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ASA Practice Guidelines for
Preoperative Fasting
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These practice guidelines are a
modular update of the “Practice
guidelines for preoperative fasting
and the use of pharmacologic agents
to reduce the risk of pulmonary
aspiration: Application to healthy
patients undergoing elective
procedures.” The guidance focuses
on topics not addressed in the
previous guideline: ingestion of
carbohydrate-containing clear liquids
with or without protein, chewing gum,
and pediatric fasting duration.
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ASA Practice Guidelines for
Monitoring and Antagonism
of Neuromuscular Blockade

AN SYIg=i[0]Ne]e)4 This practice guideline provides

2023 "= evidence-based recommendations
on the management of
neuromuscular monitoring and
antagonism of neuromuscular
blocking agents during and after
general anesthesia. The guidance
focuses primarily on type and site
of monitoring and the process
of antagonizing neuromuscular
blockade to reduce residual

neuromuscular blockade.

Preoperative B-Blocker
Therapy and Stroke
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ANESTHESIOLOGY *

274 Performance of Noninvasive Airway Occlusion Maneuvers to Assess
Lung Stress and Diaphragm Effort in Mechanically Ventilated Critically
lll Patients

Monitoring and controlling lung stress and diaphragm effort has been hypothesized to limit lung and diaphragm injury in mechani-
cally ventilated critically ill patients. The reference methods to assess lung stress and diaphragm effort are esophageal and gastric
manometry to calculate the transpulmonary pressure and transdiaphragmatic pressure. The hypothesis that occluded inspiratory
airway pressure (Pocc) and drop in airway pressure in the first 100 ms of an occluded inspiration (P0.1) correlate with lung stress
and diaphragm effort and that both parameters would perform well in identifying patients with extremes of lung stress and dia-
phragm effort was tested in a secondary analysis of data from two clinical trials, a 39-patient primary cohort and a 13-patient validation cohort. Although Pocc
and PO.1 could not be used to calculate the exact values of diaphragm effort and lung stress in the preceding hour in mechanically ventilated critically ill patients,
they had good to excellent diagnostic performance in identifying extremes of lung stress and diaphragm effort, with Pocc outperforming P0.1 in detecting patients
with high diaphragm effort. See the accompanying Editorial on page 235. (Summary: M. J. Avram. Image: A. Johnson, Vivo Visuals Studio.)

289 Mechanical Power Ratio and Respiratory Treatment Escalation in
COVID-19 Pneumonia: A Secondary Analysis of a Prospectively
Enrolled Cohort

Tidal volume, minute ventilation, and esophageal pressure measurements help inform diagnosis of patients with acute respiratory
failure and monitor their response to therapeutic intervention. Mechanical power quantifies the amount of energy transferred to the
respiratory system during mechanical ventilation, and the mechanical power ratio is the ratio between it and the expected baseline
mechanical power. The hypothesis that the mechanical power ratio can identify spontaneously breathing patients with higher risk of
respiratory failure was tested in a secondary analysis of data from patients with COVID-19 pneumonia. Forty-seven patients were
supported with continuous positive airway pressure until transfer to the ward, and 64 underwent treatment escalation to noninvasive or invasive mechanical ven-
tilation. Although the tidal volume was similar in both groups, patients undergoing treatment escalation had higher respiratory rate, minute ventilation, tidal pleural
pressure, and mechanical power and lower arterial oxygen tension/fractional inspired oxygen tension. Mechanical power, mechanical power ratio, and pressure-rate
index were variables most strongly associated with the need for respiratory treatment escalation. See the accompanying Editorial on page 238. (Summary: M. J.
Avram. Image: Generated by the author (of the accompanying Editorial) using DALL o 2 natural language to image generation Al system.)

299 Predicting Intensive Care Delirium with Machine Learning: Model
Development and External Validation

The hypothesis that variables routinely acquired during intensive care would be associated with the probability of delirium onset
was tested by developing and validating two models for the prediction of delirium in the intensive care unit (ICU): an early prediction
model to identify delirium onset at any time during intensive care using data available early in the ICU stay and a dynamic model
to predict the onset of delirium 0 to 12h in the future. The prediction models were trained and tested using a large multicenter
database and externally validated on two large single-center databases. The early prediction model performed better than the
modified reference model and calibrated well in a contemporary dataset. The dynamic model had higher discrimination than the reference model and similar or
better discrimination compared to published models. Both models generally validated well on the external datasets. Features involving Glasgow Coma Scores,
Richmond Agitation Sedation Scale, age, mechanical ventilation, and overall acuity were important in prediction. Length of ICU stay before delirium onset and time
of day were important predictors for the dynamic model. (Summary: M. J. Avram. Image: Adobe Stock.)
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241 Comparison of Contralateral Acceleromyography and
Electromyography for Posttetanic Count Measurement

Deep neuromuscular blockade during anesthesia for laparoscopic or robotic surgeries may offer several advantages in terms of patient
outcomes and physician surgical experience. Posttetanic count can be used to identify intense neuromuscular block (posttetanic count
equal to 0) and deep neuromuscular block (posttetanic count greater than or equal to 1 and train-of-four count equal to 0) and estimate the
time to recovery. The agreement of posttetanic counts monitored in contralateral arms by acceleromyography and electromyography was
determined in 36 patients given 0.6 mg/kg rocuronium after induction of anesthesia and calibration of the monitors, with additional doses of
0.3mg/kg if required. Seventy-three percent of 226 pairs of acceleromyography and electromyography posttetanic count measurements indicated the same neuromuscular
blockade status (intense or deep block). Of 184 pairs of posttetanic counts of 15 or less, 42 (23%) acceleromyography posttetanic counts were equal to electromyography
posttetanic counts, 93 (50%) were more than electromyography counts, and 49 (27%) were less than electromyography counts. (Summary: M. J. Avram. Image: J. P Rathmell,)

ANESTHESIOLOGY,V 138 e NO 3 MARCH 2023 DOI: 10.1097/ALN.0000000000004501



249 Respiratory Effects of Biased Ligand Oliceridine in Older Volunteers:
A Pharmacokinetic-Pharmacodynamic Comparison with Morphine

After p-opioid receptor activation, oliceridine selectively engages the G protein—coupled signaling pathway, which is associated
with analgesia, and has reduced engagement of the [3-arrestin pathway, which is associated with adverse effects such as respi-
ratory depression. In healthy young males, oliceridine had a higher probability of providing analgesia than producing respiratory
depression over the clinically relevant concentration range, while morphine had a higher probability of producing respiratory
depression than providing analgesia. Older and somewhat obese individuals of both sexes may be more vulnerable to opioid-in-
duced respiratory depression than younger individuals. The hypothesis that oliceridine and morphine differ in their pharmaco-
dynamic behavior, measured as effect on ventilation at an extrapolated end-tidal Pco, of 55 mmHg (Y/E55), was tested in a four-arm, double-blind, randomized
crossover study of 18 male and female volunteers aged 56 to 87 yr. The effect-site oliceridine concentration causing a 50% depression of \'/E55 was 39% higher
than that of morphine. The onset and offset of the respiratory effect of oliceridine was five times faster than that of morphine. (Summary: M. J. Avram. Image:
Adobe Stock.)

264 Extended-age Out-of-sample Validation of Risk Stratification Index 3.0
Models Using Commercial All-payer Claims

The Risk Stratification Index (RSI) 3.0 is a well-validated and calibrated suite of predictive algorithms that uses diagnostic, pro-
cedural, and demographic information available at the time of admission to predict health outcomes during hospitalization and
after discharge. The RSI 3.0 models were developed and out-of-sample validated in Medicare fee-for-service patients who were
mostly at least 65 yr old. The performance of seven RSI 3.0 models developed in Medicare patients and applied to younger and
healthier 2017 Utah (55,109 admissions from 40,710 subjects) and Oregon (21,213 admissions from 16,951 subjects) state
populations were compared to those of the out-of-sample Medicare validation analysis to determine how well the RSI 3.0 models
perform when applied to out-of-sample younger and healthier adult populations. The models included in the analysis were selected to demonstrate performance
of predictors for clinically and economically meaningful outcomes spanning a broad range of incidences. Performance measures for all endpoints exceeded
prespecified minimum acceptable performance standards and were similar to or better than those obtained on the Medicare population. (Summary: M. J. Avram.
Image: Thinkstock Images.)

312 Multidisciplinary Pain Management: A Tale of Two Outcomes (Classic
Paper Revisited)

The Multidisciplinary Pain Clinic started at the University of Washington by John J. Bonica, M.D., in 1960 evolved over the years,
becoming the Pain Center in 1978. John D. Loeser, M.D., the author of this Classic Paper Revisited article, became director of
the Pain Center in 1982 where he and Wilbert Fordyce, Ph.D., designed and implemented a 3-week inpatient treatment program
for patients with chronic intractable pain, labeled “the structured program,” which became a model for chronic pain treatment not
only in the United States but also throughout the world. It has been the model for a wide network of Scandinavian pain treatment
programs that provide universal access to multidisciplinary care for acute, chronic, and cancer-related pain to this day. Although
pain programs were developed in many institutions in the United States, without government support few survived the economic health care chaos in the United
States. The Classic Paper, published in 1999 in Acta Anaesthesiologica Scandinavica, provides an analysis of developments in chronic pain management in both
the United States and the Nordic countries. (Summary: M. J. Avram. Image: J. P. Rathmell.)
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REVIEW ARTICLE 317 Advanced Point-of-care Bedside Monitoring for Acute Respiratory
edside Monttormg 1or Failure (Review Article)
Acute Respiratory Failure
@ Advanced point-of-care respiratory monitoring tools may provide insights on pathologic changes in the respiratory system pro-
(G2 ‘;L& duced by underlying disease in patients with acute respiratory failure and support clinicians in providing mechanical ventilation
B { while protecting the lungs and respiratory muscles. Such monitoring is focused on assessing lung aeration and morphology,

lung recruitment and overdistention, ventilation—perfusion distribution, inspiratory effort, respiratory drive, respiratory muscles
contraction, and patient—ventilator asynchrony. Advanced respiratory monitoring involves several noninvasive or minimally invasive
technologies, safely applicable at the bedside, to conduct an in-depth evaluation of the lung and respiratory muscles. The present review provides an updated
description of those tools, including assessment of esophageal pressure, assessment of electrical activity of the diaphragm, electrical impedance tomography,
and ultrasound of the lung and respiratory muscles. (Summary: M. J. Avram. Image: From original article.)
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You are caring for a recent lung
transplant recipient in the intensive
care unit who is intubated and on
mechanical ventilation. According
to a recent review article, which of
the following interventions is MOST
appropriate for this patient?

(A) Normalize tidal volume to 6 mL/kg
of donor predicted body weight

(B) Maintain positive end-expiratory
pressure (PEEP) above 15 H20

(C) Maintain pH below 7.25
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SCIENCE, MEDICINE, AND THE ANESTHESIOLOGIST

A N ESTH ES | O LO GY® Martin J. London, M.D., Editor

I Key Papers from the Most Recent Literature Relevant to Anesthesiologists

Intensive blood pressure control after endovascular thrombectomy for acute
ischaemic stroke (ENCHANTED2/MT): A multicentre, open-label, blinded-end-
point, randomised controlled trial. Lancet 2022; 400:1585-96. PMID: 36341753.

Best practice for systolic blood management after acute ischemic stroke managed with endovascular thrombectomy is uncertain. This
open-label, blinded-endpoint trial conducted at 44 tertiary hospitals in China randomized 821 adults (July 2020 to March 2022) with
persistently elevated systolic blood pressure (140 mmHg or higher for more than 10 min) after reperfusion with endovascular throm-
bectomy for acute ischemic stroke due to intracranial large-vessel occlusion. Treatment arms were either more (systolic blood pres-
sure target less than 120 mmHg) or less intensive treatment (target, 140 to 180 mmHg) from 1h through 72h. The primary outcome
was functional recovery using the modified Rankin scale (range O [no symptoms] to 6 [death]) at 90 days. The trial was terminated early given safety concerns (initial
target, 2,257 subjects). Subjects in the more intensive treatment group (407) were more likely to sustain poor functional outcome than those in the less intensive group
(406), common odds ratio 1.37 [95% Cl, 1.07 to 1.76]. Patients in this group also had higher risk of early neurologic deterioration (common odds ratio, 1.53 [95% Cl,
1.18101.97]) and major disability at 90 days (odds ratio, 2.07 [95% Cl, 1.47 t0 2.93]). No significant differences in symptomatic intracerebral hemorrhage were found
between groups nor in serious adverse events, recurrent ischemic events, or mortality between groups. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: This large, multicenter, randomized trial of more versus less intensive systolic blood pressure control over a 72-h period after
endovascular thrombectomy induced reperfusion for acute large-vessel occlusion ischemic stroke was terminated early due to a higher incidence of poor
functional outcomes with more intensive systolic blood pressure management.

Elective surgery system strengthening: Development, measurement, and valida-
tion of the surgical preparedness index across 1632 hospitals in 119 countries.
Lancet 2022; 400:1607-17. PMID: 36328042.

The COVID-19 pandemic has had a detrimental impact on surgery and anesthesia services, particularly with regard to back-
logs in elective surgery. To address the robustness of external stressors to surgical capability, The Lancet Commission on
Global Surgery developed and validated a novel index, the surgical preparedness index, a measure of the worldwide fragility
of planned surgical services. Initially, the index was developed through an international consensus process of 69 clinicians
defining 23 prioritized core indicators (11 facilities and consumables, 2 staffing issues, 2 prioritization abilities, 8 systems
parameters) with a score range from 23 (least prepared) to 115 (most prepared). This index was then assessed over a 2-month period in 2021 at 1,632
hospitals in 119 high-, middle-, and low-income countries (mean score for all sites was 84, and 89, 82, and 67 for high-, middle-, and low-income countries,
respectively). To assess stability to stress (e.g., COVID-19) the surgical volume before and after was calculated (surgical volume ratio). Overall, 75% of hos-
pitals did not maintain their expected ratio, with the greatest reduction occurring in high- and middle-income centers. A linear mixed-effect regression model
analysis demonstrated correlation of a 10-point increase in the index with a 4% increase in surgical volume ratio, independent of the income status. (Article
Selection: Beatrice Beck-Schimmer, M.D. Image: J. P Rathmell.)

Take home message: Based on assessment of four key domains of surgical preparedness, the newly developed surgical preparedness index can identify
important areas for improvement in surgical and anesthesia care delivery associated with disruption of expected surgical volume in the face of external stressors.

Oxygen-saturation targets for critically ill adults receiving mechanical ventila-
tion. N Engl J Med 2022; 387:1759-69. PMID: 36278971.

The optimal oxygen-saturation targets for critically ill adults requiring invasive mechanical ventilation are controversial. This
study was a pragmatic, cluster-randomized, cluster-crossover trial at a single academic center (emergency department and
medical intensive care unit) that randomized patients to a low (90%; range, 88 to 92%), intermediate (94%; range, 92 to 96%),
or high saturation target (98%; range, 96 to 100%). Saturation was assessed by pulse oximetry. Other details of management
were left to treating clinicians. Patients were enrolled over a 36-month period with exception of a 2-month pause during the
COVID-19 pandemic. The primary outcome was the number of days alive and free of mechanical ventilation (ventilator-free
days) through day 28. The secondary outcome was death by day 28. A total of 2,541 patients were analyzed (median ages, 57 to 59 yr; female, 45 to 47%;
sepsis, 28 1o 34%). There was no difference in the primary outcome between groups: low saturation (20 days; interquartile range, 0 to 25 days), intermediate
saturation (21 days; interquartile range, 0 to 25 days), and high saturation (21 days; interquartile range, 0 to 26 days); P= 0.81. Likewise, there was no dif-
ference in in-hospital death by day 28 (35% vs. 34% vs. 33%). Adverse events (cardiac arrest, arrhythmia, myocardial infarction, stroke, and pneumothorax)
were similar between groups. (Article Selection: Martin J. London, M.D. Image: J. P. Rathmell,)

Take home message: In a large, cluster-randomized, single-center trial, the use of a lower, intermediate, or higher oxygen saturation target during invasive
mechanical ventilation did not influence the number of ventilator-free days at 28 days after randomization.

