
during the 24 h postsurgery. A significant reduction of 
postoperative analgesic consumption was observed using 
COX-2 inhibitors but not for nonselective NSAIDs.55 
Comparable results were found in a meta-analysis that 
examined the efficiency of selective COX-2 inhibitors in 
patients undergoing total knee arthroplasty. The authors found 
a beneficial effect on the visual analog scale score (24 and 
72 h postoperatively) and a decreased opioid consumption.56 
The clinical relevance, however, of both meta-analyses is not 
clear, since there were no statements about the reduction 
in the visual analog scale or opioid consumption. Based on 
the included studies in these meta-analyses, it is also unclear 
whether preemptive administration has advantages over 
postincisional administration. This question, however, is not 
about the efficacy of NSAIDs but about the most ideal time 
to administer them. This most likely will remain difficult to 
answer due to small differences in direct clinical outcome 
measures and many different covariates. Furthermore, 
interpretation of current literature is hampered by a high 
degree of heterogeneity with differences in dose and timing, 
type of postoperative rescue analgesic, postoperative analgesia 
therapy, type of surgery, and reported outcomes.

NSAIDs in Multimodal Management of Acute Postoperative Pain

While it is uncertain whether preemptive administration of 
NSAIDs is beneficial over postincisional administration, these 
drugs have been given an important role in the multimodal 
management of acute postoperative pain. The American 
Society of Anesthesiologists (ASA; Schaumburg, Illinois) 
recommend administration, unless contraindicated, of 
multimodal pain management consisting of acetaminophen 
combined with an NSAID or selective COX-2 inhibitor 
during the perioperative period.88 In contrast to opioids, 
which mainly act in the central nervous system, NSAIDs 
alleviate pain by reducing the inflammatory response caused 
by tissue damage and by preventing peripheral and central 
sensitization. The effects of NSAIDs are predictable and 
suitable for most surgical procedures and have, in contrast to 
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opioids, no risk of addiction. Moreover, the administration 
of NSAIDs leads to a shorter recovery period, higher patient 
satisfaction, and a reduction in postoperative morbidity.89

Several meta-analyses have been performed to demon-
strate the efficiency of NSAIDs or COX-2 inhibitors. In a 
meta-analysis from 2005, four conclusions emerge regarding 
the perioperative use of NSAIDs: nonopioid analgesics are 
opioid-sparing, the visual analog scale score is significantly 
decreased, and their use is associated with a reduction of 
opioid-related adverse effects.58 However, there was also an 
increased risk of rare but important adverse effects related 
to the use of nonselective NSAIDs/selective COX-2 inhib-
itors, such as renal failure in cardiac patients (odds ratio, 
4.86; 95% CI, 1.01 to 23.4; nonselective NSAIDs/COX-2 
inhibitors) and increased surgical bleeding (odds ratio, 4.54; 
95% CI, 1.54 to 13.42; nonselective NSAIDs). To determine 
which class of nonopioid analgesic is the most effective in 
reducing morphine consumption and morphine-related 
adverse effects, a systematic review was conducted by 
Maund et al.57 The authors concluded that, in combination 
with a patient-controlled analgesia with morphine, NSAIDs 
(mean difference, −10.18 mg) and COX-2 inhibitors (mean 
difference, −10.92 mg) were related to a reduced morphine 
consumption. Furthermore, nausea and postoperative vom-
iting were significantly reduced by adding NSAIDs to a 
multimodal management.57 In another meta-analysis, the 
authors focused on the effect of NSAIDs on opioid-related 
adverse effects. They observed a reduction in nausea (12%), 
vomiting (32%), and sedation (29%).59 There was no reduc-
tion in pruritus, urinary retention, and respiratory depres-
sion. The authors tried to limit the degree of heterogeneity 
as much as possible but still included different NSAIDs 
and type of surgeries. In addition, their primary endpoints 
were scored differently throughout the included studies. In 
conclusion, these meta-analyses demonstrate a reduction 
in the visual analog scale score, opioid consumption, and 
various opioid-related adverse effects when administered in 
a multimodal regimen. It is, however, important to realize 
that studies investigating the effect of multimodal analge-
sic regiments all suffer from the same weakness: namely, if 
something changes in the model, it is nearly impossible to 
conclude whether this is due to one drug versus another 
drug, which makes it difficult to draw firm conclusions.

NSAIDs in Preventing Chronic Pain after Surgery

Persistent postoperative pain is a major problem and affects 
health-related quality of life. The exact pathophysiology 
is not fully understood but has recently been discussed in 
several reviews.90–92 In summary, it is a multifactorial disorder 
involving (neuro)inflammation, which is characterized by the 
activation of glial cells and results in the release of cytokines 
and chemokines, and peripheral and central sensitization due 
to persistent noxious signaling, leading to nociceptive and 
neuropathic pain. Under normal circumstances, the immune 
response, elicited by surgical injury, resolves after several days, 

resulting in baseline nociceptive receptor sensitivity. In patients 
with persistent postoperative pain, these receptors remain 
overstimulated. Prolonged augmented action potentials 
will lead to central sensitization and results in allodynia and 
hyperalgesia. In addition, proinflammatory cytokines and 
chemokines in the central nervous system, released by glial 
cells, also play a role in the development of central sensitization. 
Moreover, this neuroinflammatory condition will contribute 
to allodynia, hyperalgesia, and widespread pain throughout 
the body.92 The importance of prostaglandins in persistent 
pain has been confirmed in a mouse model in which 
hyperalgesic doses of PGE

2
 induced long-lasting sensitization 

of afferent nociceptors.93 Since NSAIDs interfere with these 
processes, there is a theoretical basis for a beneficial effect in 
preventing chronic pain after surgery. Nevertheless, studies 
examining the long-lasting effects of perioperative NSAID 
administration could not demonstrate a positive effect on 
persistent postoperative pain.60–63 In a recent meta-analysis 
and systematic review, the effects of various perioperative 
pharmacologic strategies to prevent chronic pain after 
surgery were assessed. The included studies differed in type of 
NSAID, duration of administration, type of surgery, but also 
outcome measures such as reported time endpoints to score 
the prevalence of pain ranged from 3 to 12 months.64 The 
authors concluded that none of the examined pharmacologic 
interventions could be recommended to prevent chronic pain 
after surgery.

Tumor Growth and Metastasis

In various epidemiologic studies, it has been shown that 
the long-term use of aspirin or other NSAIDs is associ-
ated with a reduction in the incidence of cancer.94,95 In a 
large systemic review of epidemiologic studies, the relative 
risk was decreased by 43% for colon cancer, 25% for breast 
cancer, 28% for lung cancer, and 27% for prostate cancer.96 
Of the two cyclooxygenase isoforms, COX-2 expression is 
dysregulated in many types of cancer and is associated with 
carcinogenesis, invasiveness, and angiogenesis.97 With ele-
vated levels of COX-2, the metastatic potential also seems 
to increase. Of the prostanoids, PGE

2
 seems to be the most 

important prooncogenic prostanoid.97 PGE
2
 is involved in 

tumor angiogenesis, cell migration or invasion, and inhibi-
tion of apoptosis.97 In addition to its effect on prostanoids, 
aspirin activates aspirin-triggered specialized proresolv-
ing mediators, including resolvins and lipoxins. These anti- 
inflammatory mediators inhibit primary tumor growth and 
metastasis by enhancing endogenous macrophage clearance 
and cytokine response.23 In addition to the long-term pro-
tective properties of NSAIDs against certain cancer types, 
these drugs also interfere with the immune response against 
circulating tumor cells during the surgical resection of a solid 
tumor. The likelihood of circulating tumor cells is depen-
dent on several factors, including the immune response of the 
patient. Local inflammation increases the level of circulating 
tumor cells in the bloodstream, and an adequate functioning 
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immune response is pivotal for the first-line defense against 
circulating tumor cells.98 The elimination of cancer cells takes 
place through natural killer cells, cytotoxic T cells, and den-
dritic cells. Their activity is inhibited by PGE