DOI: 10.1097/ALN.0000000000004498 MARCH 2023 ANESTHESIOLOGY,V 138 ¢ NO3
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Key Papers from the Most Recent Literature Relevant to Anesthesiologists

Prescpon W7 Effect of regular, low-dose, extended-release morphine on chronic breath-
SR lessness in chronic obstructive pulmonary disease: The BEAMS randomized
G clinical trial. JAMA 2022; 328:2022-32. PMID: 36413230.
— Opioids are known to relieve symptoms of breathlessness; however their role in treating this symptom in patients with chronic
® obstructive pulmonary disease is uncertain. This multicenter (20 Australian centers), double-blind, placebo-controlled randomized
© clinical trial evaluated the impact of low-dose, extended-release oral morphine on chronic breathlessness in these patients with a
modified Medical Research Council score of 3 to 4 after 1 week of treatment. Subjects were randomized 1:1:1 (8mg/d, 16 mg/d,

or placebo during week 1). At weeks 2 and 3, an additional 8 mg/d was added to the prior week’s dose. The primary outcome
was the change in the intensity of breathlessness using a numerical rating scale (0 [none] to 10 [worst or most intense]) comparing the mean baseline score to
the mean score after week 1 of treatment versus the placebo group. Daily step count by actigraphy device was assessed at week 3. A total of 156 subjects were
analyzed (median age, 72 yr; 48% female); 138 (88%) completed treatment at week 1. There was no significant difference in the primary outcome at week 1
between groups: 8 mg morphine versus placebo (mean breathlessness score difference, —0.3 [95% Cl, —0.9 to 0.4]); 16 mg morphine versus placebo (mean
difference, —0.3 [95% Cl, —1.0t0 0.4]). No difference was noted in the daily step count assessment. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: In a randomized trial of ambulatory chronic obstructive lung disease patients with chronic severe breathlessness, low-dose,
extended-release morphine at two doses did not significantly reduce intensity of breathlessness after 1 week of treatment.

Early active mobilization during mechanical ventilation in the ICU. N Engl J
Med 2022; 387:1747-58. PMID: 36286256.

Early active mobilization of intensive care unit (ICU) patients requiring mechanical ventilation is postulated to enhance
outcome. This international multicenter trial (49 hospitals, six countries) randomized 750 adult ICU patients undergoing
mechanical ventilation to early mobilization (sedation minimization and daily physiotherapy) or usual care. The primary
outcome was the number of days alive and out of the hospital at 180 days after randomization. Key secondary outcomes
included mortality (180 days) and patient-reported outcome measures. The study cohorts were similar (mean age, 61 vs.
60 yr; female, 35% vs. 40%; unplanned admission, 82% vs. 84%; sepsis, 66% vs. 66%). The mean + SD daily duration of
mobilization was 21 +15min versus 9+ 9min; intervention versus usual care (difference, 12 min/day; 95% Cl, 10 to 14). There was no difference in the
primary outcome between groups: median, 143 days (interquartile range, 21 to 161 days) vs. 145 days (interquartile range, 51 to 164 days); absolute
difference, —2 days; 95% Cl, —10 to 6 days; P = 0.62. Among secondary outcomes, neither death by day 180 (23% vs. 20%, odds ratio, 1.15; 95% Cl,
0.81 to 1.65) nor patient-reported outcomes among survivors were different. Adverse events potentially due to mobilization were higher in reported in the
early-mobilization group, 9% vs. 4% (P = 0.005). (Article Selection: Martin J. London, M.D. Image: J. P Rathmell.)

Take home message: This international multicenter trial failed to detect an advantage to early mobilization in patients requiring mechanical ventilation on the
number of days patients were alive and out of the hospital at 180 days relative to usual care. The intervention was associated with an increase in adverse events.

Electroacupuncture vs sham electroacupuncture in the treatment of postop-
erative ileus after laparoscopic surgery for colorectal cancer: A multicenter,
randomized clinical trial. JAMA Surg 2023; 158:20-7. PMID: 36322060.

Despite widespread adoption of enhanced recovery after surgery protocols, postoperative ileus remains a problem with
regard to adequate recovery after colorectal resection. The role of electroacupuncture in reducing ileus has not been
studied. This multicenter (four Chinese tertiary centers) sham-controlled trial randomized adults undergoing primary lapa-
roscopic resection of colorectal cancer with an enhanced recovery after surgery protocol to four sessions (30 min/day for 4
days after surgery) of electroacupuncture (five acupoints) or sham (four non-acupoints, no electrical stimulation). The pri-
mary outcome was the time to first defecation. Secondary outcomes included other patient-reported outcome measures, length of postoperative hospital
stay, readmission rate within 30 days, and incidence of postoperative complications and adverse events. A total of 248 patients (mean age, 60 yr; 62%
male) were analyzed. The primary outcome was significantly shorter in the treatment group (median [interquartile range] times to defecation 76 h [68 to
97h) vs. 90h [74 to 100 h]; mean difference, —8.8; 95% ClI, —15.8 to —1.7; P = 0.003). Of the secondary outcomes, time to first flatus, tolerability of
semiliquid diet, and solid food were significantly less as was prolonged ileus (risk ratio, 0.51; 95% Cl, 0.27 to 0.95; P=0.03). Other secondary outcomes
were not different. There were no severe adverse events. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)

Take home message: In a multicenter trial of Chinese patients undergoing laparoscopic colon resection using enhanced recovery after surgery proto-
cols, those receiving electroacupuncture for 4 days postoperatively had significantly shorter time to first defecation versus a sham procedure.

ANESTHESIOLOGY,V 138 e NO 3 MARCH 2023 DOI: 10.1097/ALN.0000000000004498
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Surgery or endovascular therapy for chronic limb-threatening ischemia. N
Engl J Med 2022; 387:2305-16. PMID: 36342173.

The relative roles of either endovascular therapy or surgical revascularization as initial therapies for chronic limb-threatening
ischemia are not well delineated. This international, randomized trial of 1,830 patients with infrainguinal peripheral artery disease
and limb ischemia studied two parallel cohorts: (1) patients with a single segment of great saphenous vein usable for surgery and
(2) patients requiring an alternative bypass conduit. Within each cohort, patients were randomized (1:1) to surgical or endovascu-
lar treatment. The primary outcome was a composite of either a major adverse limb event (amputation above the ankle), a major
limb reintervention (new bypass graft or graft revision, thrombectomy, or thrombolysis), or all-cause mortality. In cohort 1 (median
follow-up, 2.7 yr), the primary outcome was significantly lower in the surgical group than in the endovascular group (43% vs. 57%; hazard ratio, 0.68; 95% Cl,
0.59 10 0.79; P < 0.001). In cohort 2 (median follow-up, 1.6 yr), there was no significant difference (43% vs. 48%; hazard ratio, 0.79; 95% Cl, 0.58 to 1.06;
P=10.12). There were no differences in the incidence of adverse events in any of the groups. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)
Take home message: In a large multicenter study of patients with infrainguinal peripheral artery disease and chronic limb-threatening ischemia, those
with a great saphenous vein adequate for surgery had significantly less risk of a major adverse limb event or death relative to those undergoing endovas-
cular therapy, while those without an adequate conduit did not.

Routine sterile glove and instrument change at the time of abdominal wound
closure to prevent surgical site infection (ChEETAh): A pragmatic, cluster-ran-
domised trial in seven low-income and middle-income countries. Lancet
2022; 400:1767-76. PMID: 36328045.

The effectiveness of changing gloves and instruments before wound closure in reducing postoperative abdominal surgical site
infections is unclear. This multicenter, cluster-randomized trial in seven low- and middle-income African countries randomized
clusters of patients undergoing abdominal surgery (consecutive adults and children undergoing elective or emergent abdom-
inal surgery for a clean—contaminated, contaminated, or dirty operation) to standard practice (42 clusters) or intervention
(change of gloves and instruments before wound closure for the entire scrub team [39 clusters]). The primary outcome was surgical site infection within 30
days after surgery using U.S. Centers for Disease Control and Prevention criteria and an intent-to-treat analysis. From June 2020 to April 2022, 81 clusters of
13,301 patients (7,157 routine vs. 6,144 intervention) were randomly assigned. Overall, 89% were adults, 46% underwent elective surgery, 61% underwent
surgery that was clean—contaminated. Glove and instrument change occurred in 0.8% of standard practice versus 98.3% in the intervention group. The
primary outcome was significantly lower in the intervention group (16% vs. 19%; adjusted risk ratio, 0.87; 95% Cl, 0.79 to 0.95; P = 0.0032). Prespecified
subgroup analyses did not show any evidence of heterogeneity of treatment effect. (Article Selection: Martin J. London, M.D. Image: Adobe Stock.)

Take home message: This multicenter, cluster-randomized trial in low- and middle-income African countries demonstrated significantly lower 30-day
surgical site infection in patients undergoing abdominal surgery when scrub teams changed gloves and instruments before abdominal wound closure.
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Buprenorphine versus methadone for opioid use disorder in pregnancy. N
Engl J Med 2022; 387:2033-44. PMID: 36449419.

The impact of buprenorphine therapy for opioid use disorder during pregnancy relative to methadone has not been well
established. This retrospective cohort study of Medicaid enrollees (2000 to 2018) evaluated maternal and neonatal out-
comes between those receiving either drug during early pregnancy (up to gestational week 19), late pregnancy (from
gestational week 20 through the day before delivery), and within 30 days before delivery. Of 2,548,372 successful preg-
nancies analyzed, 10,704 females were exposed to buprenorphine and 4,387 to methadone in early pregnancy, 11,272
were exposed to buprenorphine and 5,056 to methadone in late pregnancy, and 9,976 were exposed to buprenorphine and
4,597 to methadone in the 30 days before delivery. Neonatal abstinence syndrome was significantly lower in infants exposed to buprenorphine versus
methadone, 52% vs. 69% (adjusted relative risk, 0.73; 95% CI, 0.71 to 0.75) in the 30 days before delivery. Preterm birth, 14% versus 25%, (adjusted
relative risk, 0.58; 95% Cl, 0.53 to 0.62); small size for gestational age, 12% versus 15% (adjusted relative risk, 0.72; 95% Cl, 0.66 to 0.80); and low
birth weight, 8% versus 15% (adjusted relative risk, 0.56; 95% Cl, 0.50 to 0.63) were also lower. No significant differences were noted in the frequency
of cesarean section, 34% versus 33% (adjusted relative risk, 1.02; 95% CI, 0.97 to 1.08) or severe maternal complications, 3.3% versus 3.5% (adjusted
relative risk, 0.91; 95% Cl, 0.74 to 1.13). (Article Selection: Martin J. London, M.D. Image: J. P. Rathmell.)

Take home message: Among females enrolled in Medicaid, buprenorphine use for opioid use disorder was associated with a lower risk of adverse
neonatal outcomes compared to methadone, while no significant differences were noted in assessed adverse maternal outcomes.
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Key Papers from the Most Recent Literature Relevant to Anesthesiologists

Association between preoperative hemodialysis timing and postoperative
mortality in patients with end-stage kidney disease. JAMA 2022; 328:1837-
48. PMID: 36326747.

There is a paucity of data on the timing of dialysis in patients with end-stage kidney disease before elective surgery. This retro-
spective cohort study analyzed the timing of dialysis with 90-day postoperative mortality in 1,147,846 surgical procedures (2011
to 2018) among 346,828 Medicare patients (median age, 65 yr) using the United States Renal Data System, a national registry
of all patients treated with hemodialysis, linking records to Medicare claims. The distribution of timing intervals of dialysis to
surgery was 65% 1-day, 25% 2-day, and 10% 3-day intervals. The primary outcome of all-cause 90-day postoperative mortality
was 3.0% overall. Longer intervals between hemodialysis and surgery were significantly associated with higher risk: 2 days versus 1 day: absolute risk, 4.7%
versus 4.2%; adjusted hazard ratio, 1.14 (95% Cl, 1.10 to 1.18); 3 days versus 1 day: absolute risk, 5.2% versus 4.2%; adjusted hazard ratio, 1.25 (95% Cl,
1.19 10 1.31); and 3 days versus 2 days: absolute risk, 5.2% versus 4.7%; adjusted hazard ratio, 1.09 (95% Cl, 1.04 to 1.13). Hemodialysis on the same day
as surgery was associated with a significantly lower hazard of mortality versus no same-day hemodialysis (absolute risk, 4.0% for same-day hemodialysis vs.
4.5% for no same-day hemodialysis; adjusted hazard ratio, 0.88 [95% Cl, 0.84 to 0.91]). (Article Selection: BobbieJean Sweitzer, M.D. Image: Adobe Stock.)
Take home message: Lengthier intervals between hemodialysis and elective surgery are significantly associated with higher postoperative mortality in
Medicare patients with end-stage renal disease.

Transcriptomics-based network medicine approach identifies metformin as
a repurposable drug for atrial fibrillation. Cell Rep Med 2022; 3:100749. PMID:

36223777.
JNMV The drug treatment of atrial fibrillation is only partially effective, and there is a need to develop new medications with alternative

mechanisms of action. Use of network medicine methods could link drug targets, the human proteome, and disease modules,
thus guiding repurposing of existing drugs. Transcriptomic data of human left atrium tissue obtained from 251 patients undergoing
elective cardiac surgery was compared with drug-induced gene signatures from pluripotent cardiomyocytes. The results were then
validated using a large-scale pharmacoepidemiologic dataset. There were 491 differentially expressed genes, coding for a number
of atrial fibrillation—specific proteins and covering a wide range of cellular functions. Nine potential drug candidates that reversed dysregulated gene expression
were identified from the network proximity of 2,891 drug targets (phenformin, metformin, furosemide, metacycline, rofecoxib, dantrolene, dapamide, alclometa-
sone, and streptozocin). Five cohort propensity score comparisons (total n = 7720) were performed from a large Enterprise electronic data warehouse comparing
metformin to the four commonly used antidiabetic oral agents (and their combination), finding that metformin was associated with a 52% reduced likelihood of
atrial fibrillation (odds ratio, 0.48; 95% Cl, 0.36 to 0.64; P < 0.001). (Article Selection: Jamie Sleigh, M.D. Image: J. P Rathmell,)

Take home message: Metformin action on dysregulated gene networks associated with atrial fibrillation and pharmacoepidemiologic analyses suggest
that it could potentially be used as a therapeutic agent.
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State-selective modulation of heterotrimeric Gos signaling with macrocyclic
peptides. Cell 2022; 185:3950—-65.e25. PMID: 36170854.

G-protein—coupled receptors are unique to eukaryotic cells and are important drug targets, with one-third of all Food and
Drug Administration—approved drugs eliciting their biological effects through them. The ligand-activated seven-transmem-
brane domain receptors couple with G-proteins (heterotrimers) replacing GDP in G-protein’s o subunit by GTP, which
induces dissociation of the o subunit together with the bound GTP from the 3 and -y subunits, to further target intracellular
functional proteins, particularly adenylyl cyclase as in the case of Gas. The intrinsic GTPase activity of the o subunit forms
GDP, resulting in the reconstitution of the heterotrimer and termination of signaling. To date, direct targeting of G-proteins,
specifically their GDPase activity, was challenging. By screening a library of cyclic peptides, two macrocyclic peptides, GN13 and GD20, were found
to specifically interact with Gas. GN13 prevented the interaction of Gas with adenylyl cyclase, reducing 32-adrenergic receptor-induced activation of
adenylyl cyclase and the generation of its second messenger CAMP (“inhibition of the Gais ON-state”). In contrast, GD20 specifically interacted with the
GDP-bound inactive conformation of Gas, preventing the dissociation of GDP. It also blocked the binding of Gas to the GB+y dimer, resulting in enhanced
receptor-dependent GBvy-signaling as evidenced by prolonged K+-channel activation (“blockage of the Gas OFF-state with prolonged Gy activation”).
(Article Selection: Michael Zaugg, M.D., M.B.A. Image: Adobe Stock.)

Take home message: Given the myriad physiologic cellular processes mediated by G-protein—coupled receptors, targeting specific G-proteins by mac-
rocyclic peptides in a nucleotide state-selective manner to modulate intracellular signaling is a key step closer in the development of a highly promising
entirely new class of drugs.
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Complex Information for Anesthesiologists Presented Quickly and Clearly

Monitoring and controlling LUNG STRESS
and DIAPHRAGM EFFORT
during mechanical ventilation of
critically ill patients is likely bene-
ficial to prevent lung and dia-
phragm injury. This requires
esophageal and gastric man-
ometry, which are invasive
and complex to interpret.’

Measured by
transpulmonary
pressure

Lung stress: high distending
pressures can cause barotrauma
Measured by

transdiaphragmatic
pressure

Diaphragm effort: /ow effort leads
to atrophy, high leads to fatigue

AIRWAY OCCLUSION MEASUREMENTS

allow estimation of lung stress and

diaphragm effort without the need

for esophageal manometry. Their
correlation with and ability to
substitute for reference methods
is unknown.

.Pm = drop in airway pressure during an
inspiration against an occluded airway

Po1= drop in airway pressure in the
first 100ms of occluded inspiration

In this issue of AnesthesioLocy, de Vries ef al. investigated whether Pocc and Py,
correlate with and can be used to discriminate extremes of lung stress and dia-
phragm effort, as assessed by esophageal manometry.?

Correlation with
observed change in

Correlation with
observed change in

High Lung Stress
Change in trans-

Low Diaphragm Effort High Diaphragm Effort

Change in transdia- Change in transdia-
phragmatic pressure phragmatic pressure

transpulmonary transdiaphragmatic pulmonary pressure
pressure pressure >20 cmH,0
Area under the
Fair Fair rec?]iver operating
_ _ characteristic
Pocc R?=0.62 R?=0.53 HBrdtIEn O
° o Accuracy 85%
Area under the
i receiver operating
P zF_a" zP_uur characteristic
0.1 =051 i curve 0.88
Q Q Accuracy 81%

<3 cmH,0 >12 cmH,0
Area under the Area under the
receiver operating receiver operating
characteristic characteristic
curve 0.97 curve 0.86
Accuracy 92% Accuracy 80%
Area under the Area under the
receiver operating receiver operating
characteristic characteristic
curve 0.93 curve 0.73
Accuracy 89% Accuracy 71%

CONCLUSIONS: j

Pocc and Po correlate well with observed change in transpul-
monary pressure and observed change in transdiaphragmatic
pressure. However, these noninvasive measurements cannot
replace esophageal pressure when precise values are required
due to wide limits of agreement.

|

Pocc and Po have excellent diagnostic performance
in identifying high lung stress and low diaphragm
effort. Pocc is more accurate than Pos in identifying
patients with high diaphragm effort.

Infographic created by Holly B. Ende, Vanderbilt University Medical Center; James P. Rathmell, Brigham and Women'’s Health Care/Harvard Medical School; and Jonathan P. Wanderer,
Vanderbilt University Medical Center. lllustration by Annemarie Johnson, Vivo Visuals Studio. Address correspondence to Dr. Ende: holly.ende@vumc.org.
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EDITORIAL

Monitoring Respiratory Effort and Lung-distending
Pressure Noninvasively during Mechanical Ventilation:
Ready for Prime Time

Jose Dianti, M.D., Ewan C. Goligher, M.D., Ph.D., FR.C.P.C.

Monitoring and  manag-
ing spontaneous breathing
during mechanical ventilation is a
routine clinical challenge for cli-
nicians caring for patients with
acute respiratory failure. When
the respiratory muscles contract
in synchrony with the ventilator,
the pressure applied to the lung
by the respiratory muscles adds to
the pressure applied by the venti-
lator, increasing the total pressure
applied across the lung. Respiratory
effort is often excessive in patients
with acute respiratory failure,' and
the resulting high lung-distending
pressures may further worsen lung
injury (a phenomenon referred to
as patient self-inflicted lung injury).”
Vigorous respiratory efforts can also
cause diaphragm myotrauma. On
the other hand, when respiratory
effort is insufficient, patients are at
high risk for diaphragm disuse atro-
phy. Given increasing evidence of the
physiologic and clinical relevance of
these problems, respiratory effort

merits close attention in mechanically ventilated patients.’
Traditionally, monitoring respiratory effort and lung-distending
pressure during spontaneous breathing requires esophageal
manometry to assess pleural pressure swings. However, this
technique is not routinely employed in clinical practice as
it requires dedicated equipment and expertise to correctly
acquire and interpret the signals. Simple, noninvasive tech-
niques using ventilator-based maneuvers to monitor respira-
tory effort would therefore be of great value.

“[Inspiratory occlusion pres-
sure and airway occlusion
pressure are] simple and non-
invasive methods to monitor
the risk of lung and diaphragm
injury in patients with acute
respiratory failure.”

edition of
et al.*

performance of

In this
ANESTHESIOLOGY, de Vries
the
two noninvasive techniques for
effort
lung-distending  pressure:

evaluated

monitoring  respiratory
and
the inspiratory occlusion pres-
(Pocc), the
occlusion pressure in the first
100ms (P,). Using data from
38 patients enrolled in a ran-

sure and airway

domized trial testing a strategy

to facilitate safe spontaneous

breathing during mechanical
ventilation, they demonstrate the
utility of these measurements
to monitor diaphragmatic effort
and

lung-distending  pressure

during mechanical ventilation.
Specifically, they show that Pocc
and P, can accurately detect (1)
very low diaphragmatic effort, (2)
very high diaphragmatic effort,
and (3) potentially injurious levels
of transpulmonary driving pres-
sure or transpulmonary mechan-

ical power. There are several key

novel features of this work. First, the authors directly quan-
tify diaphragmatic effort, rather than respiratory effort; this
is relevant since transdiaphragmatic pressure is the relevant
index of muscular activity. Second, the authors validate
Pocc and P | with reference to a prolonged recording of
the reference standard measurement (1h vs. a few min-
utes, as in previous studies); this suggests that these mea-
surements reflect lung- and diaphragm-protective targets
over hours, rather than merely minutes. Third, the authors

Image: A. Johnson, Vivo Visuals Studio.

This editorial accompanies the article on p. 274. This article has a related Infographic on p. A17. This article has an audio podcast.
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Fig. 1. Theoretical factors affecting the relationship between respiratory drive (P,,) and respiratory effort (Pocc). In contrast to respiratory
effort, respiratory drive is not affected by respiratory system mechanics or respiratory muscle dysfunction. The Pocc will therefore vary
according inspiratory time (A vs. B) and according to respiratory muscle strength (A vs. (), while P is relatively unaffected across each

clinical scenario. P,

aw’

derived and validated a method for predicting lung-dis-
tending pressure from P . Fourth, they also derived
and validated a method for computing transpulmonary
., and Pocc. Overall, the work
by de Vries et al. provides definitive confirmation of the

mechanical power from P

relevance of these simple, noninvasive maneuvers to mon-
itor respiratory effort and lung-distending pressure during
assisted mechanical ventilation and highlight their poten-
tial utility to guide a lung- and diaphragm-protective ven-
tilation strategy.

Airway occlusion pressure in the first 100ms is a well-
known maneuver described several decades ago by Whitelaw
et al.,> but Pocc was described only recently® and is not as
widely employed in clinical practice. Pocc measures the mag-
nitude of the pressure generated by the respiratory muscles
against the occluded airway. An end-expiratory occlusion
maneuver is applied and maintained for the duration of a sin-
gle breath (fig. 1). The maneuver is somewhat analogous to
measurement of maximal inspiratory pressure on the ventila-
tor (also sometimes called negative inspiratory force), except
that the occlusion is being used to estimate the pressure gen-
erated during tidal breathing rather than during maximal
volitional efforts. The resulting pressure deflection generated
by the respiratory muscles can be used to estimate the pleu-
ral pressure swing using an empirically derived correction
factor. The lung-distending pressure (dynamic transpulmo-
nary driving pressure) during spontaneous breathing can
then be estimated by adding the measured airway pressure
swing (peak pressure—positive end-expiratory pressure) to
the estimated pleural pressure swing. This study confirms and
significantly extends our knowledge of the value and inter-
pretation of this technique. A simple Pocc calculator for use
at the bedside is available at https://pocc.coemv.ca.

One of the important features of the work by de Vries
et al. is that they provide a head-to-head comparison of the

Anesthesiology 2023; 138:235-7

airway pressure; Pocc, inspiratory occlusion pressure; P, airway occlusion pressure in the first 100 ms.

utility of Pocc and P |
lung-distending pressure. Airway occlusion pressure in the

for monitoring respiratory effort and

first 100 ms 1s technically a measure of the respiratory drive,
but since respiratory effort (the amplitude of respiratory
muscle force generation during a given breath) is dependent
on the presence and magnitude of respiratory drive, it makes
sense that drive and effort would be correlated. de Vries et
al. confirm a previous finding that P | can accurately detect
insufficient respiratory effort but is less accurate to detect
elevated respiratory effort.” Various factors can explain why
elevated respiratory effort is less reliably detected by P .
The relationship between respiratory drive and respira-
tory effort depends on (1) the inspiratory time (for a given
level of respiratory drive—a longer inspiration will lead to
greater peak respiratory effort) and (2) diaphragm strength
or force-generating capacity: a patient with diaphragmatic
weakness may have elevated respiratory drive but be capable
of generating only relatively small respiratory efforts (fig. 1).
Despite this limitation, the authors found that P,

elevated lung-distending pressure with reasonable accuracy

can detect

using an empirically derived correction factor. Overall, P |
and Pocc provide complementary information about spon-
taneous breathing. Of note, Esnault ef al. reported that both
P, and Pocc predicted a higher risk of failed transition
from controlled to assisted ventilation in COVID-19 acute
respiratory distress syndrome.®

The study by de Vries ef al. substantially strengthens the
growing body of data on the validity of both P, and Pocc
as simple and noninvasive methods to monitor the risk of
lung and diaphragm injury in patients with acute respira-
tory failure. Analogous to routine measurement of plateau
pressure and driving pressure during passive ventilation, P |
and Pocc provide invaluable information on the safety and
appropriateness of mechanical ventilation. The impact of a

lung- and diaphragm-protective ventilation strategy guided

J. Dianti and E. C. Goligher
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by these noninvasive measurements on patient-centered

outcomes remains to be determined in clinical trials (www.
practicalplatform.org), but clinicians may find them imme-
diately useful for monitoring mechanical ventilation in rou-
tine clinical practice.
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EDITORIAL

Paradox of Power: Dynamic Tools to Predict Respiratory
Failure in Spontaneously Breathing Patients

Daniel R. Calabrese, M.D., Martin J. London, M.D.

HE  impressionist  artist

Claude Monet painted a
series of haystacks, Les Meules a
Giverny. He famously produced
14 paintings in a single day as he
noted that the sun changed posi-
tion every 7 min.! Much as obser-
vations of color are subject to the
influence of atmospheric condi-
tions on the refraction of light, our
assessments of complex biologic
systems may also change with
differences in perspective. While
static measurements, such as Pao2
or plateau pressure, are heavily
relied upon for their diagnos-
tic value, dynamic measurements
can reveal additional insights into

““Mechanical

disease trajectory or treatment
response.

In this issue of ANESTHESIOLOGY,
Gattarello et al. provide thought
provoking data on the value of

lung injury.’

mechanical power and other
dynamic measures of respiratory function in spontaneously
breathing COVID-19 patients in acute respiratory fail-
ure.” They performed a secondary analysis of a prospec-
tive cohort of 111 patients hospitalized with COVID-19
pneumonia at a single center between September 2020 and
December 2021. All patients were supported with contin-
uous positive airway pressure. An esophageal balloon cath-
eter estimated the pleural pressure (esophageal inspiratory
pressure — esophageal expiratory pressure), and tidal volume
(V) and respiratory rate (RR) were measured with a novel
noninvasive impedance device.’

It is well established that limitingV, to 6 to 8ml/kg of
ideal body weight improves survival during acute respira-
tory distress syndrome, but it is unclear if these targets are

appropriate for all patients given heterogeneity in regional

emerged as a potential unifying
predictor of ventilator-induced

lung  compliance.*  Recently,
mechanical power has emerged
as a potential wunifying predictor
of ventilator-induced lung injury.
Mechanical power is a measure-
ment, in joules per minute, of the
energy required to move the lungs
from rest to a given point on the
respiratory system pressure—vol-
ume curve. During mechani-
cal ventilation, airway pressure is
delivered to overcome the resistive
and elastic forces of the respira-
tory system to generate thoracic
expansion. Ventilator-induced lung
injury is associated with mechan-
ical power, potentially dependent

onV,, in experimental models,™”

power  has

and increased mechanical power
is associated with mortality among
mechanically ventilated patients
with acute respiratory distress syn-
drome, independent of driving

pressure.®” However, among spon-
taneously breathing patients, it has been unknown whether
differences in mechanical power may identify patients at
risk for progression of acute lung injury.

To address this gap, Gattarello ef al. estimated mechanical
power with a validated equation using RR,V_, and pleu-
ral pressure. The authors offered a novel definition of ideal
mechanical power as the power needed for a normal minute
ventilation, figured as 0.1 times the ideal body weight (kg).
Two recently introduced indices, the ratio of oxygen index
and the pressure—rate index, were also measured, with the
former more easily applied at the bedside.'™!" The primary
outcome of treatment escalation, defined as any increase
in respiratory support beyond continuous positive airway
pressure, was left to the discretion of the attending physi-
cian with institutional guidance based on the COVID-19

Image: Generated by the author using DALL ®E 2 natural language to image generation Al system.
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pandemic. The authors used the area under the receiver

operating characteristics curve (AUC) to test the associa-
tion between each predictor and the binary need for respi-
ratory treatment escalation.

Gattarello ef al. report clear differences in initial ventila-
tory parameters in the group of patients eventually requir-
ing respiratory treatment escalation higher than continuous
positive airway pressure characterized by lower Pao,, worse
Pao,/fraction of inspired oxygen, higher minute ventilation,
higher RR  higher pleural pressure,and higher lung elastance
on the first day of hospitalization. All values of the tested
dynamic parameters were worse in patients requiring more
respiratory support: mechanical power, in absolute and rela-
tive values; the ratio of oxygen index; and the pressure—rate
index. Mechanical power and the pressure—rate index had
the highest AUC for determining need of respiratory treat-
ment escalation, but the ratio of oxygen index had a similar
but smaller receiver operating characteristic curve area.
These findings identify mechanical power as a potentially
sensitive instrument for discerning which spontaneously
breathing patients with acute respiratory failure are at risk
for escalation in care.

A strength of this study is that it is an analysis of pro-
spective data collected with sophisticated tools and care-
fully applied to the latest existing mathematical constructs
of mechanical power. Stated limitations by the authors
included that the statistical approach was not selected to
assess superiority of the various indices in predicting the
primary outcome. Thus, questions remain about whether
mechanical power performs better in identifying an at-risk
group than less complex indices of respiratory failure, more
readily applied at the bedside, such as the ratio of oxygen
index. Of particular concern, the primary study outcome
of respiratory escalation is quite broad, is inclusive of other
noninvasive support, and may not be clinically meaningful,
although the authors’ justification that guidelines devel-
oped specifically for the COVID-19 pandemic were widely
applied appears sound. Further, acknowledging resource
limitations during the COVID-19 pandemic, patients in
this study were supported on continuous positive airway
pressure, whereas high-flow nasal canula is a more accepted
initial therapy for respiratory failure.'? Therefore, additional
work is required to best establish the association between
mechanical power in spontaneously breathing patients and
important clinical outcomes such as the need for mechan-
ical ventilation or, of primary importance, mortality. Broad
adoption of this complex approach hinges on evidence of
relevance in other common non—COVID-19 causes of
respiratory failure, such as sepsis, and with models adjusted
for potentially confounding demographic variables, such as
age or comorbid respiratory disease.

Based on these findings, one immediate question is
whether the clinician should incorporate mechanical
power measurements into practice. One potential barrier is
the challenge of how best to normalize mechanical power
between patients who vary in baseline differences in the

measured parameters given age, sex, and body size. The
authors showed no differences in distributions of gas vol-
ume or tissue mass on computed tomography chest imag-
ing between the cohorts of patients. However, the question
remains of how to account for lung disease heterogene-
ity within individual patients. Others have proposed nor-
malizing mechanical power to dynamic lung compliance,
which would better control for these differences.'® Here the
authors derived a novel and untested value, ideal mechanical
power as a function of height and sex, which would con-
trol for thoracic size. Which normalization approach will
ultimately allow broad clinical application of mechanical
power remains to be answered.

There are additional technical considerations regarding
the measurement and application of mechanical power.
Gattarello ef al. measure mechanical power with a validated
equation that largely reflects inspiratory power. Experts
debate whether to include the expiratory component of
mechanical power, which may be especially important in
spontaneously breathing patients. Quantifying mechan-
ical power as the area under the pressure—volume loop
may more comprehensively capture the ventilation cycle,
as others have shown discrepant values when comparing
these two approaches.' Additional work is also needed to
ascertain how widely used treatment modalities, such as
proning or high-flow nasal canula, may influence mechan-
ical power in spontaneously breathing patients. Finally,
data from experimental models are needed to establish
whether mechanical power is a marker of lung disease
severity or a mediator of lung injury during spontaneous
breathing.

As Claude Monet showed in the French countryside,
serial observations of complex systems yield novel insights.
Intriguingly, mechanical power may be a more dynamic
assessment of lung injury, though practical questions remain
to be answered before it may supplant conventional clin-
ical approaches and more established indicators of disease
severity.
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Background: Electromyography has advantages over mechanomyography
and acceleromyography. Previously, agreement of the train-of-four counts

com ari s on Of between acceleromyography and electromyography was found to be fair.
p The objective of this study was to assess the agreement of posttetanic count
including agreement of neuromuscular blockade status (intense block, postte-

contralateral tanic count equal to 0; or deep block, posttetanic count 1 or greater and train-
of-four count equal to 0) between acceleromyography and electromyography.
Acceleromyography

Methods: Thirty-six patients, aged 20 to 65 yr, participated in this study. A dose
and EI ectromyo g raphy of 0.6 mg/kg rocuronium, with additional dose of 0.3 mg/kg if required, was admin-
istered to the patients. The train-of-four and posttetanic counts were monitored
for Posttetanic count in the contralateral arm using electromyography at the first dorsal interosseus
or adductor pollicis, and acceleromyography at the adductor pollicis. Posttetanic

count measurements were performed at 6-min intervals; the responses were

Measu rement recorded until the train-of-four count reached 1. The authors evaluated the agree-

ment of degree of neuromuscular blockade (intense or deep block) and that of

Hyunyoung Joo, M.D., Sooyoung Cho, MD Ph.D., posttetanic count between acceleromyography and electromyography.