2
, which is over-

expressed by many tumors, such as colorectal, breast, cervical, 
bladder, and ovarian.99 In addition, surgical injury increases a 
number of proinflammatory cytokines such as interleukins 
1β and 6 and tumor necrosis factor α, which also suppress 
the activity of immune cells necessary for the elimination 
of circulating tumor cells.100 Theoretically, NSAIDs have the 
ability to reduce these effects. The inhibition of PGE

2
 syn-

thesis in tumor cells leads directly to an impaired capacity 
to survive and proliferate and leads indirectly to an increased 
cytotoxic activity of natural killer and T cells.101 Brunda et 
al.102 showed that in vivo administration of indomethacin or 
aspirin resulted in a marked restoration of natural killer activ-
ity in tumor-bearing animals. In a meta-analysis of animal 
studies, the authors concluded that treatment with analge-
sics significantly decreased the number and risk of metastases, 
which was mainly the consequence of NSAIDs.67

Recently, five randomized controlled trials (NCT00888797, 
NCT02141139, NCT00502684, NCT01806259, and 
NCT03172988; clinicaltrials.gov) were conducted to assess 
the effect of perioperative NSAIDs on cancer recurrence. 
These trials differed in the type of cancer, the duration of 
NSAID administration, whether administration started pre-
operatively, the coadministration of a β-adrenergic antagonist, 
and the NSAID type (COX-1 and/or COX-2). The status of 
four of these randomized controlled trials (NCT00888797, 
NCT02141139, NCT01806259, and NCT03172988) is 
either unknown or lacking in sufficient power due to early 
termination, protocol violation, or a lower recurrence rate 
than anticipated.103 The positive effect of NSAIDs in the 
perioperative period was shown in a randomized controlled 
trial (NCT00502684) that combined a COX-2 inhibitor with 
a β-adrenergic antagonist (propranolol), using study outcome 
points of cellular and molecular responses related to metastasis 
and disease recurrence.65 Cata et al.66 conducted a systemic 
review and found mainly observational and retrospective 
studies, all dealing with a high degree of heterogeneity, and 
concluded that the current evidence was equivocal regard-
ing the effects of short-term NSAIDs on cancer recurrence 
after major cancer surgery. However, these observational and 
retrospective studies claim a reduced recurrence rate, longer 
disease-free survival, or overall survival due to the effects of 
perioperative NSAIDs.104–112 In conclusion, despite the posi-
tive effect of NSAIDs in epidemiologic studies, immune-based 
perioperative antitumor effects, and positive observational and 
retrospective studies, there is insufficient or inconclusive evi-
dence from high-quality clinical studies to support the exper-
imental data (studies are summarized in table 2).

Neurologic Effects

Neuroinflammation is an important underlying mech-
anism in several neurologic disorders. Affecting this 

pathophysiologic process through the anti-inflammatory 
effects of NSAIDs is of general interest. Regarding the 
perioperative period, postoperative cognitive dysfunction is 
a common complication, particularly affecting the elderly 
population. Postoperative elevated levels of proinflamma-
tory cytokines are associated with the development of post-
operative cognitive dysfunction in both animal and human 
studies.113–120 The hypothesis is that proinflammatory cyto-
kines disrupt the blood–brain barrier via upregulation of 
COX-2 and matrix metalloproteinases, upon which these 
cytokines can enter the central nervous system.121 After 
surgical injury, increased inflammatory activity was found 
in plasma and in human cerebrospinal fluid.122 In a study 
by Peng et al.,123 administration of parecoxib, a selective 
COX-2 inhibitor thought to have good central nervous 
system distribution, resulted in reduced surgery-induced 
levels of interleukin 1β and tumor necrosis factor α in the 
hippocampus in aged rats. Improvements in memory func-
tion in mice were demonstrated by Kamer et al.,124 who 
administered meloxicam 24 h after surgical splenectomy.  
A recent meta-analysis included eight randomized con-
trolled trials assessing the effect of parecoxib on the inci-
dence of postoperative cognitive dysfunction in geriatric 
patients undergoing orthopedic surgery.68 The authors con-
cluded that perioperative administration of parecoxib was 
effective in reducing the incidence of postoperative cog-
nitive dysfunction and improving the score on the Mini-
Mental State Examination. The methodologic quality of 
the included studies was assessed as moderate to good. 
Nevertheless, only one of the eight randomized controlled 
trials was sufficiently powered, parecoxib was adminis-
tered pre- or postoperatively, and postoperative cognitive 
dysfunction definitions were different between studies. 
Furthermore, it is unclear whether these results can be 
extrapolated to other surgical interventions.

NSAIDs are also associated with reduced cerebral isch-
emic injury in patients with aneurysmal subarachnoid 
hemorrhage.125,126 Encouraging results of NSAIDs were 
found in animal models of aneurysmal subarachnoid hem-
orrhage, which showed an overall better control of cere-
bral vasospasm.127–132 After propensity score matching of 
178 patients, positive effects were observed by Nassiri et 
al.,133 who concluded that administration of NSAIDs after 
aneurysmal subarachnoid hemorrhage was associated with 
reduced mortality and improved functional outcome. In 
this study, no distinction was made between the different 
types of NSAIDs, nor is it clear how long NSAIDs were 
administered. An important limitation, however, concerns 
the indication for administration of NSAIDs. Patients with 
a better neurologic status are more likely to report pain and 
therefore receive more NSAIDs than patients with a poorer 
neurologic status. A randomized controlled trial by Ghodsi 
et al.,69 however, could not demonstrate significant differ-
ences in cerebral vasospasm, hospital stay, or mortality after 
administration of meloxicam (7.5 mg for 7 days) in patients 
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with subarachnoid hemorrhage. This study may have been 
underpowered (N = 81), since no sample size calculation 
was made. Regarding the safety of NSAIDs, several studies 
have shown that there is no association with higher rates of 
rebleed in aneurysmal subarachnoid hemorrhage patients.125

Neuroinflammation is an important underlying mech-
anism in the pathophysiology of various neurologic 
disorders. NSAIDs might have additional value in the mul-
timodal treatment approach in patients at risk of postoper-
ative cognitive dysfunction, but well-designed clinical trials 
are needed to determine whether these effects are clinically 
relevant. Encouraging results of NSAIDs in patients with 
aneurysmal subarachnoid hemorrhage are not yet suffi-
ciently substantiated to justify any advice (studies are sum-
marized in table 2).

Unfavorable immune-modulating effects of 
NSAiDs

Wound, Anastomotic, and Bone Healing

Wound Healing

NSAIDs might have immune-modifying properties that are 
detrimental in the process of normal wound healing. There 
are a number of crucial steps in the process of normal wound 
healing, including the acute phase response, proliferation, 
and remodeling of tissue. The acute phase is characterized 
by homeostasis and inflammation. Neutrophils are involved 
at an early stage and stimulate the migration of fibroblasts, 
epithelial cells, and vascular endothelial cells.134 In a later 
stage, macrophages become the predominant cells and 
form an important barrier against bacteria.134 In response 
to cytokines, released upon (surgical) injury, nitric oxide is 
produced, which is essential for angiogenesis and mediation 
of inflammation.135 In an animal study in which nitric oxide 
was bound to ibuprofen, wound contraction increased, and 
epithelialization improved; the authors concluded that 
the results indicated that the esterification of ibuprofen 
with nitric oxide reverses the healing-suppressant effect 
of ibuprofen.136 During the proliferation step, fibroblasts 
are the most important cells and are involved in wound 
contraction, collagen synthesis, and angiogenesis.137 NSAIDs 
might impair the acute and proliferation phase of wound 
healing by their inhibitory effects on PGE

2
.138–140 Inhibition 

of PGE
2
 is related to impaired wound healing; therefore, the 

use of NSAIDs in the proliferative phase of wound healing 
may result in increased scar formation.140 PGE

2
 has shown 

to be essential for neutrophil removal via the promotion 
of reverse migration.141 Although the negative effects of 
NSAIDs on wound healing are well documented in animal 
studies, large clinical trials describing the effects of NSAIDs 
in wound healing are lacking. During a phase 3 randomized, 
placebo-controlled trial to evaluate the safety of intravenous 
meloxicam (30 mg) after major surgery, no differences were 
observed regarding wound healing.70 The authors, however, 

pointed out the relatively healthy study population, in which 
patients with a history of cardiovascular, renal, hepatic, and 
bleeding events were excluded.