Jong Wha Lee, M.D., Ph.D., Won Joong Kim, M.D., Ph.D., .

Hyun Jung Lee, M.D., Ph.D., Jae Hee Woo, M.D., Ph.D Results: The authors analyzed 226 pairs of measurements. The percentage

Giyear Lee, M D H e'é Ju.ng. YBaik M.D Ph’D U agreement indicating the same. neuromuscular blockade status  (nfense 8
Y e or deep block) between acceleromyography and electromyography was 2

ANESTHESIOLOGY 2023; 138:241-8 73%. Cohen's kappa coefficient value was 0.26. After excluding data with §

acceleromyography—posttetanic counts greater than 15, a total of 184 pairs §
of posttetanic counts were used to evaluate the agreement between the two )

EDITOR’S PERSPECTIVE monitoring methods. For acceleromyography—posttetanic count, 42 (23%) %
) ) pairs had the same electromyography—posttetanic count, and 93 (50%) pairs &.

What We Already Know about This Topic had more than the electromyography—posttetanic count. The mean posttetanicé
e Deep neuromuscular blockade during anesthesia for laparoscopic count on electromyography was 38% (95% Cl, 20 to 51%) lower than that on 2
or robotic surgeries may offer several advantages in terms of acceleromyography (P = 0.0002). %

patient outcomes and physician surgical experience

e Posttetanic count can be used to identify intense neuromuscular
block (posttetanic count equal to 0) and deep neuromuscular block
(posttetanic count greater than or equal to 1 and train-of-four count
equal to 0) and estimate the time to recovery

What This Article Tells Us That Is New

e The agreement of posttetanic counts monitored in contralateral arms
by acceleromyography and electromyography was determined in 35
patients given 0.6 mg/kg rocuronium after induction of anesthesia and Neuromusaﬂer monitoring, particularly quantitative
calibration of the monitors, with additional doses of 0.3 mg/kg if required twitch monitoring, is recommended during anes-
e Seventy-three percent of 226 pairs of acceleromyography— and thesia and recovery." Although acceleromyography is easily
electromyography—posttetanic count measurements indicated the  and widely used clinically, it has some limitations in that

same neuromuscular blockade status (intense or deep block) the thumb must be unrestricted and free to move and the
e (Of 184 pairs of posttetanic counts of 15 or less, 42 (23%) acceleromy-

ography—posttetanic counts were equal to electromyography—postte-
tanic counts, 93 (50%) were more than electromyography counts, and
49 (27%) were less than electromyography counts

Conclusions: Acceleromyography frequently counted more twitches than ;g,’
electromyography in posttetanic count monitoring. Acceleromyography— andg

electromyography—posttetanic counts cannot be used interchangeably to &
assess the degree of neuromuscular blockade.

(AnesTHESIOLOGY 2023; 138:241-8)
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baseline train-of-four ratio is often greater than 1.0.'7
Electromyography has many advantages over mechano-
myography or acceleromyography; free movement of the
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thumb is not required, no preload is needed, and it is less
dependent on the maintenance of intraoperative normo-
thermia.'* Recently, several freestanding electromyography
monitors have become commercially available.

Previous studies evaluated the agreement of train-of-
four counts or ratios between acceleromyography and
electromyography. Results showed that agreement of
train-of-four counts between acceleromyography and elec-
tromyography was fair, and that acceleromyography under-
estimated the electromyography—train-of-four count.’
However, another study showed that acceleromyography
was less precise than electromyography and overestimated
the electromyography—train-of-four ratio.

Recently, robotic and laparoscopic surgeries have been
increasing, and the burden of recovery from deep neuro-
muscular blockade has been reduced by the use of sugam-
madex.” Thus, the desire to maintain deep neuromuscular
blockade during these surgeries is increasing; deep neuro-
muscular blockade creates a good surgical field, requires
low carbon dioxide inflation pressure, and reduces postop-
erative pain.*'" Although the evidence for routine use of
deep neuromuscular blockade for laparoscopic surgery is
insufficient,"” posttetanic count measurement is important
for clinical situations requiring maintenance of deep neu-
romuscular blockade.

However, to our knowledge, the comparison of postte-
tanic counting by acceleromyography and electromyogra-
phy has not been well studied. The objective of this study
was to assess the agreement of posttetanic counts, including
agreement of neuromuscular blockade status (intense block,
posttetanic count equal to 0; or deep block, posttetanic
count 1 or greater and train-of-four count equal to 0)'
between acceleromyography and electromyography.

Materials and Methods

This study was conducted at Ewha Womans University
Mokdong Hospital (Seoul, Republic of Korea) from October
12,2020, to February 23,2021. Thirty-six patients, aged 23 to
65 yr, American Society of Anesthesiologists Physical Status
I or II, scheduled for various elective surgeries that require
positioning for more than 90min under general anesthe-
sia in the supine position with both arms abducted, were
enrolled. The Institutional Review Board of Ewha Womans
University Mokdong Hospital (Institutional Review Board
No. 2020-06-001-002, Seoul, Republic of Korea) approved

Hyun Jung Lee, M.D., Ph.D.: Department of Anesthesiology and Pain Medicine, Ewha
Womans University Seoul Hospital, Seoul, Republic of Korea.

Jae Hee Woo, M.D., Ph.D.: Department of Anesthesiology and Pain Medicine, College
of Medicine, Ewha Womans University, Seoul, Republic of Korea.

Giyear Lee, M.D.: Department of Anesthesiology and Pain Medicine, Ewha Womans
University Mokdong Hospital, Seoul, Republic of Korea.

Hee Jung Baik, M.D., Ph.D.: Department of Anesthesiology and Pain Medicine, College
of Medicine, Ewha Womans University, Seoul, Republic of Korea.
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the study protocol on August 13,2020, and written informed
consent was obtained from all the patients. This trial was reg-
istered in the Clinical Trial Registry of Korea (http://cris.
nih.go.kr, KCT0005444, posted on October 6,2020; princi-
pal investigator, Hee Jung Baik, M.D., Ph.D.) before enrolling
the first participant. Patients were excluded if they had neu-
romuscular, neurologic, or renal disease or body mass index
greater than 25kg/m?."?

For neuromuscular blockade monitoring, we used
acceleromyography (Philips IntelliVue Neuro Muscular
Transmission Module 865383, Philips Healthcare, The
Netherlands) and electromyography (TwitchView Monitor,
Blink Device Company, USA) monitors that stimulated the
ulnar nerves to obtain a twitch response from the adductor
pollicis muscle for acceleromyography and the first dorsal
interosseus or adductor pollicis muscle for electromyography.
According to the Good Clinical Research Practice guide-
lines for neuromuscular monitoring," acceleromyography
was performed using two electrodes (3M Red Dot electrode
2248-50, 3M Healthcare, USA) placed 3 to 6 cm apart over
the ulnar nerve. An acceleration transducer was attached to
the thumb and moved freely without preload. The second
through the fourth fingers were attached to the arm board
with surgical tape.""" Electromyography electrode array was
applied according to the manufacturers’ guidelines, and we
did not fix the patient’s hand for electromyography mon-
itoring. To reduce arm-to-arm variation, we attached both
acceleromyography and electromyography electrodes to
the dominant and nondominant arms in equal proportions
using a computer-generated randomization table (Random
Allocation Software, version 1.0; developed by M. Saghaei,
Isfahan University of Medical Sciences, Iran).'®!”

Effect-site concentration-target-controlled infusions
of propofol and remifentanil were used for total intra-
venous anesthesia. After the patient was unconscious,
acceleromyography and electromyography were cal-
ibrated using built-in calibration functions to deter-
mine the supramaximal current for nerve stimulation.
Train-of-four stimulation at the supramaximal current
was performed immediately before administration of
0.6 mg/kg IV rocuronium to the patients. Thereafter,
train-of-four stimulation was given at 12-s inter-
vals until tracheal intubation was performed when
the train-of-four count was 0 to 3. If the patient’s dia-
phragmatic or limb movement or cough was observed
during or after tracheal intubation, or posttetanic count
was not 0, an additional dose of rocuronium (0.3 mg/
kg) was injected after intubation. When the train-of-four
count was 0, the posttetanic count stimulus was performed
at 6-min intervals, and the responses were recorded until
the first twitch response in the train-of-four stimulus
(T1) appeared. All patients were placed under an upper
body forced air warming blanket (Bair Hugger, Augustine
Medical Inc., USA), and the central temperatures were
monitored in the nasopharynx and maintained greater
than 36°C.

Joo et al.
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Statistical Analysis

The normality of continuous data was tested using the
Kolmogorov—Smirnov test and quantile—quantile plot eval-
uation. Data are expressed as number (percentage) for cat-
egorical data and mean £ SD for normally distributed data
or median [interquartile range| for nonnormally distributed
data. For paired measurements, comparisons of supramax-
imal stimuli current and the time for train-of-four count
to reach O after rocuronium injection between acceleromy-
ography and electromyography monitoring were analyzed
using the Wilcoxon signed-rank test. Cohen’s kappa statis-
tic was used to assess the agreement of the neuromuscular
blockade status (intense or deep block) between acceleromy-
ography and electromyography monitoring. To evaluate the
relationship between acceleromyography—posttetanic count
versus electromyography—posttetanic count, a scatter plot was
presented. The maximum number of stimuli for posttetanic
count monitoring of acceleromyography used in this study
was 20, and that of electromyography was 15. Therefore,
to evaluate the agreement of posttetanic counts between
acceleromyography and electromyography monitoring, we
excluded data with acceleromyography—posttetanic counts
greater than 15. Owing to the nature of the data, Poisson
regression analysis was performed to establish the percentage

Agreement of Posttetanic Gount between Monitors

limits. It considered both correlations between paired mea-
surements and between multiple measurements in the same
subject. If overdispersion was suspected, negative binomial
Poisson regression analysis was performed. Statistical analyses
were performed using SPSS software (SPSS for Windows,
Version 22.0, IBM Corp., USA) and R statistical software
version 3.6.2 (R Foundation for Statistical Computing,
Austria). P value < 0.05 was considered statistically signifi-
cant. PASS software (PASS 11, NCSS, LLC, USA)'® was used
to calculate the sample size of 142 measurements to achieve
a power of 90% and an alpha of 0.05, with a dropout rate of
20% when the null hypothesis was “no agreement” and the
expected kappa coefficient was 0.3." This strategy was based
on the results of a previous study comparing train-of-four
agreement between acceleromyography and electromyogra-
phy.® Since an average of four measurements per patient was
expected to be possible, we enrolled 36 patients.

Results

Of the enrolled 36 patients, one patient was excluded from
statistical analysis because of measurement failure (fig. 1).
Patient characteristics are shown in table 1. No significant
difference was observed in the amplitude of the supramax-
imal stimulus (mA; median [interquartile range]) between

[ Enrollment ]

Assessedforeligibility (n = 36)

Excluded (n=0)

Randomized (n= 36)

v [
L

Allocation ] v

4

Dominant amm: acceleromyography. non-dominant
am: electromyography (n = 18)

Dominant am: electromyography. non-dominant arm:
acceleromyography (n= 18)

v

=)

Follow-Up ] v

4

Discontinued intervention (n = 0)

Discontinued intervention (n = 0)

Analysis

| !

J

Analyzed (n=17)
" Excluded from analysis (n=1)
- Measurement failure in acceleromyography
monitoring (n=1)

Fig. 1. Consolidated Standards of Reporting Trials flow diagram.

Analyzed (n=18)
" Excluded from analysis (n=0)
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Table 1. Demographic Data

Patients (n = 35)

Sex

Men 19 (54%)

Women 16 (46%)
Age, yr 53 [47-62]
Height, cm 165.4+7.8
Weight, kg 63.1+9.3
Body mass index, kg/m? 22921
ASA Physical Status

| 15 (43%)

I 20 (57%)
Dominant arm

Right 35 (100%)

Left 0
Study arm

Dominant arm: acceleromyography, 17 (49%)

nondominant arm: electromyography

Dominant arm: electromyography, nondominant arm: 18 (51%)

acceleromyography

Data are number of patients (%), mean + SD, or median [interquartile range]. ASA,
American Society of Anesthesiologists.

acceleromyography (60 [50-60] mA) and electromyogra-
phy (48 [48-54] mA; P = 0.518). The time from admin-
istration of rocuronium to the start of posttetanic count
measurement when the train-of-four count reached 0 was
not significantly different between acceleromyography
(180 [120-320] s) and electromyography (150 [100-255]
s; P =0.248).

We analyzed 226 pairs of posttetanic count measure-
ments. The percentage agreement indicating the same neu-
romuscular blockade status (intense or deep block) between
acceleromyography and electromyography was 73%, and
Cohen’s kappa coeflicient (95% CI) was 0.26 (0.12 to 0.40;
table 2). The kappa coefficient showed positive value, thus
indicating that the actual agreement for intense or deep
block between acceleromyography and electromyography
is greater than agreement by chance.

Figure 2 shows a scatter plot of acceleromyography—
posttetanic count versus  electromyography—posttetanic
count. This shows that the range of electromyogra-
phy—posttetanic count values measured to correspond to

acceleromyography—posttetanic count is very wide. Forty-
two out of 226 pairs were excluded for the comparison
of posttetanic count between the two monitors because
electromyography—posttetanic count had a maximum value
of 15. For acceleromyography, out of 184 pairs, 42 (23%)
acceleromyography—posttetanic counts were equal to elec-
tromyography—posttetanic counts, 93 (50%) were more
than electromyography—posttetanic counts, and 49 (27%)
were less than electromyography—posttetanic counts (fig. 3).
The mean posttetanic count on electromyography was 38%
(95% CI, 20 to 51%) lower than that on acceleromyography
(table 3).

Discussion

The main findings of this study are as follows: (1) The
percentage agreement indicating the same neuromus-
cular blockade status (intense or deep block) between
acceleromyography and electromyography was 73%, and
Cohen’s kappa coeflicient was 0.26, which indicated that
the actual agreement for intense or deep block between
acceleromyography and electromyography was greater
than coincidence. (2) For posttetanic count, 23% and 50%
of acceleromyography—posttetanic counts were equal to
and greater than electromyography—posttetanic counts,
respectively, which indicated that acceleromyography
frequently counted more twitches than electromyog-
raphy for posttetanic counts. (3) The mean posttetanic
count on electromyography was 38% lower than that on
acceleromyography.

Currently, the importance of objective neuromuscu-
lar monitoring during and after anesthesia is emphasized.
Among the objective neuromuscular monitoring devices,
mechanomyography is impractical for clinical use despite
being the accepted standard for neuromuscular monitor-
ing. Acceleromyography is the most widely used clinically,
but it is not interchangeable with mechanomyography or
electromyography.*?*2?? The electromyography—train-of-
four ratio obtained at the first dorsal interosseus muscle
is reportedly equivalent to mechanomyography during
the recovery phase.>*? Several studies have shown that
acceleromyography—train-of-four counts and ratios are not

interchangeable with electromyography.>®*

Table 2. Agreement of Intense Block or Deep Block between Acceleromyography and Electromyography

Electromyography
Cohen’s Kappa Coefficient
Intense Block Deep Block Total (95% Cl)
Acceleromyography Intense block 22 (10%) 16 (7%) 38 0.26 (0.12-0.46)
Deep block 45 (20%) 143 (63%) 188
Total 67 159 226

Data are number of measurements (%). Intense block, posttetanic count equal to 0; deep block: posttetanic count 1 or greater and train-of-four count equal to 0.

Anesthesiology 2023; 138:241-8
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Fig. 2. Scatter plot of acceleromyography—posttetanic count versus electromyography—posttetanic count. Out of all 226 pairs, 42 (in the
rectangular box) showed an acceleromyography—posttetanic count number of 16 or more.

The use of deep neuromuscular blockade during anes-
thesia in laparoscopic or robotic surgeries may have sev-
eral advantages in terms of patient outcomes and physician
surgical experience. Posttetanic count can be used to esti-
mate the extent of intense to deep neuromuscular block
and time to recovery?** Dhonneur et al. demonstrated
that posttetanic count at the adductor pollicis was a bet-
ter indicator of early diaphragmatic recovery than train-of-
four at the corrugator supercilii, and a posttetanic count
at the adductor pollicis of 5 or less corresponded to deep
neuromuscular block of the diaphragm." Fernando et al.
also showed that the neuromuscular blockade of adductor
pollicis should be intense (posttetanic count equal to 0) to
ensure total diaphragmatic paralysis.”® Therefore, posttetanic
count monitoring is useful for achieving and maintaining
deep neuromuscular blockade during these surgeries.

However, to date, the agreement of posttetanic count
between acceleromyography and electromyography has not
been well studied. This study aimed to verify the agreement
between acceleromyography and electromyography for
posttetanic count measurements to evaluate whether the
two devices were clinically interchangeable determining the
status of neuromuscular blockade (intense or deep block).

Our results showed that the percentage agreement indicat-
ing the same neuromuscular block status (intense or deep
block) between acceleromyography and electromyography
was 73%, and that Cohen’s kappa coefficient value was 0.26,
which indicates greater agreement than coincidence. This
is consistent with the results of a study by Bowdle et al.
for train-of-four response, which showed that the value of
Cohen’s kappa coeflicient between acceleromyography and
electromyography was fair (kappa = 0.38).°

We also performed pairwise comparisons of the postte-
tanic count using acceleromyography and electromyography.
Twenty-three percent of acceleromyography—posttetanic
counts were equal to electromyography—posttetanic counts,
and 50% were greater. This indicates that compared with
electromyography, acceleromyography frequently counted
more twitches for the posttetanic count. Previous studies
also have shown clinically significant differences between
electromyography and acceleromyography with respect to
train-of-four count® and train-of-four ratio.®* These dif-
ferences are attributed to several factors, including differ-
ences in monitoring devices used, differences in the side
of the monitored arm (ipsilateral or contralateral), whether
examiners apply preload to the thumb and/or restrain

Anesthesiology 2023; 138:241-8
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Fig. 3. Distribution of difference between acceleromyography—posttetanic count and electromyography—posttetanic count. For acceleromy-
ography, 23% of acceleromyography—posttetanic counts were equal to electromyography—posttetanic counts, 50% were more than, and 27%

were less than electromyography—posttetanic counts.

Table 3. Percentage Limits of Posttetanic Counts between Acceleromyography and Electromyography Estimated by the Poisson Model

Estimated Ratio Lower 95% Cl Upper 95% CI PValue
Electromyography 0.62 [0.57-0.68] 0.49 0.80 0.0002
Acceleromyography Reference

Estimated ratio [interquartile range] and 95% Cl were obtained from the negative binomial Poisson regression analysis.

finger movement during acceleromyography monitoring,
and whether examiners normalize acceleromyography val-
ues. Among several electromyography twitch monitors, the
TwitchView monitor has been validated to most closely
resemble mechanomyographic assessment of the train-
of-four ratio compared to acceleromyography (Stimpod,
XavantTechnology, South Africa).? In addition, train-of-four
counting by electromyography (TwitchView) or palpation
were more similar to mechanomyography than accelero-
myography (Stimpod).> Moreover, in comparison between

Anesthesiology 2023; 138:241-8

electromyography monitors, the GE Healthcare electromy-
ography monitor showed the greater train-of-four count
and ratio than those measured by the TwitchView mon-
itor.”” However, the agreement of the TwitchView with
mechanomyography for posttetanic count has not been
well evaluated. In addition, the use of the Philips IntelliVue
acceleromyography monitor in evaluating the twitch
response has not been well studied for comparison to mech-
anomyography or electromyography. Our finding that the
scatter in the posttetanic count data was very large (fig. 2)
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could be attributed to either of the two monitors. This
concern can be addressed by further studies, in which the
TwitchView electromyography— and the Philips IntelliVue
acceleromyography—posttetanic counting are compared to
mechanomyography and/or palpation. Although we may
not be able to draw clear conclusions based on past stud-
ies and lack of studies, our finding that acceleromyography
(Philips IntelliVue Neuro Muscular Transmission Module)
counted the greater posttetanic count compared to elec-
tromyography using the TwitchView suggests that anesthe-
siologists may administer higher doses of muscle relaxants
when monitoring neuromuscular function using acceler-
omyography than electromyography; therefore, this should
be considered for the maintenance of deep neuromuscular
blockade with posttetanic count monitoring during laparo-
scopic or robotic surgeries.

Considering the nature of the data shown in figure 2,
Poisson regression analysis performed to establish per-
centage limits showed that the mean posttetanic count on
electromyography was 38% lower than that on accelero-
myography (table 3). This result seems to be related to the
finding that the ratio belonging to the acceleromyography—
deep block and the electromyography—intense block (20%)
was approximately three times higher than that in the
opposite case (7%) (table 2).

This study had several limitations. First, the acceleromy-
ography and electromyography for posttetanic count were
compared in the contralateral arms. Because the electromy-
ography electrodes of the TwitchView monitor used in this
study occupied a large area, they could not be attached to
the arm on the same side as the acceleromyography elec-
trodes. Considering that arm-to-arm variation is a possible
source of variation when monitors are compared on oppo-
site arms, we applied both acceleromyography and electro-
myography monitors to the dominant and nondominant
arms in equal proportions. This may have reduced the dif-
ferences due to arm-to-arm variations. However, Claudius
et al. found that there was no mean bias between the arms.'®
Second, the patient’s hand temperature was not monitored.
However, we monitored and maintained the patient’s naso-
pharyngeal temperature within the normal range (36.0
to 37.0°C) using a forced-air warming blanket. Third, the
number of data pairs analyzed for the agreement of intense
block or deep block and the agreement of posttetanic count
between the two monitors were 226 and 184, respectively.
These numbers may seem relatively small; however, they
exceeded 142 measurements determined from the sample
size calculation. Future studies with more measurements are
required. Fourth, we did not compare acceleromyography
and electromyography with mechanomyography or twitch
response by manual palpation for posttetanic count moni-
toring. Therefore, we do not know which monitor is more
accurate for posttetanic counts between acceleromyography
and electromyography. Further studies are needed to clarify
this point. Fifth, we simply compared acceleromyography

Agreement of Posttetanic Gount between Monitors

with electromyography for posttetanic count and did not
observe any relationship with clinical issues to surgical
stimuli, including intra-abdominal pressure to secure an
appropriate surgical field, peak airway pressure, patient out-
come, and the surgeon’s satisfaction during laparoscopic or
robotic surgeries. Future research could investigate whether
electromyography or acceleromyography is a more suitable
device in these respects.

In conclusion, this observational study demonstrated that
acceleromyography (Philips IntelliVue) frequently counted
more twitches than electromyography (TwitchView) in
posttetanic count monitoring, and the posttetanic counts
measured using acceleromyography and electromyography
are not interchangeable for assessing the degree of neuro-
muscular blockade.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

o After n-opioid receptor activation, oliceridine selectively engages the
G protein—coupled signaling pathway, which is associated with anal-
gesia, and has reduced engagement of the (3-arrestin pathway, which
is associated with adverse effects such as respiratory depression

e |n healthy young males, oliceridine had a higher probability of provid-
ing analgesia than producing respiratory depression over the clinically
relevant concentration range, while morphine had a higher probability
of producing respiratory depression than providing analgesia

e (Qlder and somewhat obese individuals of both sexes may be more vulner-
able to opioid-induced respiratory depression than younger individuals

What This Article Tells Us That Is New

e The hypothesis that oliceridine and morphine differ in their phar-
macodynamic behavior, measured as effect on ventilation at an
extrapolated end-tidal Pco, of 55 mmHg (VE55), was tested in a
four-arm, double-blind, randomized crossover study of eighteen
56- to 87-yr-old male and female volunteers

e The effect-site oliceridine concentration causing a 50% depression
of VE55 was 39% higher than that of morphine

e The onset and offset of the respiratory effect of oliceridine was five
times faster than that of morphine

ABSTRACT

Background: Oliceridine is a G protein—biased |I-opioid, a drug class that
is associated with less respiratory depression than nonbiased opioids, such
as morphine. The authors quantified the respiratory effects of oliceridine and
morphine in elderly volunteers. The authors hypothesized that these opioids
differ in their pharmacodynamic behavior, measured as effect on ventilation at
an extrapolated end-tidal Pco, at 55 mmHg, V,55.

Methods: This four-arm double-blind, randomized, crossover study exam-
ined the respiratory effects of intravenous 0.5 or 2mg oliceridine and 2 or
8 mg morphine in 18 healthy male and female volunteers, aged 55 to 89 yr, on
four separate occasions. Participants’ CYP2D6 genotypes were determined,
hypercapnic ventilatory responses were obtained, and arterial blood samples
were collected before and for 6h after treatment. A population pharmacoki-
netic—pharmacodynamic analysis was performed on \'/E55, the primary end-
point; values reported are median =+ standard error of the estimate.

Results: Oliceridine at low dose was devoid of significant respiratory effects.
High-dose oliceridine and both morphine doses caused a rapid onset of respi-
ratory depression with peak effects occurring at 0.5 to 1 h after opioid dosing.
After peak effect, compared with morphine, respiratory depression induced
by oliceridine returned faster to baseline. The effect-site concentrations
causing a 50% depression of V.55 were 29.9+3.5ng/ml (oliceridine) and
21.5+4.6ng/ml (morphine), the blood effect-site equilibration half-lives dif-
fered by a factor of 5: oliceridine 44.3 6.1 min and morphine 214 +27 min.
Three poor CYP2D6 oliceridine metabolizers exhibited a significant difference
in oliceridine clearance by about 50%, causing higher oliceridine plasma con-
centrations after both low- and high-dose oliceridine, compared with the other
participants.

Conclusions: Oliceridine and morphine differ in their respiratory pharma-
codynamics with a more rapid onset and offset of respiratory depression for
oliceridine and a smaller magnitude of respiratory depression over time.

(AnesTHESIoLoGY 2023; 138:249-63)

In—hospital use of opioids is associated with multiple
adverse events, prolonged length of stay, and opioid-
related readmissions.'™ Particularly respiratory depres-
sion from potent opioids is associated with not only
respiratory depression, but also cardiorespiratory col-
lapse and death.’ Despite these adverse effects, opioids
remain the cornerstone of pharmacotherapy for mod-
erate-to-severe acute pain because of their efficacy.’
One strategy to mitigate opioid-induced adverse events

is the development of safer opioids,"

e.g., opioids
that produce less respiratory depression and lead to less
addiction or abuse. One example of this strategy is the
development of oliceridine that was recently approved
by regulatory authorities in the United States for the

treatment of postoperative pain.”® It differs from other

This article is featured in “This Month in Anesthesiology,” page A1. This article has a visual abstract available in the online version.
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opioids in that it is assumed that, after activation of
the p-opioid receptor, oliceridine is biased toward the
G-protein intracellular pathway, which is predominantly
associated with analgesia, and shows limited recruitment
of the P-arrestin pathway, which is associated with opi-
oid-related adverse events (e.g., respiratory depression
and tolerance).**'? Theoretically, this would suggest that
oliceridine has a lower probability of respiratory depres-
sion than, for example, morphine, a full p-opioid recep-
tor agonist without bias toward the G-protein pathway.
This was indeed observed in a study that examined the
antinociceptive and respiratory effects of oliceridine ver-
sus morphine and showed a higher probability of anti-
nociception versus respiratory depression for oliceridine
while the reverse was true for morphine.” In that study,
healthy young volunteers were studied. In the current
study, we tested older and somewhat obese individuals
(age range 55 to 90 yr, body mass index up to 34kg/
m?) because such individuals are an increasing part of
our clinical caseload, and opioids in these older individ-
uals possibly may have a higher potency for respiratory
depression than in younger individuals. In the current
sample of such older individuals, we performed a pop-
ulation pharmacokinetic—pharmacodynamic modeling
study on the effect of intravenous oliceridine versus mor-
phine on ventilation at an extrapolated end-tidal carbon
dioxide concentration of 55 mmHg (VESS), the main
endpoint of the study. We hypothesized that oliceridine
and morphine differ in their pharmacodynamic behavior,
measured as effect on ventilation at an extrapolated end-
tidal Pco, of 55 mmHg.
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Materials and Methods
Ethics and Registration

The study was performed at a single site after approval
of the protocol by the medical ethics committee of the
Leiden University Medical Center, METC Leiden-Den
Haag-Delft (under identifier P21.025) and the Central
Committee on Research Involving Human Subjects (com-
petent authority) in The Hague, The Netherlands (iden-
tifier NL75790.058.21). The study was performed from
June 29, 2021, to January 4, 2022, in the Anesthesia and
Pain Research Unit of the Department of Anesthesiology
at Leiden University Medical Center. The study was
registered in the trial register of the Dutch trial regis-
try, currently available at the World Health Organization
International Clinical Trials Registry Platform (https://
trialsearch.who.int), under identifier NL9524 on June 2,
2021. The principal investigator of the study was Albert
Dahan, M.D., Ph.D. The study was conducted in accor-
dance with current Good Clinical Practice Guidelines and
adhered to the principles of the Declaration of Helsinki.
Before enrollment, all subjects gave oral and written
informed consent. Thereafter, their medical history was
obtained, and a physical examination was performed. The
whole project was monitored by an independent data
input monitor and a data safety monitoring committee.

Participants

Healthy volunteers of either sex were recruited to participate
in the study. Inclusion criteria were age 55 yr or older; body
mass index in the range 19 to 35kg/m? (inclusive); absence
of any significant medical, neurologic, or psychiatric illness as
determined by the investigators; and willing and able to sign
a written informed consent. The inclusion process was aimed
to include an equal number of men and women, include half
of the participants with an age of 65 yr or older, and a third
of subjects with a body mass index range of 30 to 35kg/m?,
to represent an average elective surgical population. The main
exclusion criteria were intolerance, hypersensitivity, or recent
(less than 1 month) exposure to opioids; a positive drug test
or breath alcohol test on screening or subsequent study vis-
its; inability to perform the study procedures as tested during
screening; cognitive impairment as determined by the short
version of the Mini Mental Status Examination (score less than
24); any clinically significant laboratory abnormality; abnor-
malities on the electrocardiogram including a corrected QT
interval greater than 450ms; alcohol intake of more than 4
units per day; participation in a drug trial in the 30 days before
screening; or any other condition that in the opinion of the
investigator would complicate or compromise the study or the
well-being of the subject.

Study Design

The following study drugs were administered on 4 sep-
arate study days, at least 1 week apart in a double-blind,
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randomized order: 0.5mg low-dose oliceridine (Trevena
Inc., USA), 2.0 mg high-dose oliceridine, 2.0 mg low-dose
morphine hydrochloride (Centrafarm BV, Etten-Leur, The
Netherlands), or 8.0mg high-dose morphine hydrochlo-
ride. The study drugs were administered intravenously for
over 60s. The study drugs were prepared by the pharmacy
and dispensed to the study team in identical, unmarked,
numbered (subject and visit numbers) syringes on the
morning of the experiment. Randomization was per-
formed using a computer-generated randomization list; the
list was available to the pharmacy and the data safety mon-
itoring committee. Unblinding was only justified in case of
drug-related serious adverse events.

The choice of the opioid doses was based on earlier clin-
ical studies. Available oliceridine and morphine comparative
data from the literature suggest that oliceridine is 6.7 times
more potent than morphine in the cold pressor test and 3.3
times more potent in pupil constriction as derived from a
phase 1 study obtained in younger adults (less than 50 yr),"
and 4 times more potent in decreasing pain intensity as
derived from a phase 2 study in 144 postoperative patients
(age range 18 to 75 yr)."” Based on these observations, we
consider that the doses used in our study (2mg and 8 mg
morphine and 0.5 and 2mg oliceridine) are equianalgesic.

Before each visit, participants were asked to fast for at
least 8h. Upon arrival in the research unit, the subjects
were screened for the use of illicit substances by using a
urine dipstick (Alere Toxicology Plc., Oxfordshire, United
Kingdom), and screened for alcohol use with a breath anal-
ysis test (AlcoHawk CA-120, USA). Thereafter, the partici-
pants received an intravenous catheter in the median cubital
vein of the left or right arm and an arterial line in the left
or right radial artery. The arterial line was connected to a
FloTrac Sensor and HemoSphere (Edwards Lifesciences,
USA) for hemodynamic monitoring. Finally, a 3-lead elec-
trocardiogram (Datex Cardiocap, Helsinki, Finland) and
a finger probe for pulse oximetry (Masimo Corporation,
USA) were placed.

Respiratory Measurements.

After a short period of relaxation, the ventilatory response
to hypercapnia was measured by using a modified rebreath-
ing method.'™"® During respiratory testing, the subjects
were semirecumbent and breathed through a face mask
positioned over the mouth and nose. The face mask was
connected to a pneumotachograph and pressure transducer
system (Hans Rudolph Inc., USA) to measure ventilation
on a breath-to-breath basis. Inspired and expired carbon
dioxide concentrations were measured at the mouth using
a Datex Capnomac (Datex, Finland). After a 4-min period
of relaxed breathing of room air, the subjects were coached
to hyperventilate for 2 to 3min while breathing a hyper-
oxic gas mixture (F10, = 1), followed by normal breathing
for 30s of the hyperoxic gas mixture, after which rebreath-
ing from a 6-1 balloon containing 7% carbon dioxide in

Oliceridine Respiratory Effects

93% oxygen was initiated. The rebreathing period lasted for
3 to 4min. We obtained eight responses, one before any
drug administration, and 30min, 1, 2, 3, 4, 5, and 6h after
drug infusion. The following breath-to-breath data were
collected: minute ventilation, end-tidal oxygen and carbon
dioxide concentration, and oxygen saturation.