Anastomotic Healing

The hypothesis of impaired wound healing also applies 
to an intraabdominal bowel anastomosis, in which 
NSAIDs may increase the risk of anastomotic leakage. 
COX-2 is essential for gastrointestinal homeostasis, 
and the subsequent prostaglandin PGE

2
 is involved in 

mucosal repair.142,143 Moreover, anastomotic healing 
benefits from a proinflammatory response, leading to 
proliferation, angiogenesis, and granulation.144 Reduced 
prostaglandin expression has been shown to reduce 
measured hydroxyproline levels and collagen repair in 
fresh anastomosis.145 However, no information has been 
provided about the subtype of collagen, and therefore, 
the quality of the collagen cannot be determined.144 An 
association between the perioperative use of NSAIDs and 
an increased risk of anastomotic leakage is demonstrated in 
various animal experiments and human clinical trials.143,146 
A randomized controlled trial in 24 rats assessed the effect 
of parecoxib on abdominal wound healing, both clinically 
and histologically.71 There were no differences in clinical 
outcome; however, histological differences, on which 
the study was powered, were observed, such as decreased 
epithelization and increased necrosis in the parecoxib 
group.71 The results, however, are not generalizable to 
humans, as the authors chose an intraperitoneal route of 
administration. Interestingly, the risk of anastomotic leakage 
caused by NSAIDs seemed to be location-dependent, with 
a higher risk in small bowel anastomosis compared to colon 
anastomosis.147–149 Three meta-analyses, one published in 
2018, 2019, and 2020, all concluded that caution must 
be taken when prescribing NSAIDs after gastrointestinal 
anastomosis.72–74 A subgroup analysis in the meta-analysis 
of Jamjittrong et al.72 showed that nonselective NSAIDs, 
but not selective COX-2 inhibitors, were significantly 
associated with anastomotic leakage. However, according to 
the authors, the safety of selective COX-2 inhibitors was 
inconclusive. In another subgroup analysis of randomized 
controlled trials by the same authors, no significant 
association was observed.72 Finally, a fourth meta-analysis 
has recently been published, in which the authors pointed 
to important methodologic concerns regarding the previous 
meta-analyses, such as the inclusion of different types of 
gastrointestinal anastomoses and the underlying surgical 
pathology.75 In this latest meta-analysis, only patients with 
colorectal cancer were included (N = 10,868). The authors 
concluded that perioperative NSAID administration does 
not increase the overall anastomotic leakage rate and 
that these findings were consistent throughout subgroup 
analyses for low anterior resections and both NSAID classes. 
Nevertheless, this latest meta-analysis also has important 
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methodologic limitations: like most studies, there are no 
data on dosage and duration of administration. In addition, 
it is unclear when administration was started, as later 
dosing during the postoperative phase is associated with a 
lower risk of anastomotic leakage. There are currently no 
registered studies (accessed January 2, 2021, clinicaltrials.
gov) examining the effects of NSAIDs on anastomotic 
leakage.

Bone Healing

In addition to the potential negative effects on wound 
and anastomotic healing, the use of NSAIDs perioperative 
might also affect bone healing, since inflammation is an 
essential part of the early stage of bone fracture healing. 
Although the contribution of NSAIDs is controversial with 
respect to other risk factors (comorbidities, medications, 
oncology interventions, and lifestyle habits), the inhibition 
of COX-1 and COX-2 might result in an impaired bone 
turnover.150 COX-2 is involved in the differentiation of 
mesenchymal cells into osteoblasts.151 In COX-2 knockout 
animals, bone density was significantly decreased, whereas 
parathyroid hormone levels were increased, implicating 
a compensatory mechanism for the lack of COX-2 
expression.152 In a meta-analysis from 2010, the authors 
reviewed all available evidence regarding the effect of 
NSAIDs exposure on bone healing.79 Lower-quality 
reports showed a significant association between NSAID 
exposure and nonunion, while this association disappeared 
when only higher-quality studies were included in 
the analysis.79 A more recent meta-analysis from 2019, 
however, observed a negative effect of NSAIDs on bone 
healing, which may be dose- and/or duration-dependent, 
since low dose or short duration was not associated with 
nonunion.78 Low dose or short duration was, however, not 
defined in this study and could only be analyzed in 4 of 16 
evaluable studies, of which 2 found no effect and 2 found 
an increased risk. Moreover, it should be noted that no 
randomized studies were included in either meta-analysis. 
A systematic review including 3 randomized controlled 
trials and 13 retrospective studies concluded that there was 
no strong evidence that NSAIDs led to an increased rate 
of nonunion.77 In all of these analyses, the authors had to 
deal with heterogeneity and conflicting data among the 
included studies. Important differences between long 
bones and vertebral bones, with variation in reported 
nonunion rates between both, and lifestyle habits, such as 
smoking, should be taken into account. Furthermore, there 
was a significant difference in the definition of nonunion 
between studies, ranging from a radiographic score to the 
need for reoperation. Finally, these studies also showed a 
large variation in dosage, type of NSAID, and duration of 
administration. A recent randomized trial examined the 
effect of different ibuprofen regimens (3 × 600 mg ibuprofen 
for 7 days vs. 3 × 600 mg ibuprofen for 4 days vs. placebo) 
on bone healing in Colles’ fracture patients.76 The authors 

concluded that there were no differences in bone mineral 
density, histomorphometric estimations, and changes in 
bone biomarkers between the treatment groups.76 Although 
confounding variables were equally distributed between 
groups, the start of treatment could differ substantially 
between patients. According to clinicaltrials.gov, this study 
was initially registered under NCT01606540, with a power 
calculation of 192 participants. The final study is registered 
under NCT01567072, with the same power calculation, 
but only 95 patients were included. A forthcoming 
randomized controlled trial (NCT03880981) will study 
the effect of NSAIDs on the healing of tibia fractures and 
Achilles tendon ruptures (accessed January 2, 2021).

In conclusion, based on histological and animal stud-
ies, there appears to be an association between NSAIDs, 
in particular COX-2 inhibition, and impaired wound, 
anastomotic, and bone healing after surgery. However, 
high-quality clinical trials are lacking, and many questions 
are unanswered, such as the duration of use, type of NSAID, 
and, for anastomotic healing, whether underlying pathology 
and the location of the anastomosis influences the outcome. 
The potentially negative consequences that have emerged 
in histological and animal studies have therefore not been 
sufficiently substantiated in clinical studies. Administration 
must be individually weighed against the other known risk 
factors and benefits of NSAIDs (studies are summarized in 
table 2).