Blood Sampling and Analysis.

At the following time points, 2ml blood was drawn from
the arterial line for determination of oliceridine or mor-
phine and morphine-6-glucuronide  concentrations:
0 (predose) 2, 5, 10, 15, 30, and 45min, and 1, 1.5, 2, 3,
4, 5, and 6h (postdose). Plasma samples were shipped to
Labcorp Bioanalytical Services LLC, Indianapolis, Indiana,
for analysis.

Oliceridine plasma concentrations were quantified using
a validated high-performance liquid chromatography with
tandem mass spectrometry bioanalytical assay.”!* Oliceridine
and the internal standard TRVO110813A:2 (tri-deutero
3C-labeled oliceridine) were extracted from human plasma
containing K. EDTA by supported-liquid extraction. The
lower limit of quantitation for oliceridine in human plasma
was 0.05 ng/ml, with linearity demonstrable up to 50 ng/ml
(upper limit of quantitation), using a 50-pl sample volume.
Mean coefficient of variation among the various analytical
runs ranged from 5.9 to 7.1% with bias ranging from 0.5
to 5.5% and accuracy from 100.5 to 105.5%. Oliceridine
metabolites were not measured because none of them are
pharmacologically active.

Morphine and morphine-6-glucuronide concentrations
were determined by a validated high-performance liquid
chromatography with tandem mass spectrometry method,
after solid-phase extraction of morphine and internal stan-
dard morphine-d3 and morphine-6-glucuronide and inter-
nal standard morphine-6f3-D-glucuronide-d3 from human
plasma containing K.EDTA. The lower limits of quantita-
tion for morphine and morphine-6-glucuronide in human
plasma were both 0.5ng/ml, with linearity demonstrable
up to 250ng/ml (upper limit of quantitation), using a 50-pl
sample volume. For morphine, the mean coefficient of varia-
tions among the analytical runs ranged from 5.2 to 7.5% with
bias ranging from 0.5 to 3.2% and accuracy from 100.5 to
103.2%. For morphine-6-glucuronide, the mean coefficient
of variations ranged from 5.2 to 6.8% with bias ranging from
0.5 to 5.6% and accuracy from 100.5 to 105.6%. The assay
has not been published previously, but see Dahan e al."

To determine the drug metabolizer status of the par-
ticipants, one additional blood sample was drawn for
determination of the CYP2Dé6 genotype. Genotyping
was performed by the ISO15189-accredited laboratory
of the Leiden University Medical Center Pharmacy and
Toxicology Department using the TAG CYP2D6 Kit v3
(Luminex Corporation, Den Bosch, The Netherlands).
CYP2D6-haplotypes and copy number variants were
determined."

Anesthesiology 2023; 138:249-63
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Adverse Events

Side effects were evaluated on an 11-point visual analog scale
(0 to 10) for the following items: nausea (none to severe),
sedation (none to most intense), dizziness (none to most
severe), lightheadedness (none to most severe), drug likability
(5 was equivocal, under 5 was do not like, over 5 was like).
Additionally, we scored occurrence vomiting (yes/no).These
items were queried at baseline, = 45 min, and subsequently
at 1-h intervals until + = 345min after drug administration.
Also, adverse effects spontaneously reported by the partici-
pant or observed by the investigators were recorded.

Data Analysis

Data analysis was performed in several steps. First,V,55 or
ventilation at an extrapolated end-tidal Pco, of 55 mmHg
(units I/min) was calculated from the slope of the ventilatory
response to hypercapnia. The slope was determined in R
(the R-Foundation for Statistical Computing, www.r-proj-
ect.org) by fitting all ventilation-end-tidal Pco, data points
of the linear part of the ventilatory response to hypercapnia
curve to the equation S = Ventilation(f)/[end-tidal Pco,(f) —
B], where Sis the slope of the ventilatory response to hyper-
capnia and B the apneic threshold or extrapolated end-tidal
Pco, at zero ventilation; this process was automated in R.*
Next, the population pharmacokinetic data were analyzed,
followed by a population pharmacokinetic—pharmacody-
namic analysis usingV 55, the main endpoint of the study, as
pharmacodynamic input to the model.

Pharmacokinetic—Pharmacodynamic Analysis.

The pharmacokinetics and pharmacodynamics of
oliceridine and morphine were analyzed with NONMEM
VII (Icon Plc., USA), a software package for nonlinear
mixed-effects modeling, using a population approach.
Although measured in plasma, morphine-6-glucuronide
was not included in the analyses, because previous studies
indicated a rather low potency of morphine-6-glucuronide
on generating respiratory effects in individuals with a nor-
mal renal function with a potency ratio of approximately
1:20 for depression of isohypercapnic ventilation and 1:50
for isocapnic hypoxic ventilation.! The pharmacokinetic
data were analyzed using three-compartment models. The
following analysis sequence was applied: initialization using
iterative two-stage, parameter estimation using stochastic
approximation expectation maximization, objective func-
tion evaluation using importance sampling, and a final No
U-Turn sampling Bayesian step using noninformative pri-
ors to visualize and quantify parameter uncertainty.

The early samples at 2min after infusion showed consid-
erable variability. Because infusion was done manually for
1 min, it was hypothesized that this could be caused, at least
in part, by variability of the infusion duration. Therefore,
NONMEM’s parameter of the infusion duration (D)) was
set up to be an estimable parameter.

Anesthesiology 2023; 138:249-63

Body weight and, for oliceridine, the metabolizer status
based on the genotype of the CYP2D6 gene, were incor-
porated as covariates in the pharmacokinetic analyses. The
change in NONMEM’s objective function value was tested
to assess whether weight via allometric scaling improved the
fit (because this requires no extra parameters, incorporating
allometric scaling would be preferable with any decrease
in the objective function value). For metabolizer status, the
clearance for each nonnormal status was tested for statistically
significant difference from the clearance for the normal status
(change in objective function value of at least 6.63; P < 0.01).

Allometric scaling using standard powers of weight (1
for volumes and 0.75 for clearances) was assumed a priori
and implemented in the pharmacokinetic models.> During
model evaluation, it was checked that incorporating allome-
tric scaling indeed reduced NONMEM’s objective function
value and that it decreased the dependence of interindivid-
ual variability terms on weight. To quantify the hysteresis
between the arterial drug concentration and effect, an effect
site is postulated characterized by a first-order process with
rate constant ke0 and half-life t’2keO (= In2/ke0).

The ventilatory effects of oliceridine and morphine

were modeled using an inhibitory sigmoid E model.

MAX
Ventilation at an extrapolated isohypercapnic level of 55

mmHg (VESS) was modeled as follows:

VDS (t) = VDS at baseline — V55 at baseline

[CE(U'Y
X

cJ }
%0 /[1+CEW}

5
50

where baseline is the value before any drug administration,
C,(1) is the effect-site concentration at time ¢, C, the eftect-
site concentration causing a 50% depression of V55, and vy
a shape parameter, which was fixed to 1 in the analyses. The
same estimation steps were followed as was done for the
pharmacokinetic analyses. To determine whether the mod-
els adequately described the data, goodness-of-fit plots were
created and inspected. To allow a visual predictive check
of the final pharmacokinetic or pharmacodynamic mod-
els, the normalized prediction discrepancies were estimated.
Parameter estimates are reported as median =+ standard error
of the estimate; P < 0.01 was considered significant.

No formal sample size analysis was performed. A previ-
ous study from our laboratory enrolled 15 subjects and was
able to detect a significant difference between two opioids
(oxycodone and tapentadol) on V55 in a young healthy
population (mean difference 5 I/min, 95% CI =7 to =3 1/
min).” In the current study, we planned to enroll 18 sub-
jects to consider some variability in the data obtained from
an older sample and possible withdrawal of up to 3 subjects.

The time to peak effect after a bolus dose is determined
by both the blood-effect-site equilibration half-life and
the pharmacokinetics.** This composite measure may be

Simons et al.

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



Simons et al.

useful for the design of target-controlled infusion systems
where the available models from the literature are evalu-
ated. From the estimated parameters for both oliceridine
and morphine, we calculated the time to peak effect using
the method described in Minto ef al.** implemented in R
(the root of the derivative of the effect-site concentration
function of time after a unit bolus dose).

Simulations.

We simulated the effect of multiple doses to reach a level of
respiration depression of maximal 65% of isohypercapnic
baseline ventilation in a typical 70-kg patient. The simu-
lations were performed in R using implementation of the
final models and estimated typical population parameters
with simulated data obtained at 1-min intervals. After a
bolus dose, a subsequent sequence of doses, three to four
per hour, mimicking patient-controlled analgesia, was
simulated while advancing simulated time considering
a lockout time of 6 min. Three runs were done: one for
morphine and two for oliceridine with normal and low
elimination clearance. The bolus dose was 10 times and
3 times higher than the subsequent repetitive dose (10:1
and 1.5:0.5), for morphine and oliceridine, respectively, as
applied clinically.'*'

Results

A total of 341 individuals responded to an online mailing
for participation in our study. Twenty-two were assessed for
eligibility of which 4 were excluded because they did not
show up on the first study day (n = 1), they met exclusion
criteria (n = 2), or they declined to participate (n = 1).
Eighteen subjects (9 men and 9 women) were enrolled in
the study and randomly assigned; 17 subjects successfully
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5
5 120+ mg
£ Olicerdine
@ 100 T
e} J{g/lorpl';ve
G "
X
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8
>
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Fig. 1. Ventilation at an extrapolated carbon dioxide partial
pressure of 55 mmHg, \'/E55, for the four treatment arms (green,
0.5 mg oliceridine; blue, 2 mg oliceridine; orange, 2 mg morphine;
and red, 8 mg morphine). Data are averaged percentage of base-
line + 95% ClI.

Oliceridine Respiratory Effects

completed the trial. One male subject withdrew consent
after the second visit because of a (transient) painful hema-
toma that developed at the location of the vascular access
line after the subject returned home; his data are included in
the analyses. All other subjects completed the study without
any serious or unexpected adverse effects. The mean age
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Fig. 2. Mean pharmacokinetic data + 95% Cl after intravenous
administration of morphine and oliceridine. (4) 0.5 mg oliceridine
(gray symbols) and 2mg oliceridine (green symbols). (B) 2mg
morphine (red symbols) and morphine-6-gucuronide (blue sym-
bols). (C) 8 mg morphine (red symbols) and morphine-6-gucuro-
nide (blue symbols).
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of the participants was 71 yr (range 56 to 87 yr), height
170cm (155 to 189cm), and body mass index 26 kg/m?
(20 to 34kg/m?). Five subjects, with age range 69 to 75 yr,
had a body mass index greater than 30kg/m? (mean value
33kg/m?, with range 32 to 34kg/m?); the other subjects
(age range 56 to 87 yr) had a mean body mass index of
24kg/m? (20 to 29kg/m?).

Primary Endpoint: Opioid Effect on \'/E55

The effect of oliceridine and morphine on mean isohyper-
capnic Ventilation,VESS, are given in figure 1. The dynamic
patterns observed after the opioid infusions were different for
the two opioids. High-dose oliceridine and high- and low-
dose morphine showed a rapid drop in V.55, an indication
of rapid onset of respiratory depression, i.e., within 30 min
of administration. High-dose oliceridine and low-dose mor-
phine returned toward baseline within 3h, and high-dose
morphine lagged behind, and a slow return toward baseline
(more than 6 h) was observed. Low-dose oliceridine did not
produce any significant respiratory depression. In contrast to
V.55 after high-dose morphine, V.55 after low- and high-
dose oliceridine infusion had mean values greater than pre-
drug baseline values from ¢ = 4h on.

Population Pharmacokinetic Analyses

The average plasma concentrations of oliceridine, mor-
phine, and morphine-6-glucuronide are given in figure 2.

Goodness-of-fit plots (individual and population pre-
dicted versus measured data, conditional weighted resid-
uals versus time, and normalized prediction discrepancy
errors versus time) are given in figure 3; the population
predicted pharmacokinetic outcomes and measured
plasma concentrations of each individual of the four treat-
ment arms are given in figure 4. Inspection of the data
fits and goodness-of-fit plots indicate that the three-com-
partment models adequately described the data of both
opioids. The estimated pharmacokinetic model param-
eter estimates are given in table 1. For all 4 treatment
arms, the infusion rate parameter (D) was not signifi-
cantly different from 1, but its variability was significantly
different from 0. Fixing it to zero had a marked effect
on the remaining variability parameters and also on the
population estimates. Therefore, including variability on
D, likely reduced the bias on all parameter estimates.
The decrease in NONMEM’s objective function value
was 141 and 139 points for morphine and oliceridine,
respectively. Weight had an effect on the pharmacokinetic
parameters via allometric scaling, indicated by a decrease
in objective function value of 43 and 24 points for mor-
phine and oliceridine, respectively.

With respect to the CYP2D6 genotype, 10 subjects were
classified as normal oliceridine metabolizers (2 functional
alleles), 4 as intermediate metabolizer (heterozygous with
one functional allele), 3 as poor metabolizer (with two
alleles lacking activity due to *4/*4,*3/*4 and *4/*4 with
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*3 = 2549delA and *4 = 100C>T, 1661G>T, 1846G>A,
2850C>T, or 4180G>C) and 1 as ultrarapid metabolizer
(more than two functional alleles).” A significant difference
in clearance (CL,) by about 50% was observed in the three
poor oliceridine metabolizers. This caused higher plasma
concentrations in these three subjects after both low- and
high-dose oliceridine compared with the other participants
(fig. 4, C and D).

Pharmacodynamic Analyses

The population predicted pharmacodynamic outcomes
and measured pharmacodynamic data points (V,.55) of
each individual of the four treatment arms are illustrated
in figure 5, and goodness-of-fit plots are given in figure 6.
Inspection of the data fits and goodness-of-fit plots indicate
that the pharmacodynamic model adequately described
the data of both opioids. The estimated pharmacodynamic

model parameter estimates are given in table 2. Two relevant
observations are that oliceridine displays a 39% higher C_|
value than morphine, and the two drugs differ by a factor of
5 in their onset/offset times (t/2ke0) with oliceridine being
5 times more rapid than morphine in the transition from
plasma to effect site. The time to peak effect was 10.5min
and 56.0 min for oliceridine and morphine, respectively. For
both drugs, parameter y was not significantly different from
1 and therefore fixed to 1.

Simulations

Results of the simulation study are given in figure 7. They
show the effect of multiple dosing aimed at a steady state in
effect to maximal depression of 65% of baseline isohyper-
capnic ventilation. Irrespective of genotype (oliceridine), the
differences in pharmacokinetic and pharmacodynamic prop-
erties result in less variation in the effect-site concentrations

Anesthesiology 2023; 138:249-63
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Table 1. Pharmacokinetic Parameter Estimates

Between-Subject Variability Interoccasion Variability

Parameter + SEE w? = SEE v2 = SEE
Oliceridine
V,, 1170 kg 1.1+01 0.07+0.03
V,, 1170 kg 5.6+0.5
V,, 1170 kg 453+1.8 0.01+0.01
CL,,/hat70kg 33115 0.02+0.01 0.006 +0.003
CL, I/hat70 kg 22.8+2.3 0.04+0.02 0.02+0.01
CL, /hat70kg 276+2.0 0.05+0.03
D,, min 1 0.83+0.43
CL™, I/h at 70 kg 17.8+15
0? 0.009+0.001
Morphine
V,, 1170 kg 3.3+0.3 0.05+0.02
V,, 1170 kg 7.1+0.6
V,, 1170 kg 90.2+3.7 0.02+0.01
CL,,/hat70kg 80.1+2.3 0.016+0.004
CL, /hat70kg 35.8+2.3
CL, /hat70 kg 51424
D,, min 1.0 1.1+05
0? 0.012+0.001

CL,, the clearance from compartment 1 with CL,™ is CL, of the oliceridine poor metabolizer, CL, and CL,, the intercompartmental clearances between compartments 1 and 2 and
1 and 3, respectively; D,, the infusion duration; ?, intersubject variability; SEE, standard error of the estimate; o, measure of residual variability; V., V., and V,, the volumes of

compartments 1, 2 and 3, respectively.

for morphine (difference between peaks and valleys 1 ng/ml)
versus oliceridine (5ng/ml) and variation in ventilation for
morphine (difference between peaks and valleys 2% of base-
line) versus oliceridine (7%). For morphine, in a 24-h period,
the total drug dose given is 27mg, which is made up of an
initial bolus dose of 10mg followed by 17 1-mg doses. For
oliceridine in normal and poor metabolizers, the initial bolus
dose was 1.5mg followed by 20 doses of 0.5mg in normal
metabolizers (total dose given 11.5mg) and 11 doses of 0.5 mg
in poor metabolizers (total dose 7mg). This indicates that less
oliceridine was needed in poor than in normal metabolizers
to induce a similar level of respiratory depression.