Aspirin-exacerbated Respiratory Disease

The pulmonary effects of NSAIDs in the perioperative 
period are considered to be minimal. Nevertheless, the 
administration of NSAIDs should be carefully consid-
ered in specific circumstances, and detrimental effects may 
occur in patients with a history of asthma. In 2% of patients 
with mild asthma up to 25% of patients with severe asthma, 
the inhibition of COX-1 may trigger aspirin-exacerbated 
respiratory disease, a condition characterized by eosino-
philic rhinosinusitis with humoral T helper 2 cell inflam-
mation, bronchospasm, and acute asthma exacerbation.153 
Bronchospasm can be severe and life-threatening, devel-
oping within 1 to 3 h of administration.153 The underly-
ing pathophysiologic mechanism is related to inhibition 
of the cyclooxygenase pathway, resulting in activated lip-
oxygenase, which leads to increased leukotriene synthesis. 
Leukotriene provokes the constriction of smooth muscle 
and the stimulation of airway mucus production.154 The 
prostanoids PGD

2
 and PGE

2
 also have pulmonary effects, 

but their role in the development of aspirin-exacerbated 
respiratory disease is not fully understood. PGE

2
 causes 

bronchodilation, while PGD
2
 causes bronchoconstric-

tion.155 It is generally assumed that all nonselective cyclo-
oxygenase inhibitors pose a risk for patients with a history 
of asthma and that highly selective COX-2 inhibitors are 
safe. This assumption is based on previous data suggesting 
that the release of both prostanoids (PGD

2
 and PGE

2
) is 

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



 Anesthesiology 2022; 136:843–60 853

Immunity and Nonsteroidal Anti-inflammatory Drugs

Bosch et al.

only COX-1–dependent. Although two cases of aspirin- 
exacerbated respiratory disease were described in a case 
report after administration of a highly selective COX-2 
inhibitor, this observation was not supported by a randomized  
crossover study in which 16 subjects with mild asthma 
received etoricoxib, and none developed pulmonary symp-
toms.52,156 These results are consistent with a meta-analysis 
performed by Morales et al.,53 who concluded that acute 
exposure to COX-2 inhibitors is safe in patients with sta-
ble mild-to-moderate asthma with aspirin-exacerbated 
respiratory disease. In conclusion, nonselective NSAIDs 
should be avoided during the perioperative period in 
patients with a history of asthma. Highly selective COX-2 
inhibitors are most likely safe.

Conclusions

In this narrative review, we have summarized the 
immune-modulating effects of NSAIDs in the periop-
erative period and their effect on various postoperative 
outcomes. The body’s response to surgical injury, and the 
accompanying release of subsequent cytokines, chemokines, 
and prostanoids, affects the postoperative course in various 
organ systems and regeneration processes. NSAIDs interfere 
with this response through the inhibition of cyclooxygen-
ase, leading to a reduction in the synthesis of several of the 
prostanoids involved. Aspirin also stimulates the production 
of anti-inflammatory and proresolving mediators, but the 
consequences of this additional effect, to date, are unclear 
in clinical practice.

NSAIDs have been shown to have immune modulatory 
effects in cellular and animal models and significantly affect 
various outcome in these models. In randomized clinical 
studies, however, the immune-modulatory effects are much 
less evident, potentially due to a high degree of heteroge-
neity, genetic variances among patients, the use of various 
comedications, and the presence of several comorbidities. 
The risks and benefits of NSAID administration should be 
weighed individually, taking into account that the dosage 
and duration of administration often play important roles. 
To date, there is insufficient or inconclusive evidence from 
high-quality clinical studies to support the administration of 
NSAIDs to control the surgical stress response or sepsis, to 
prevent or improve ARDS, to improve postoperative neuro-
logic outcome, or to minimize the risk of metastatic disease 
after oncological surgery. On the other hand, there is also 
insufficient evidence that NSAIDs are related to an impaired 
wound healing, increased risk of anastomotic leakage, and 
impaired bone regeneration. Their role in the multimodal 
treatment of acute pain has been sufficiently demonstrated 
and is associated with an opioid-sparing effect. It is not yet 
sufficiently clear whether preemptive administration of 
NSAIDs also has beneficial effects on postoperative pain 
perception. There does not, however, appear to be a benefi-
cial effect on the development of chronic pain after surgery.

Search Strategy

We searched PubMed, Google, and clinical guidelines 
and screened the reference lists of studies retrieved by the 
searches. Most up-to-date studies and/or those with high 
impact were selected. Thereafter, a selection was made 
based on randomized controlled trials, reviews, and system-
atic reviews, or meta-analyses. We used the following terms: 
“nonsteroidal anti-inflammatory drugs” OR “NSAID” 
OR “aspirin” AND:

• “surgical stress response” OR “cytokine” OR “SIRS” 
OR “sepsis”

• “ARDS” OR “acute respiratory distress syndrome”
• “AERD” OR “aspirin-exacerbated respiratory disease”
• “surgery” AND “preemptive” OR “preoperative”
• “surgery” AND “perioperative”
• “surgery” AND “chronic pain” OR “persistent pain”
• “surgery” AND “oncology”
• “surgery AND “postoperative cognitive dysfunction” 

OR “POCD”
• “aneurysmal subarachnoid hemorrhage” OR “aSAH”
• “surgery” AND “wound healing” OR “tissue healing”
• “surgery” AND “anastomotic leakage” OR “anastomotic 

dehiscence”
• “surgery” AND “bone healing” OR “nonunion”
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Dyspnea
Jefferson Dryden, D.O.

Through panes I watch

the trade of purple to red

halt.

Monitors darken

preceding terminal liberation.

Stiff

stoic.

The hour and minute recorded.

I shamble away.

Alone.

Just as he was.

Caring strangers no proxy

for family.

Our compliant connections once allowing

free exchange

now inhibited.

Fibrotic.

I heave

a burdensome breath.
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The ICU: Ants in the Forest
Jennifer M. Connell, B.S.

During a break between clinical rotations in medical school, I was 6 miles into a hike 
in Kings Canyon National Park. Surrounded by stunning scenery—expansive moun-
tain vistas, towering forests of redwoods, and the first streams of sunlight shining on 
the valley dirt path—I found myself staring at a rock. Not a particularly notable rock, 
except for the vibrant, neon green moss growing on its side. As I leaned in to get a 
closer look, I watched tiny ants navigating their way through the stalks of the moss 
forest. Tiny step after tiny step, each fork in the road a new critical decision point in 
reaching their destination. They navigate their moss as I navigate the redwood forest.

“Silly ants,” I thought, “they don’t even know how much more moss there is on this 
rock. They don’t even know that this rock is just a single rock in a whole pile of rocks 
set atop a mountain, which itself is a giant rock.”

Flashback to my first week on my intensive care unit elective: I too felt lost in the forest 
that was patient care in the ICU. Surrounded by very different scenery—peaks and 
valleys scrolling on the ventilator screen with each patient breath, tangles of IV tubing 
spilling from towering poles above the bed, bands of fluorescent light reflecting on tile 
illuminating the path down the hall.

 The following series of pictures depicts my progression in thinking about patient care.
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Mind to Mind

Creative writing that explores the abstract side of our profession and our lives
Left: Feeling like the ant in the moss of day-to-day decisions: Can we decrease positive 
end-expiratory pressure from 10 to 8 today? Is the arterial line giving us the accurate 
blood pressure or should we titrate pressors based off the cuff? Should we give fluids? 
Or are they already volume overloaded?

Center: Stepping back to their current illness trajectory: Once we get them off continu-
ous renal replacement therapy, will they need dialysis indefinitely? How much longer 
will they stay in the ICU? Should we start talking about a tracheostomy at this point? 
What sort of cognitive recovery can they expect?

Right: Seeing their life as a whole, not limited to their illness: What matters to them in 
life? What makes life worth living to them? Will we be able to get them home to enjoy 
a Sunday afternoon ice cream cone with their grandchildren? What were they looking 
forward to before this admission?

As students/clinicians/ants, let us all humbly aspire to escape the forest within the 
moss to see the magnitude of scope in caring for each patient.
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Review of the ASA Physical 
Status Classification: 
Comment

To the Editor:

We read with great interest the review article on 
the American Society of Anesthesiologists (ASA; 

Schaumburg, Illinois) Physical Status Classification System 
by Horvath et al.1 The review presents in excellent detail 
the origin, evolution, and current state of the ASA Physical 
Status system. Further, the authors describe the recent addi-
tion of clinical examples to help clarify the classifications. 
These examples have been useful to provide some consis-
tency in the assignment of ASA Physical Status classifications 
by anesthesia-trained and non–anesthesia-trained clinicians2 
and have been demonstrated to improve communication 
about patient status to anesthesia providers when assess-
ments are performed by anesthesiologists in preanesthesia 
clinic settings and before the day of surgery.3

As an extension of the historical perspective they have 
given, the authors also consider whether further refinements 
or more granular categories might be of value. In propos-
ing that the ASA and anesthesia community revise the ASA 
Physical Status system, we want to provide some additional 
background information about the current status of the sys-
tem and its implications. Although the ASA Physical Status 
system is used by many anesthesia and nonanesthesia clini-
cians in the United States and around the world for purposes 
unrelated to the initial purpose for which it was created, in 
the United States, physical status modifiers based on (and 
identical to) the ASA classification system are part of the 
Current Procedural Terminology, which is a product of the 
American Medical Association (Chicago, Illinois).4 These 
billing modifiers are used to justify additional payment by 
some payers based on the physical status of patients receiving 
anesthesia care. If the ASA determined that modifications to 
the current system were warranted, the society would have 
the ability to make changes to it. However, any changes pro-
posed by the ASA will not impact payment unless the ASA 
requested revisions to the Current Procedural Terminology–
defined physical status modifiers. To do so, the ASA would 
have to submit an application for a code change at the 
Current Procedural Terminology level and then a valuation 
through the American Medical Association Relative Value 
System Update Committee.5 Although ASA can give input, 

the Current Procedural Terminology Editorial Board and 
the American Medical Association Relative Value System 
Update Committee would make final decisions on the 
physical status billing modifiers (the definitions, categories, 
and valuation). This request and approval process takes at 
least 3 yr to be implemented.

Based on this historical background, the ASA, through 
the House of Delegates and with support and recommen-
dations provided by the ASA Committee on Economics, 
chose to provide additional examples to better illustrate 
the application of the definitions and the determination 
of appropriate ASA Physical Status assignment rather than 
propose revisions to the categories and definitions. As noted 
in the review, the initial examples were adopted in 2014 
specifically for adult patients. In 2020, examples for pedi-
atric patients and obstetric patients were added with input 
from the ASA Committees on Pediatric Anesthesia and on 
Obstetric Anesthesia.

Competing Interests

The authors are all members of the American Society 
of Anesthesiologists (ASA) Committee on Economics 
(Schaumburg, Illinois). S. Merrick is the ASA staff member 
on the committee.

Amr E. Abouleish, M.D., M.B.A., Jonathan Gal, M.D., M.B.A., 
M.S., Christopher Troianos, M.D., Sharon Merrick, M.S., 

Neal Cohen, M.D., M.P.H., M.S., Stanley Stead, M.D., M.B.A. 
University of Texas Medical Branch, Galveston, Texas (A.E.A.). 

aaboulei@utmb.edu

DOI: 10.1097/ALN.0000000000004145

References

 1. Horvath B, Kloesel B, Todd MM, Cole DJ, Prielipp 
RC: The evolution, current value, and future of the 
American Society of Anesthesiologists Physical 
Status Classification System. Anesthesiology 2021; 
135:904–19

 2. Hurwitz EE, Simon M, Vinta SR, Zehm CF, Shabot 
SM, Minhajuddin A, Abouleish AE: Adding examples 
to the ASA-Physical Status classification improves cor-
rect assignment to patients. Anesthesiology 2017; 
126:614–22

 3. Abouleish AE, Vinta SR, Shabot SM, Patel NV, 
Hurwitz EE, Krishnamurthy P, Simon M: Improving 
communication between pre-anesthesia screening 
and day of anesthesia evaluations by increasing agree-
ment of ASA Physical Status Class with addition of 

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024

mailto:aaboulei@utmb.edu


CORRESPONDENCE

Correspondence anesthesiology 2022; 136:864–70 865

Review of the ASA Physical 
Status Classification: 
Comment

To the Editor:

We read with interest the review of the American Society 
of Anesthesiologists (ASA; Schaumburg, Illinois) 

Physical Status Classification System by Horvath et al.1 The 
authors provided an overview of the ASA Physical Status sys-
tem; however, one use of the ASA Physical Status system is not 
mentioned that we believe warrants attention due to its impact 
on hospital finances and quality ratings.

The ASA Physical Status score is a key variable in math-
ematical models used by the Centers for Disease Control 
and Prevention (Atlanta, Georgia) National Healthcare 
Safety Network to risk-adjust surgical site infection rates at 
U.S. acute care hospitals.2 For each hospital, a standardized 
infection ratio is calculated for colon surgery and abdom-
inal hysterectomy. The standardized infection ratio is cal-
culated by dividing the observed number of infections for 
each procedure by the expected number of infections. A 
standardized infection ratio greater than 1 indicates better 
than expected performance, whereas a standardized infec-
tion ratio less than 1 indicates worse than expected per-
formance. The probability of infection for each patient is 
calculated using logistic regression equations that incorpo-
rate patient, procedural, and facility factors that have been 
found to predict surgical site infection incidence (table 1). 
The total number of expected infections is equal to the sum 
of the probabilities for all patients over a given period.2 The 
ASA Physical Status score is the only variable that is sub-
jective and therefore prone to misclassification. Systematic 
underreporting of ASA Physical Status will adversely impact 

institutional-specific and ASA-approved examples. 
Perioper Med 2020; 9:34

 4. American Medical Association: CPT® 2021 Professional 
Edition. Chicago, American Medical Association, 2021

 5. American Medical Association: Lifecycle of a code: 
How the CPT and RUC process works. Available 
at: https://www.ama-assn.org/about/cpt-editori-
al-panel/lifecycle-code-how-cpt-and-ruc-process-
works. Accessed September 14, 2021.

(Accepted for publication January 14, 2022. Published online first on 
February 7, 2022.)

CORRESPONDENCE

Table 1. Centers for Disease Control and Prevention National 
Healthcare Safety Network Surgical Site Infection Logistic 
Regression Equations2

Variable Coefficient Variable Coding Odds Ratio

abdominal hysterectomy surgical site infection (30-day model)
 Intercept –5.1801   
 Diabetes 0.3247 yes = 1 1.38

 No = 0  
 aSa score 0.4414 1 = 1 1.55

 2 = 2  
 3 = 3  
 4/5 = 4  

 Body mass index 0.1106 ≥ 30 = 1 1.12
 < 30 = 0  

 age –0.1501 Patient age ÷ 10 0.86
 Oncology hospital 0.5474 Oncology hospital = 1 1.73

 Nononcology hospital = 0  
Colon surgery (30-day model)
 Intercept –3.6601   
 Diabetes 0.0821 yes = 1 1.09

 No = 0  
 aSa score 0.3028 1 = 1 1.35

 2 = 2  
 3/4/5 = 3  

 Body mass index 0.1249 ≥ 30 = 1 1.13
 < 30 = 0  

 age –0.1396 Patient age ÷ 10 0.87
 Sex 0.1036 Male = 1 1.11

 Female = 0  
 Closure technique 0.2383 Primary = 0 1.27

 Other = 1  
 Oncology hospital 0.5437 Oncology hospital = 1 1.72

 Nononcology hospital = 0  

Odds ratios calculated by authors. 
aSa, american Society of anesthesiologists.

a hospital’s risk-adjusted surgical site infection performance, 
whereas overreporting (up-coding) will artificially improve 
a hospital’s performance.