Adverse Effects

All reported and observed adverse effects are given in
table 3. At low dose and high dose, the total number of
events was similar between opioids. Most frequently
reported events were dizziness, lightheadedness, somno-
lence, and horizontal vertigo after oliceridine administra-
tion,and nausea, lightheadedness, dizziness, and somnolence
following morphine (all occurring on at least 8 visits). The
queried adverse events are given in figure 8. It shows the
more protracted occurrence of events after morphine than
oliceridine.

Discussion

We studied oliceridine and morphine and measured iso-
hypercapnic ventilation at an end-tidal Pco, of 55 mmHg
as a biomarker of drug effect in a sample of moderately

Anesthesiology 2023; 138:249-63

1”2

overweight older men and women. Our main observations
were as follows: (1) there was a 30% difference in respi-
ratory potency between oliceridine and morphine with a
50% reduction ofVESS (C,,) observed at 29.9%3.5ng/ml
oliceridine and 21.1 + 4.6 ng/ml morphine; (2) oliceridine
had a 5-times faster onset and offset of respiratory effect
than morphine (blood-effect-site equilibration half-life,
t¥ke0, 44+ 6min for oliceridine versus 214 +27min for
morphine); and (3) oliceridine metabolism was dependent
on the CYP2D6 enzyme genotype. Simulations revealed
that about 40% less oliceridine is needed to achieve the
same level of respiratory depression in poor metabolizers
compared with normal metabolizers over 24 h.

The study was conducted in older subjects as opposed
to the more typically young and healthy study population.
Previously, we studied healthy young volunteers (18 to 30
yr) to determine the respiratory effects of a range of opioids,
including morphine, morphine-6-glucuronide, oxycodone,
fentanyl, and buprenorphine.?’?'?* Although these stud-
ies are of interest from a pharmacologic perspective, the
current study sample is clinically more relevant, because
patients aged 55 yr and older comprise the vast majority of
patients in anesthetic practice. The differences in estimated
model parameters indicate that, on bolus dose adminis-
tration, oliceridine produces respiratory depression more
rapidly than morphine, but the oliceridine effect wears
off more quickly. In clinical practice, often higher opioid
doses are administered than in our experimental study. This
may be necessary, for example, to achieve rapid pain relief.
Because we did not obtain pain data in our study (see next
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paragraph), we remain uninformed how the ventilatory
effects that we observed relate to the antinociceptive effects.
This requires further study.

Previously, Dahan ef al."® analyzed respiratory and ant-
inociceptive oliceridine and morphine data in a younger
cohort of healthy male volunteers (19 to 50 yr) to con-
struct utility functions or therapeutic indices of the two
opioids. They showed superiority for oliceridine compared
with morphine in the utility U = P(A) — P(R), where P(A)
is the probability for analgesia and P(R) is the probabil-
ity for respiratory depression. In the current study, we had
planned to construct similar utility functions and therefore
measured antinociceptive responses (cold pressor and elec-
trical pain tests, data not shown) in our subjects. However,
we experienced early on that the older subjects had diffi-
culty scoring the applied noxious stimuli. They consistently
were insensitive to the intense cold-water stimuli (1.5°C)
and we did not detect a dose- or time-dependent effect

in the electrical pain assay. We therefore discarded the ant-
inociceptive data obtained in the study. We demonstrated
earlier that volunteers (mean age 37 yr, body mass index
under 30kg/m?) were not able to reliably score thermal or
electrical stimuli after opioid administration.” This may be
even worse in the elderly because the nociceptive fibers in
the skin are affected by the normal aging process and there
is also evidence for functional alterations in pain-processing
regions in the brain of elderly individuals.?** Additionally,
we showed that a sample of predominantly women with
morbid obesity (mean age 43 yr, body mass index range
43 kg/m?) were hypoalgesic to noxious stimuli and had dif-
ficulty grading thermal and electrical stimuli.*® All of these
factors could have impacted the pain measurement in our
current study.

It was not possible to compare the respiratory safety
of oliceridine and morphine in the older subjects of the
present study because of our inability to construct utility

Anesthesiology 2023; 138:249-63
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Fig. 6. Goodness-of-fit plots of the pharmacodynamic data analyses for morphine (A to D) and oliceridine (Eto H). (A and £) Measured con-
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Table 2. Pharmacodynamic Parameter Estimates

Between-subject Variability

Interoccasion Variability

Parameter + SEE w? = SEE v2 = SEE
Oliceridine V.55
Baseline, I/min 28.3+3.3 0.21+0.10 0.07+0.03
t¥2ke0, min 44.3+6.1
C,,» ng/mi 29.9+35
o? 15.1+£5.7 1.95+0.82
Morphine V.55
Baseline, I/min 27.8+3.1 0.20+0.08 0.05+0.02
1/2ke0, min 21427
C,,» ng/mi 21.5+4.6 0.49+0.28 1.81+0.55
o? 6.7+1.7

C,

to effect-site equilibration half-life; \7555, extrapolated ventilation at an end-tidal Pco,, of 55 mmHg.

functions. This is particularly so because respiratory depres-

. ffect-site concentration causing 50% respiratory depression; SEE, standard error of the estimate; w?, intersubject variability; 0% a measure of residual variability; t/2ke0, blood

earlier study."® Despite these differences, a comparison of

sion 1s related to drug dose and plasma concentration, speed
of drug infusion, timing of measurement and underlying
pain, which are considered in the utility function. Similarly,
a comparison with our previous study in younger volun-
teers should be made with caution given the many differ-
ences in protocol, such as inclusion of only male subjects,
venous sampling, and a different respiratory test in the

Anesthesiology 2023; 138:249-63

respiratory potency ratios (C, oliceridine)/(C, morphine)
remains meaningful. The ratio equaled 1.4 in the current
study and was 1.6 in the cohort of younger men." This
shows that the potency ratio is maintained over the age
ranges studied (19 to 50 yr and 56 to 87 yr). Further, the
estimated blood-effect site equilibration half-lives are in the
same range as observed in earlier morphine and oliceridine

Simons et al.
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Table 3. Adverse Effects

Oliceridine 0.5 mg Oliceridine 2 mg Morphine 2 mg Morphine 8 mg
Apnea* 1
Bradycardia 1 3
Dizziness 4 12 4 7
Drowsiness 1 1 1 2
Flushing 3 1 2
Headache 3 6 4 4
Hoarseness 1
Lightheadedness 5 8 3 8
Myalgia shoulders 1
Nausea (without vomiting) 6 2 10
Nausea and vomiting 1 2 5
Numbness shoulders 1
Paresthesia extremities 1 1 3
Paresthesia whole body 1
Pruritis at injection site 1 2 1
Rigidity of the thorax 1
Shivering 1
Slurred speech 2 1
Somnolence 4 7 2 6
Syncope 1 1 1
Vertigo (horizontal) 2 6 3
Vertigo (vertical) 4 2
Total 20 59 26 62

Data are n (subjects).
*Cessation of breathing for at least 30s.

Simons et al.
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Oliceridine 0.5 mg
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Fig. 8. Adverse events, queried on a visual analog scale for dizziness, lightheadedness, drug likability, sedation, nausea, and vomiting. For
drug likability, the score ranges from 0 = | do not like this drug to 10 = | do like this drug, with 5 an equivocal score = | do like/l do not like.

VAS, visual analog scale.

respiratory studies.'?'?!%? Additional studies in preferably
acute pain patients, comparing multiple age cohorts, on pain
relief and respiration are needed for definite conclusions.
The pharmacokinetic profile of oliceridine was altered
in three poor metabolizers related to the CYP2D6 geno-
type. All three had a significantly lower clearance (CL,) with
higher plasma oliceridine concentrations than the other
CYP2D6 genotypes. Similar observations were reported ear-
lier.” In reviewing the pharmacokinetic data, we also need
to consider the effects of age and body mass index. Among
other physiologic changes, at an increasing age, glomerular
filtration rate is reduced and there is a shift in the distribu-
tion of fat and muscle mass.*** The latter may account for
the decreased morphine compartmental volumes compared
with volumes reported in younger volunteers with mean
age 26 yr.”® Similar observations were made for remifentanil
showing reduced compartmental volumes with increasing
age.” Our oliceridine pharmacokinetic parameter estimates

Anesthesiology 2023; 138:249-63

agree with the pooled analysis of seven oliceridine data
sets in acute pain patients of which more than half had an
age range of 40 to 65 yr.” For morphine, a possible age-
related reduction in renal function may cause accumulation
of morphine-6-glucuronide, morphine’s active metabolite,
and subsequently enhance respiratory depression.”® In our
sample, all subjects had a glomerular filtration rate greater
than 60 ml/min and a normal liver function.

The morphine and oliceridine C, values (table 2) are
lower than previously reported in several studies in younger
volunteers.*” For example, we earlier observed a C,, for mor-
phine respiratory effect of about 45ng/ml in young volunteers
in their twenties.” Although we did not perform a direct com-
parison among different age cohorts, these observations point
toward an increase in respiratory potency with increasing age
for the two tested opioids. Our findings are consistent with
earlier studies showing enhanced desired and undesired opioid

effect with increasing age.”*** For potent synthetic opioids,

Simons et al.
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the age effect is well documented. For example, Scott et al.¥
found that the fentanyl dose requirements to produce a similar
electroencephalographic effect decreases by 50% at an increas-
ing age (from 20 to 89 yr) in male patients. Similar observations
were made for remifentanil.” Cepeda ef al.** showed that the
risk for postoperative respiratory depression rises with increas-
ing age in 8,855 surgical patients receiving an opioid (fentanyl,
meperidine, or morphine) for postoperative pain. Compared
with younger patients (16 to 45 yr), those aged 61 to 70 yr, 71
to 80 yr,and 81 yr and older had, respectively,a 2.8,5.4,and 8.7
times higher risk for the development of respiratory depres-
sion. The physiologic basis of the increased opioid respiratory
sensitivity with age remains unknown but may be related to
an age-dependent imbalance between excitatory and inhibi-
tory neuronal pathways within the respiratory networks of the
brainstem after opioid receptor activation.* Possibly excitatory
pathways are less active in the elderly, leading to increased sen-
sitivity of the ventilatory control system to opioids.

\'/E55 versus Slope of the Hypercapnic Ventilatory
Response

We measured the non—steady-state ventilatory response to
carbon dioxide according to Read,'® Rebuck,'” and Florian
et al."® Rather than using the slope of the response curve as
our primary endpoint, we used ventilation at an end-tidal
Pco, of 55 mmHg (VESS) calculated from the slope (S) and
the x-axis intercept (B) as follows: V.55 = [S X (55 — B)|;
S and B are estimated from the regression of the breath-
to-breath Pco, ventilation data. As is apparent from the
formula, V.55 considers the slope and the position of the
hypercapnic response curve. Opioids are known to decrease
the slope and shift the response curve to the right, both of
which are signs of respiratory depression. We and others
earlier used V.55 to reliably express opioid effects on ven-
tilatory control.’®2* We chose a rebreathing rather than a
steady-state technique to quantify the opioid effect on the
hypercapnic ventilatory response to enable rapid and fre-
quent testing over time. The steady-state technique is more
cumbersome and takes 30 to 40min to complete.”” We pre-
viously argued that, in contrast to the steady-state technique,
the rebreathing technique causes a reduction of the response
slope due to a decrease in the differences between end-tidal
(and arterial) Pco, and the CO, content in the rebreath-

ing balloon (7%) after opioid administration.**

However,
the opioid-induced rise in end-tidal Pco, is due to the opi-
oid respiratory effect, and, consequently, the reduced slope
is a sign of respiratory depression that becomes apparent
because of methodologic issues. A reduced slope is often not
observed using a nonrebreathing steady-state technique.**
Interestingly, opioids cause a rightward shift of the steady-
state hypercapnic response curve, but the effect of opioids
onV,55 seems independent of the method used to measure
the hypercapnic ventilatory response.®

In conclusion, our population pharmacokinetic—phar-
macodynamic analysis, performed in older individuals,

Oliceridine Respiratory Effects

shows that oliceridine has a more rapid onset/offset of
respiratory depression, as defined by parameter t/sk , com-
bined with a 30% lesser potency for respiratory depression,
as defined by parameter C

.,» than morphine.
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Background: The authors previously reported a broad suite of individual-
ized Risk Stratification Index 3.0 (Health Data Analytics Institute, Inc., USA)
Extend ed_a e out_of_ models for various meaningful outcomes in patients admitted to a hospital

g for medical or surgical reasons. The models used International Classification
of Diseases, Tenth Revision, trajectories and were restricted to information

Sample valldatlon Of RISk available at hospital admission, including coding history in the previous year.
The models were developed and validated in Medicare patients, mostly age

Stratlflcatlon ||1dex 3-0 65 yr or older. The authors sought to determine how well their models predict
M d I u - c = I utilization outcomes and adverse events in younger and healthier populations.
o e s 3“19 om mercla Methods: The authors’ analysis was based on All Payer Claims for surgical and

= medical hospital admissions from Utah and Oregon. Endpoints included unplanned

A“-payer clalms hospital admissions, in-hospital mortality, acute kidney injury, sepsis, pneumonia,
respiratory failure, and a composite of major cardiac complications. They pro-
spectively applied previously developed Risk Stratification Index 3.0 models to the

younger and healthier 2017 Utah and Oregon state populations and compared the
results to their previous out-of-sample Medicare validation analysis.

Scott Greenwald, Ph.D., George F. Chamoun, B.S.,

Nassib G. Chamoun, M.S., David Clain, B.S., Zhenyu Hong, M.S.,
Richard Jordan, Ph.D., Paul J. Manberg, Ph.D.,

Kamal Maheshwari, M.D., Daniel I. Sessler, M.D.

Results: In the Utah dataset, there were 55,109 All Payer Claims admissions
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across 40,710 patients. In the Oregon dataset, there were 21,213 admissions §
from 16,951 patients. Model performance on the two state datasets was similar 2
or better than in Medicare patients, with an average area under the curve of 0.83 %
EDITOR’S PERSPECTIVE (0.71 10 0.91). Model calibration was reasonable with an A2 of 0.93 (0.84 t0 0.97)

. ) for Utah and 0.85 (0.71 to 0.91) for Oregon. The mean sensitivity for the highest &
What We Already Know about This Topic 5% risk population was 28% (17 to 44) for Utah and 37% (20 to 56) for Oregon.
e Risk Stratification Index 3.0 predictive analytical models provide

risk profiles at hospital admission from individual administrative
claims histories. These models were generated and validated in a
population that was mostly more than 65 yr old.

Sayjsaue/ Wi

Conclusions: Predictive analytical modeling based on administrative claims &
history provides individualized risk profiles at hospital admission that may help <
guide patient management. Similar predictive performance in Medicare and in %
younger and healthier populations indicates that Risk Stratification Index 3.0 =

What This Article Tells Us That Is New models are valid across a broad range of adult hospital admissions.

e In two different statewide databases, Risk Stratification Index 3.0 (AnesTHesioLogY 2023; 138:264—73)
models worked well in younger and healthier adults.
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he Risk Stratification Index 3.0 (Health Data Analytics including mortality, prolonged hospitalization, and adverse
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Institute, Inc., USA) suite of predictive models is events during hospitalization and after discharge.’
a broadly applicable set of risk adjustment measures that This well-validated and calibrated broad suite of predictive
use administrative claims data to predict health outcomes algorithms uses diagnostic, procedural, and demographic
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information over time to anticipate evolution of health
conditions based solely on administrative claims and demo-
graphic data available at the time of admission.

A limitation of Risk Stratification Index 3.0 models is that
they were developed and out-of-sample validated in Medicare
fee-for-service patients who are mostly age 65 yr or older.
An obvious question is whether Risk Stratification Index 3.0
models are comparably predictive in other populations, espe-
cially those that are younger and healthier. Our goal was to
determine how well seven Risk Stratification Index 3.0 mod-
els developed in Medicare patients perform when applied to
out-of-sample younger and healthier adult populations.

Materials and Methods

As described elsewhere,! Risk Stratification Index 3.0 mod-
els were developed on the Centers for Medicare & Medicaid
Services (Baltimore, Maryland) Research Identifiable File
data on a remote server using the SAS Enterprise Guide
(version 7.15; SAS Institute Inc., USA) under a Centers for
Medicare & Medicaid Services data use agreement (No.
51870). The models are extensions of previously published
Risk Stratification Index versions 1.0 and 2.0.?