The surgical site infection standardized infection ratio is 
an important quality metric with both financial and reputa-
tional implications for hospitals. It is one of six quality mea-
sures evaluated by the Centers for Medicare & Medicaid 
Services (Baltimore, Maryland) for the Healthcare Acquired 
Conditions Reduction Program, through which the bot-
tom 25% of hospitals are penalized 1% of their Medicare 
inpatient revenue.3 Surgical site infection rates also consti-
tute two of the six measures in the safety domain of the 
Centers for Medicare & Medicaid Services Hospital Value-
Based Purchasing Program, which places another 2% of 
Medicare revenue at risk and provides bonuses to high- 
performing hospitals.4 Moreover, surgical site infection per-
formance is reported by the Leapfrog Group (Washington, 
D.C.),5 displayed on the Centers for Medicare & Medicaid 
Services Care Compare website,6 and incorporated into 
calculations for Centers for Medicare & Medicaid Services 
Overall Hospital Quality Star Ratings.7 Each of these pro-
grams uses the Centers for Disease Control and Prevention 
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Healthcare Safety Network Surgical Site Infection Logistic 
Regression Equations2

Variable Coefficient Variable Coding Odds Ratio

Abdominal hysterectomy surgical site infection (30-day model)
 Intercept –5.1801   
 Diabetes 0.3247 Yes = 1 1.38

 No = 0  
 ASA score 0.4414 1 = 1 1.55

 2 = 2  
 3 = 3  
 4/5 = 4  

 Body mass index 0.1106 ≥ 30 = 1 1.12
 < 30 = 0  

 Age –0.1501 Patient age ÷ 10 0.86
 Oncology hospital 0.5474 Oncology hospital = 1 1.73
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Colon surgery (30-day model)
 Intercept –3.6601   
 Diabetes 0.0821 Yes = 1 1.09

 No = 0  
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 3/4/5 = 3  

 Body mass index 0.1249 ≥ 30 = 1 1.13
 < 30 = 0  

 Age –0.1396 Patient age ÷ 10 0.87
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 Closure technique 0.2383 Primary = 0 1.27

 Other = 1  
 Oncology hospital 0.5437 Oncology hospital = 1 1.72
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Odds ratios calculated by authors. 
ASA, American Society of Anesthesiologists.

a hospital’s risk-adjusted surgical site infection performance, 
whereas overreporting (up-coding) will artificially improve 
a hospital’s performance.

The surgical site infection standardized infection ratio is 
an important quality metric with both financial and reputa-
tional implications for hospitals. It is one of six quality mea-
sures evaluated by the Centers for Medicare & Medicaid 
Services (Baltimore, Maryland) for the Healthcare Acquired 
Conditions Reduction Program, through which the bot-
tom 25% of hospitals are penalized 1% of their Medicare 
inpatient revenue.3 Surgical site infection rates also consti-
tute two of the six measures in the safety domain of the 
Centers for Medicare & Medicaid Services Hospital Value-
Based Purchasing Program, which places another 2% of 
Medicare revenue at risk and provides bonuses to high- 
performing hospitals.4 Moreover, surgical site infection per-
formance is reported by the Leapfrog Group (Washington, 
D.C.),5 displayed on the Centers for Medicare & Medicaid 
Services Care Compare website,6 and incorporated into 
calculations for Centers for Medicare & Medicaid Services 
Overall Hospital Quality Star Ratings.7 Each of these pro-
grams uses the Centers for Disease Control and Prevention 
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National Healthcare Safety Network standardized infection 
ratios for colon surgery and abdominal hysterectomy; thus, 
ASA Physical Status misclassification by anesthesiologists 
will impact hospital performance across these programs.
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Review of the ASA Physical 
Status Classification: Reply

In Reply:

We sincerely thank Abouleish et al.1 and Flynn et al.2 for 
their interest in and comments on our review article.3 

Whereas our manuscript emphasized the virtually univer-
sal, multidisciplinary application of the American Society of 
Anesthesiologists (ASA; Schaumburg, Illinois) Physical Status 
Classification System to patient care and research, Abouleish 
et al. and Flynn et al. highlight the fact that it is also used for 
purposes that go far beyond the original intent of its devel-
opers. Indeed, we agree with the thoughtful insights of both 
letters noting the considerable economic implications of the 
ASA Physical Status Classification System to both clinicians 
and medical facilities.

The authors1,2 provide vivid illustrations with specific 
examples of the potential financial impact of misclassifica-
tion of ASA Physical Status—perhaps far greater than we 
suggested in our original review.3 Although economics was 
not the primary focus of our article, the financial impact 
of the ASA Physical Status system is real, and any future 
changes to the classification system involve a complex set 
of stakeholders (ASA members and leadership, Centers for 
Medicare & Medicaid Services [Baltimore, Maryland], the 
Current Procedural Terminology, which is a product of the 
American Medical Association [Chicago, Illinois], and the 
AMA Relative Value Unit Update Committee). As noted 
by Flynn et al.,2 “The ASA Physical Status score is a key 
variable in mathematical models used by the Centers for 
Disease Control and Prevention [Atlanta, Georgia] National 
Healthcare Safety Network to risk-adjust surgical site infec-
tion rates at U.S. acute care hospitals.” Because it is considered 
a “key variable” in models with profound impact on both 
quality assessment and billing, we believe that minimizing the 
variability behind this key variable should be a high priority.
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Thus, the best route to appropriate and fair compensa-
tion for services for both clinicians and medical facilities is to 
embrace education and adopt future processes (e.g., technology 
assist3) that optimize the accuracy and reproducibility of the 
ASA Physical Status classification by all providers, and efforts 
to optimize interrater reliability should continue or even be 
enhanced by the ASA and other leading organizations.

However, given the long-term design and intent of the 
ASA Physical Status system, it is not clear that any changes 
to this system that aim to directly impact economics—as dis-
tinct from the society’s 80-yr-long (and continuing) efforts to 
improve accuracy and reproducibility and provide a valuable 
tool for its clinicians—are desirable. We should make changes 
based on a need for clinical improvement and let the eco-
nomic process evolve in parallel. That effort is best led by the 
ASA with other key stakeholders as we consider any future 
refinements to our classic ASA Physical Status system.
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Vasopressor Effects on 
Cerebral Microcirculation: 
Comment

To the Editor:

We read with great interest the study by Koch et al.,1 
which concluded that “ephedrine results in better brain 

microcirculation and oxygen delivery than phenylephrine” and 
raised “concerns regarding phenylephrine for blood pressure 
augmentation in patients with cerebral pathology.” The results 
of this prospective, randomized trial are similar to those of a 
network meta-analysis2 of 399 patients from nine randomized 
trials comparing various inotropes/vasopressors used to treat 
intraoperative hypotension in patients mostly without cerebral 
pathology. That analysis found that dopamine, ephedrine, and 
norepinephrine had the lowest probability of adversely affect-
ing cerebral oxygen saturation as measured by cerebral oximetry 
and that phenylephrine, compared with the other inotropes/
vasopressors, decreased cerebral oxygen saturation. Koch et al.’s 
findings on the deterioration of microcirculation after phen-
ylephrine administration on the side of the brain not affected 
by brain pathology highlight the importance of considering 
the cerebrovascular effect of vasopressors in every patient, not 
only the ones with cerebral pathologies. Phenylephrine is very 
effective in restoring systemic blood pressure to normal values. 
Clinicians tend to favor what has been described by Thiele et al.3 
as the “tangible bias,” which is our tendency to fix what we can 
see and understand, that is, systemic blood pressure, over what 
we cannot: macro- and microscopic cerebral perfusion. Koch et 
al.’s results should prompt clinicians to choose the appropriate 
vasopressor to maintain optimal cerebral microcirculation.
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Vasopressor Effects on 
Cerebral Microcirculation: 
Reply

In Reply:

We thank Bombardieri and Tsui1 for their excellent 
comments and interest in our study.2 We agree with 

Bombardieri and Tsui that the deterioration of  microperfusion 
and possibly tissue oxygenation after phenylephrine 
 administration in the “healthy” brain hemisphere2 indicates 
that different vasopressors may also have a different influence 
on microperfusion and tissue oxygenation in the healthy anes-
thetized brain and should be further explored.3 In our opinion, 
future studies on the effects of different vasopressors on the 
cerebral macro- and microcirculation should be  considered in 
the context of their different effects on the systemic  circulation 
to provide a fully integrated picture of their influence on 
organ perfusion and oxygenation.4 Due to current  difficulties 
in monitoring brain microcirculation and cerebral tissue 
oxygenation, we tend to rely on systemic parameters such 
as heart rate and blood pressure when treating patients with  
inotropes/vasopressors. However, a recent publication sug-
gests that brain tissue oxygen saturation, as measured by  
near-infrared spectroscopy, may reflect cerebral  metabolic 
 supply–demand balance during vasopressor therapy.4 
Although the use of near-infrared spectroscopy is associated 
with  limitations, such as extracranial signal contamination, it 
may  currently be the only way to provide a continuous indi-
cium of brain microperfusion and tissue oxygenation.
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The U.S. Food and Drug Administration (Silver Spring, 
Maryland) is requiring safety labeling changes to the 
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prescribing information for hydroxyethyl starch products 
to warn about the risk of mortality, acute kidney injury 
(AKI), and coagulopathy in all patient populations. The 
changes contraindicate use of hydroxyethyl starch products 
for treatment of hypovolemia unless adequate alternative 
treatment is unavailable and update the Boxed Warning, 
Indications and Usage, Warnings and Precautions, and 
Adverse Reactions sections of the prescribing information 
to reflect new safety information (note: the indication for 
leukocytapheresis using Hespan [B. Braun Medical, Inc., 
USA] remains unchanged).

The Food and Drug Administration first mandated a 
safety labeling change for hydroxyethyl starch products in 
2013. Changes made at that time included the addition of 
a Boxed Warning to the prescribing information and con-
traindications to their use in critically ill patients, including 
patients with sepsis. This action was prompted by publica-
tion of clinical studies, including randomized controlled 
trials, which showed that infusion of hydroxyethyl starch 
products increased mortality, AKI, and coagulopathy in the 
intensive care unit population. An increasing number of 
studies published subsequently have shown a similar safety 
risk profile in the surgery and blunt trauma populations.

In early 2017, the Food and Drug Administration 
received a citizen petition from the watchdog organiza-
tion Public Citizen (Washington, D.C.) requesting that 
hydroxyethyl starch products be removed from the market. 
Public Citizen argued that all patient populations were at 
risk from hydroxyethyl starch products and that safer alter-
native resuscitation fluids were widely available.

The Food and Drug Administration assembled an inter-
nal, multidisciplinary review team to evaluate the available 
scientific literature, with special attention directed at clinical 
studies performed in surgery and trauma patients published 
after 2012. Prespecified clinical and statistical criteria were 
used to assess whether each study was “informative” or “less 
informative” for the purposes of addressing this issue.

A statistical threshold of P < 0.05, usually reserved for 
evaluating efficacy, was prespecified to define hydroxyethyl 
starch safety signals (i.e., an adverse event possibly or defi-
nitely related to product administration). “Informative” 
studies were defined as those that (1) found a statistically 
significant (lower bound of the 95% CI ≥ 1.0) change in the 
relative risk of one or more clinical safety signals associated 
with hydroxyethyl starch products—death, AKI including 
need for renal replacement therapy, and coagulopathy; and 
(2) did not have major methodologic limitations. “Less 
informative” studies were defined as those that either (1) 
failed to find a statistically significant change in the inci-
dence of one or more clinical safety signals described 
above or (2) were determined to have major methodologic 
limitations.

Failure to achieve statistical significance for an 
hydroxyethyl starch–associated safety signal was often due 

to weaknesses in study design or execution. These included 
a study size too small to detect a safety signal had one been 
present (i.e., inadequate power); inappropriately low con-
trol event rates; limited exposure to the product; presence 
of heterogeneity (I2) that could confound the analysis (e.g., 
data from elective surgery and critically ill surgery patients 
enrolled in the same study without a prespecified subgroup 
analysis); a comparator whose safety profile overlapped with 
that of the hydroxyethyl starch product under review (e.g., a 
different hydroxyethyl starch product); changes in compara-
tor/adjunctive therapy once the study already had begun; an 
incomplete description of the randomization and allocation 
concealment procedure, where applicable; and short dura-
tion of follow-up (typically 7 to 10 days). Less informative 
studies did not permit the Food and Drug Administration 
to draw any conclusions about product safety.

Of 37 post-2012 studies identified by the Food and 
Drug Administration review team, 10 were classified as 
informative. Results of these studies provided the basis for 
requiring the labeling changes.

1. In a meta-analysis of 15 randomized controlled tri-
als and 6 observational studies in patients undergoing 
elective surgery, hydroxyethyl starch was associated with 
increased risk of mortality and AKI. The study popula-
tions included both noncardiac surgery (hepatic, renal 
transplant, vascular, thoracic, gastrointestinal) and cardiac 
surgery in association with cardiopulmonary bypass.1–7

2. In two observational trauma studies, hydroxyethyl starch 
was associated with increased mortality and AKI in 
patients with blunt8,9 (but not penetrating) trauma.

3. In a randomized controlled trial and an observational study 
among patients undergoing elective surgery, hydroxyethyl 
starch was associated with excess bleeding.5,10

In many cases, demonstration of a dose–response and/
or temporal relationship between exposure to hydroxyethyl 
starch and excess risk provided additional support for imple-
menting the labeling changes, which, along with additional 
information about the studies, were posted online at https://
www.fda.gov/vaccines-blood-biologics/safety-availabil-
ity-biologics/labeling-changes-mortality-kidney-inju-
ry-and-excess-bleeding-hydroxyethyl-starch-products on 
July 7, 2021.
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Smith’s Anesthesia for Infants and Children, 10th Edition 
Edited by Peter J. Davis, M.D., and Franklyn P. Cladis, M.D., F.A.A.P. Philadelphia, Elsevier, 2022. Pages: 1,561. ISBN-13: 978-0323698252. 
Price: $259.99 (Hardcover with accompanying eBook; Elsevier); $215.99 (Hardcover with accompanying eBook; Amazon); $207.99 (eBook 
only; Elsevier).

Smith’s Anesthesia for Infants and Children is regarded by 
many as one of the classic textbooks of pediatric anes-

thesia. Dr. Robert M. Smith, a distinguished clinician and 
scholar and former Chief of Anesthesia at the Children’s 
Hospital in Boston, wrote the first edition of the book in 
1959. From a modest 400-page text, the 10th edition of 
this classic has grown into a 1,500-page multiplatform ref-
erence with 156 contributors. Lead editors Peter J. Davis 
and Franklyn P. Cladis have done remarkable work in pre-
serving Dr. Smith’s vision. This edition is truly an homage 
to his legacy.

In this age of instant information, the role of traditional 
textbooks is often contested. However, reference texts can 
remain eminent and relevant if they continuously inno-
vate to changing technology and learning styles. The new 
10th edition of Smith’s Anesthesia for Infants and Children is 
timely, up-to-date, and ingenious, coming just 4 yr after 
the last edition. An enhanced eBook version is included 
with the purchase of the hardcover. The eBook can also be 
purchased without the printed version through the Elsevier 
Expert Consult Inkling Platform.

The 10th edition carries over the basic structure from 
the previous edition. Content is better organized than ever 
before and divided into eight main parts. Pain management 
gets its own well-deserved updated section. The chapter on 
regional anesthesia has been expanded with new graphics. 
The last section of the book brings together special topics 
like medical ethics and patient safety. The section on the 
history of pediatric anesthesia is enlightening and gratifying.

The book adopts a conventional and instructive 
approach to presenting information. The first two parts are 
dedicated exclusively to comparative anatomy and physiol-
ogy, behavioral development, fluid management, and clin-
ical pharmacology. The material presented is detailed and 
refined. Basic science topics can come across as dull and 
unexciting to read, but I don’t see them as redundant. The 
authors have made an earnest effort to highlight differences 
vis-à-vis adults based on available evidence. The chapter on 
thermoregulation is both concise and relatable to clinical 
practice. Similarly, the chapter on behavioral development 
includes a plethora of graphics and photos highlighting 
growth and developmental metrics. It was refreshing to see 
updated chapters on inhalation anesthetics, opioids, and 
muscle relaxants. Commentary on newer drugs like sugam-
madex is adequate and clinically pertinent.

Airway management is a fundamental aspect of anesthe-
sia. A dedicated chapter on normal and difficult pediatric 
airway management is a welcome addition. Clinical aspects 
of normal airway management were conspicuous by their 
absence in previous editions. The information was dispersed 
across various sections of the book and not easy to collate. 
The new chapter is well written and covers the most essen-
tial elements. Video laryngoscopy gets its due place under 
management techniques.

Contemporary practice of pediatric anesthesia demands 
in-depth knowledge of neonatal medicine and pediatric 
critical care. Pediatric anesthesiologists routinely find them-
selves tasked with providing anesthetic care to smaller and 
younger neonates. The editors appreciate this knowledge 
gap and have rightfully dedicated almost 100 pages of this 
textbook to comprehensive understanding of neonatology 
for anesthesiologists. One of the positive changes I noticed 
in this edition is an attempt to incorporate topics that 
would generally have fallen under the domain of general 
pediatric medicine.

Parts V, VI, and VII of this textbook are dedicated to 
clinical management. Chapters in Part V are organized 
by surgical subspecialities, whereas Part VI is organized 
by organ systems and associated disorders. Part VII is 
dedicated to pediatric critical care for anesthesiologists. 
Pediatric cardiopulmonary resuscitation gets a compre-
hensive review. Pediatric anesthesiologists practicing 
in North America will relate quite easily to anesthetic 
management techniques and pearls described in Parts V, 
VI, and VII. I could find information on most pediatric 
surgical case scenarios likely to be encountered in pri-
mary and tertiary pediatric anesthesia practice. Most nar-
ratives are very detailed, giving useful practical guidance. 
As an example, the section on adenotonsillectomy and 
obstructive sleep apnea is impressive. In the same chap-
ter, however, anesthetic management of choanal atresia 
is brief and may not provide sufficient instruction to a 
novice practitioner. Color information boxes summariz-
ing perioperative management are informative. Perhaps 
practical perioperative management guidance standard-
ized along the lines found in Anesthesiologist’s Manual 
of Surgical Procedures (6th edition, edited by Jaffe R.A., 
Schmiesing C.A., Golianu B., Wolters Kluwer, 2020) can 
be considered in future editions. Having said that, refer-
ence textbooks such as Smith’s are not intended to be 
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a substitute for supervised hands-on clinical experience 
and mentoring.

The accompanying eBook version is available on the 
Elsevier Inkling multimedia platform. It is quite intuitive and 
easy to navigate. The interface is clean, simple, and visually 
appealing. Mobile and tablet versions of the app are avail-
able to download on iOS and Android platforms. The online 
accompanying video library is extensive, covering a wide 
range of topics. A sizeable percentage is dedicated to ultra-
sound-guided regional anesthesia techniques and congenital 
heart disease. It was illuminating to see new content added 
on practical aspects of pediatric anesthesia such as videos 
on airway management, sleep endoscopy, single-lung venti-
lation techniques, and video laryngoscopy. Like the previous 
edition, the eBook includes updated multiple-choice ques-
tions with answers and explanations. References used in the 
text are only available in the online version.

Like any other reference textbook, some chapters are 
better written than others. With more than 150 contribut-
ing authors, this is quite inevitable. Nonetheless, I feel that 
the 10th edition of this modern classic is a definitive step up 
from the previous edition. The text covers the subject matter 

in extraordinary depth and scale. Existing content has been 
logically reorganized and thoroughly revised. New chapters 
reflect new advances and improve on the deficiencies of past 
editions. The addition of new color graphics and imagery 
enhances the overall readability and presentation of the book. 
The lead authors show mature understanding of changing 
times, learning styles, and technology. The book will appeal 
to all categories of learners. For the advanced practitioner, 
the 10th edition of Smith’s Anesthesia for Infants and Children 
provides a solid repository of up-to-date peer-reviewed sub-
ject matter, whereas the budding pediatric anesthesiologist 
will find this an invaluable and dependable reference cover-
ing all aspects of perioperative pediatric anesthesia practice.

Aman Kalra, M.D., Tufts Medical Center, Boston, 
Massachusetts. akalra1@tuftsmedicalcenter.org
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Pregnancy and Labor Epidural Effects on Gastric Emptying: A Prospective Comparative Study: Erratum

The gastric emptying rate referenced throughout the article is not a true “rate,” but is rather a fraction. Accordingly, gastric 
emptying “rate” has been changed to gastric emptying “fraction” throughout the article.

The authors regret this error. The online version and PDF of the article have been corrected.

DOI: 10.1097/ALN.0000000000004190

Reference

Bouvet L, Schulz T, Piana F, Desgranges F-P, Chassard D: Pregnancy and labor epidural effects on gastric emptying: A prospective comparative study. Anesthesiology 2022; 
136:542–50 

10.1097/ALN.0000000000004190

Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.<zdoi;DOI: 10.1097/ALN.0000000000004190>

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024



Be recognized as the leader you are!

Apply for the Fellow of the American Society of Anesthesiologists® (FASA®) 
designation and demonstrate your influence in areas of professionalism, 
leadership, advocacy, education, and scholarly activities.

19-089

Stand out from the crowd 
asahq.org/fasa

Mark your calendar now and  
submit your work for one of  
the following opportunities:

February 7–May 23:
Medically Challenging Cases/ 
Quality Improvement Projects

Submit your work at  
asahq.org/AnnualMeetingSubmissions

ANES22 Submissions Ad.indd   1ANES22 Submissions Ad.indd   1 2/15/22   1:28 PM2/15/22   1:28 PM

D
ow

nloaded from
 /anesthesiology/issue/136/5 by guest on 25 April 2024


	00a_ALNV136N5_SPINE.pdf
	00c_ALNV136N5_Cover.pdf
	00c_ALNV136N5_TMA.pdf
	00d_ALNV136N5_Online TOC.pdf
	00e_ALNV136N5_EDB.pdf
	00f_ALNV136N5_CME.pdf
	00g_ALNV136N5_SMA.pdf
	00h_ALNV136N5_INFOGRS.pdf
	00ha_ALN_V136N5_A18_A18.pdf
	01_ALN-D-22-00091.pdf
	02_ALN-D-22-00075.pdf
	03_ALN-D-22-00206.pdf
	04_ALN-D-22-00132.pdf
	05_ALN-D-21-01032.pdf
	06_ALN-D-21-00382.pdf
	07_ALN-D-21-01166.pdf
	08_ALN-D-21-00695.pdf
	09_ALN-D-21-00766.pdf
	09_ALN-D-21-00766_pg732-748.pdf
	09_ALN-D-21-00766_pg748-748.pdf
	10_ALN-D-21-00982_pg749-762.pdf
	10_ALN-D-21-00982_pg762-762.pdf
	11_ALN-D-21-00720.pdf
	12_ALN-D-21-00836.pdf
	13_ALN-D-21-00917.pdf
	14_ALN-D-21-01158.pdf
	15_ALN-D-21-01640_pg823-826.pdf
	15_ALN-D-21-01640_pg826-826.pdf
	16_ALN-D-21-01630.pdf
	17_ALN-D-21-01182.pdf
	18_ALN-D-21-00801.pdf
	19_ALN-D-21-00879.pdf
	20_ALN-D-21-01203.pdf
	21_ALN-D-21-01254_pg864-865.pdf
	21_ALN-D-21-01254_pg865-866.pdf
	21_ALN-D-21-01254_pg866-867.pdf
	21_ALN-D-21-01254_pg867-868.pdf
	21_ALN-D-21-01254_pg868-868.pdf
	21_ALN-D-21-01254_pg868-870.pdf
	27_ALN-D-22-00079.pdf
	28_ALN-D-22-00216.pdf
	28a_ALN_V136N5_BF874_BF874.pdf