Subject Selection

Our reference study design was an extension of the previ-
ously described out-of-sample validation in all 2017 to 2019
hospitalized Medicare fee-for-service and dual-eligible
(Medicaid and Medicare) beneficiaries.! Briefly, in that
study, admissions were excluded if patient age on admission
was either younger than 18 or older than 99 yr, records had
missing or inconsistent data (e.g., missing sex or birthdate
information, or had different sex, birth dates, or mortality
dates [if applicable] reported in source files), or patients had
either discontinuous Part A or Part B Medicare coverage or
had Part C coverage in the year before admission (fig. 1A).
Claims data during the year before the admission were used
to characterize the patient history. Admissions were con-
sidered “planned” when designated elective, and were oth-
erwise considered “unplanned.” Claims data during the 90
days after admission characterized outcomes. Model per-
formance results from the 2019 Medicare out-of-sample
validation cohort were used as the baseline performance
comparator for the current study.

Some U.S. states consolidate medical and pharmacy
claims data submitted voluntarily by healthcare insurance
carriers in what are commonly called All Payer Claims
Databases.* These registries contain medical and phar-
macy claims along with insurance enrollment and health
provider data for a large fraction of each state’s popula-
tion. The Utah Office of Health Care Statistics (Salt Lake
City, Utah) and the Oregon Office of Health Analytics
(Portland, Oregon) have each established progressive and
well-defined All Payer Claims data external access pro-
grams and were thus selected for analysis. We used the

Validation of Risk Stratification Models

available claims files from 2017, with cases selected as
shown in figure 1, B and C.

Our analysis plan was approved by the Utah Department
of Health & Human Services Institutional Review Board
(Salt Lake City, Utah; No. 544) with a waiver of informed
consent requirements. State data were housed on a local
server using R software (3.6.0; available at https://
cran.r-project.org/src/base, accessed January 6,2023) under
separate data use agreements with each party. Data were
handled consistent with our data use agreements, which
required suppression of metrics in downloaded tables for
populations smaller than 11 individuals.

This report follows the Transparent Reporting of a
Multivariable Prediction Model for Individual Prognosis or
Diagnosis reporting guideline.®

Outcomes Selection

For our Risk Stratification Index 3.0 validation analysis, we
included a suite of 10 models that predict excess length of
stay and adverse events, selected to demonstrate performance
of predictors for clinically and economically meaningful
outcomes spanning a broad range of incidences. Cardiac
complications, kidney injury, sepsis, pneumonia, and respi-
ratory failure were defined using International Classification
of Diseases, Tenth Revision (ICD-10), diagnosis and proce-
dure codes® along with information about their associated
claim, such as the setting and revenue center. Additionally,
we considered whether codes were primary or secondary.

As reported previously, endpoint definitions were
derived using published methods for classifying events
using administrative data.! Events were identified between
admission and discharge (for in-hospital endpoints) and/
or between admission and 90 days thereafter (for 90-day
endpoints). In-hospital mortality was defined by any-cause
death between admission and discharge.

The state datasets did not include sufficient information
to determine length of stay, discharge location, or vital sta-
tus after discharge (for example, date of death). We were
therefore unable to compare these three outcomes to the
Medicare analysis. The state datasets also did not include
race of included subjects, precluding description of the
population’s racial characteristics.

Model Development

As previously presented, medical history was represented by a
set of variables indicating the presence or absence of individual
and categories of ICD-10 diagnostic and procedure codes. We
used a custom procedure to reduce 69,000 potential ICD-10
diagnostic codes to a representative subset of 4,426 codes by
collapsing rare codes into their parent codes to avoid overfitting.
ICD-10 diagnostic codes were additionally represented by their
corresponding default Clinical Classifications Software Refined
category.” Similarly, ICD-10 procedure codes were represented
by their corresponding default Clinical Classifications Software

Anesthesiology 2023; 138:264-73

265

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



PERIOPERATIVE MEDICINE

category.® Temporal information relative to a prediction date
was encoded using two sets of these variables representing the
presence or absence of relevant codes in the past 90 or 365 days.

Outcomes were indexed to the date of inpatient admis-
sion, and claims within the preceding 365 days were
included in our models. The only information used from

A All Fee-for-service Inpatient Admissions
in2019
N=10,626,837
T Excluded: Age < 18 or >99
v N=35,034
Age 18-99 on Admission Date
N=10,591,803 Excluded: Non-continuous
T Medicare parts A and B coverage within 12
v months before Admission Date
Continuous Medicare parts A and B N=943,174
coverage for at least 12 months
before Admission Date
NS Excluded: Part C coverage in the 12 months
i P> before Admission Date
N=409,988
No part C coverage in 12 months o
before Admission Date g
N=9,236,641 g
T o Excluded: Missing or Inconsistent Data &
v " N=30,806 233‘“
No Missing or Inconsistent Data g
N=9,205,835 %
v £
<
Included 2
N=9,205,835 %
v y
Elective Non-Elective %
Admissions Admissions c
N=2,151,218 N=8,475,783 %
Z
B All Inpatient Admissions S
Jan 1-Sept 30" in 2017 =
N=67,394
T N Excluded: Age <18
v g N=3,598

Age > 18 on Admission Date

N=63,796

v

No Multiple Admissions Per Day

N=55,109

.

Included
N=51,109

'

v

Elective Non-Elective
Admissions Admissions
N=25,549 N=25,560

A 4

Excluded: More than 1 admission
per patient per day
N=8,687

Fig. 1. Cohorts selection diagrams for (4) 2019 Medicare dataset; (B) Utah All Payer Claims Database dataset; (continued)
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Excluded: Age <18

N=7,597

Excluded: More than 1 admission

npatient Admissions
C All Inpatient Admissi
Jan 1-Sept 30" in 2017
N=29,524
' >
v
Age > 18 on Admission Date
N=21,927
| >
v >
No Multiple Admissions Per Day
N=21,213
Included
N=21,213
Elective Non-Elective
Admissions Admissions
N=11,031 N=10,182

Fig.1. (continued) (C) Oregon All Payer Claims Database dataset.

the day of admission was the admitting diagnosis (not the
principal diagnosis) along with the principal procedure for
planned admissions. We also included age at the time of
admission. We did not include present-on-admission codes
because these are usually coded during or after discharge
and are thus not actually available upon admission.

Logistic regression models were trained with the SAS
HPLOGISTIC procedure using log—log linkage and back-
wards fast selection of covariates, keeping those with a P <
0.01 significance level. The HPLOGISTIC CODE state-
ment option was used to generate SAS code for subse-
quent use in a SAS DATA step to apply the model to score
new data. We used the asymmetric log—log link function
because such models handle skewed extreme value distri-
butions associated with rare events better than symmetrical
link functions.” There were nonlinear interactions by sex
and admission type between ICD-10 codes and various
outcomes that precluded using a single logistic model for
each outcome. We therefore constructed an overall model
for each outcome, designated an ensemble model, that was
based on coefficients from four models depending on sex
and admission status.

Model Application

Our general approach was to apply our final Medicare-
of the two
out-of-population state datasets separately to document

derived models prospectively on each

performance on each of the prospective age validation
datasets. Model predictions for each state database were
generated in two steps. First, a data file similar in format

per patient per day
N=714

to that used for model development was created to house
the patient demographic and medical history for each
admission. Second, the SAS code generated by the SAS
HPLOGISTIC procedure during model development was
applied to the medical history data file in a SAS DATA step
to compute model predictions.

Performance Metrics
Overall discrimination performance was evaluated using
the mean and 95% CI for area under the receiver operating
characteristics curve (AUC). To compare model detection
performance consistently across various endpoints, we com-
pared sensitivity for each model at an alert threshold corre-
sponding to the highest 5% risk fraction of the population.
Calibration performance for each endpoint was evalu-
ated using observed and predicted incidences of subpopula-
tions in bins along the full continuum of risk. We computed
R? goodness-of-fit values between observed and predicted
incidences using all bins having more than 100 subjects.
We similarly computed the slope and intercept of the best-
fit line and the overall observed-to-predicted ratio. In the
primary calibration analysis, we assessed calibration perfor-
mance using subpopulations in steps of 1% resolution of
risk. This approach used assessments of variable-sized pop-
ulations at equal increments of risk. In a secondary analysis,
we assessed calibration performance using decile subpopu-
lations based on risk. This second approach used assessments
of similarly sized populations at variable increments of risk.
We a priori applied the same minimum acceptable per-
formance criteria as were used in our previous validation
study using two metrics to reject clinically nonviable models.

Anesthesiology 2023; 138:264-73
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Fig. 2. Performance characteristics on Medicare and combined state admissions. (4) Area under the receiver operating characteristics curve

(AUC). (B) R>.

Model acceptance required (1) a reasonably accurate over-
all classification performance defined by an AUC 0.70 or
greater; and (2) relatively accurate prediction defined by an
observed-to-expected ratio near 1 over the full risk contin-
uum (i.e., calibration R? greater than 0.80).The conservative
0.7 minimum acceptance threshold for AUC was based on
consultation with clinical advisors and a literature review
indicating the acceptability of numerous perioperative
machine-learning models with c-statistics in the 0.7 to 0.8

range.'*!!

Because no a priori hypotheses were tested, we did
not estimate required sample size, but instead used all eligible

cases available in the two state files for the selected years.

Results

There were a total of 9,205,835 admissions eligible from
5,336,265 Medicare beneficiaries for analysis in 2019 used
previously for model validation. For the Utah dataset, there
were 55,109 admissions from 40,710 subjects, and for
Oregon, there were 21,213 admissions from 16,951 sub-
jects. The fraction of surgical admissions was 26% in our
Medicare population, 26% in Utah’s and 24% in Oregon’.
As expected, the state populations were younger than the
Medicare population, with the mean Medicare age being
74 yr versus 58 yr for Utah and 44 yr for Oregon (table 1).
As might thus be expected, the incidence of various morbid

Anesthesiology 2023; 138:264-73

outcomes was less, confirming that the state populations
were also healthier. A consequence of the populations being
healthier is that there were fewer diagnostic claims per sub-
ject in each of the state datasets.

Prospective classification and primary calibration per-
formance characteristics for binary event predictors in the
state datasets are summarized in tables 2 and 3. Secondary
calibration performance characteristics are summarized
in Supplemental Table 1 (http://linksIww.com/ALN/
C1000). Calibration results reported in the main manuscript
body are solely from the primary analysis. The observed
incidence of endpoints ranged from 0.7% for pneumonia to
10.8% for unplanned readmissions within 90 days and were
all considerably less than comparable incidences observed in
the Medicare population.

The mean and range of AUCs across all seven outcomes
were 0.83 (0.71 to 0.91). The mean and range of the cali-
bration goodness-of-fit (R?) were 0.89 (0.71 to 0.97). The
receiver operator characteristics and calibration curves for
each endpoint model for each of the state datasets are pro-
vided in the Supplemental Digital Content (http://links.
Iww.com/ALN/C1000). For the highest 5% risk population,
the mean and range of sensitivity were 32% (17 to 56%).

Prediction of short-term (e.g., in-hospital) events fre-
quently outperforms prediction of longer-term (e.g., after
discharge) events. As expected, the inpatient mortality

Greenwald et al.
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Table 1. Mean and Interquartile of Age, and Percentage of Men, Percentage of Surgical Cases, Percentage of Unplanned Admissions,
Average Number of Previous Claims per Admission, and Percentage of Admissions with No Previous Claims within 1 yr of Admission

Date for the 2019 Medicare and 2017 Utah and Oregon Datasets.

Characteristic Medicare Dataset Utah Dataset Oregon Dataset
No. of admissions 9,205,835 55,109 21,213
Surgical cases, % (No.) 26 (2,428,690) 26 (16,679) 24 (5,306)

No. of Individuals 5,336,265 40,710 16,951

Age, mean [interquartile range] 74 [68-83] 58 [35-76) 44 [31-58]
Age > 65 yr, % (No.) 80.9 (7,444,716) 43.1(23,722) 0.5(103)
Men, % (No.) 46 (4,267,427) 36 (20,060) 33(7,092)
Unplanned admissions, % (No.) 80 (1,846,670) 46 (25,560) 48 (10,182)
Number of claims within 1 yr before admission, mean [interquartile range] 77 [32-101] 40.1 [16-48] 43.9 [17-55]
Admissions with no claims within 1 yr before admission, % (No.) 0(10,648) 0(0) 0(0)

Neither state provided race information. The percentage of surgical cases was derived by first establishing a pairing between each principal diagnosis code and its most common
admission type as defined by the Diagnostic Related Group (i.e., medical or procedural/surgical case) using the Medicare Dataset, and then applying the mapping to identify the

surgical cases in the three datasets.

predictive model showed the best performance across the
Medicare (AUC, 0.82), Utah (AUC, 0.89) and Oregon
(AUC, 0.90) datasets, with especially high sensitivity at the
top 5% threshold (Medicare, 30.1%; Utah, 44.1%; Oregon,
56.5%). The calibration metrics, however, were lower in
the state datasets because of endpoint detection issues as
explained in the Discussion section (Utah R? 0.93; Oregon
R?, 0.85) than in the Medicare population (R? 1.00).
Calibration results were generally similar whether assessed
using subpopulations at percent increments of risk in the
primary analysis (table 3) or using decile subpopulations
based on risk in the secondary analysis (Supplemental Table
1, http://links.Iww.com/ALN/C1000).

Five 90-day adverse event models (pneumonia, acute
kidney injury, sepsis, major cardiovascular complications,
and respiratory failure) all showed a similar pattern of some-
what higher state AUC (0.80 to 0.86 vs. 0.72 to 0.79) and
sensitivity (20 to 47% vs. 16 to 24%) performance results
relative to the Medicare population (fig. 2). The model for
90-day unplanned admissions showed the lowest, but still
acceptable, performance across all datasets (AUC: 0.70 to
0.78; sensitivity: 11.6% to 19.9%).

Discussion

We present the performance of Risk Stratification Index 3.0
predictive models for seven endpoints when applied prospec-
tively to two large out-of-sample state datasets comprised of
younger and healthier subjects who are more representative
of the overall adult U.S. population requiring hospital admis-
sion. For all the endpoints, performance measures including
AUC, R? and sensitivity at the top 5% risk all were similar or
better than the performance obtained on just the Medicare
population. These results support the conclusion that our
models are robust and widely applicable to the broad U.S.
adult population including relatively young and health sub-
jects. One factor contributing to Risk Stratification Index

3.0 models being so robust is that they were trained on more
than 18 million hospital admissions and validated on more
than 9 million out-of-sample Medicare admissions.

An intriguing observation is that models built on an
older Medicare population generally performed as well or
better when applied to younger and healthier subjects. One
explanation may be that older individuals often have con-
comitant conditions that may contribute to risk in complex
ways, whereas younger patient usually have fewer chronic
conditions and thus a statistically cleaner risk profile link-
age to the primary admission diagnosis. For example, we
observed that the average Medicare beneficiary had an aver-
age of 77 medical claims recorded in the year before admis-
sion, whereas patients in Utah had only 40, and Oregon
patients had only 44.

We also note that the incidence of the seven adverse
outcomes described in this study was much lower in the
younger and healthier state populations. The Oregon data-
set showed the lowest event rates, consistent with the lower
average age of that population. This dataset also showed
slightly better performance metrics, thereby suggesting a
complex interaction between lower age, fewer events, and
better model performance metrics. However, this pattern
is insufficiently consistent to conclude with certainty that
these predictive models work best on young, otherwise
healthy populations.

The state datasets we used differed from the Medicare
database in a number of important ways. For example,
the Oregon dataset did not (based on policy) include
any Medicare-eligible subjects, and both datasets con-
tained a sizeable number of pregnancy-related admissions.
Furthermore, neither state database is curated as well as
the Medicare registry. We confirmed the presence of sev-
eral data quality issues first identified in a 2017 report by
The Agency for Healthcare Research and Quality,'> most
notably the presence of duplicate records and missing data
fields. We also identified coding differences, including an

Anesthesiology 2023; 138:264-73
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Table 3. Calibration Performance of Risk Stratification Models on Out-of-sample Medicare and State Admissions

Calibration Metrics* R? Calibration Estimates (Intercept/Slope)

Period Endpoint Medicare Utah Oregon Medicare Utah Oregon
In-hospital Mortality 1.00 0.93 0.87 0.00/0.94 ~0.01/0.90 0.00/0.92
Discharge to facility 1.00 N/A N/A 0.00/1.00 N/A N/A
90 days after admission Pneumonia 1.00 0.97 0.86 0.00/0.89 —0.02/2.28 —-0.01/0.84
Acute kidney injury 0.99 0.84 0.91 0.01/0.87 0.03/1.64 —-0.01/0.89
Sepsis 1.00 0.95 0.71 0.01/0.92 -0.01/1.75 —-0.01/0.90
Major cardiovascular 1.00 0.95 0.85 0.01/0.93 -0.01/1.75 0.00/1.23
complication
Respiratory failure 1.00 0.93 0.86 0.01/0.90 -0.02/2.11 -0.01/0.77
Unplanned admission 1.00 0.95 0.87 0.00/0.98 -0.05/1.16 -0.04/1.02
Overall mean (95% Cl) Including discharge to 1.00 N/A N/A 0.01 N/A N/A
facility (1.00 to 1.00) (0.00 to 0.01)/
0.93
(0.90 to 0.96)
Excluding discharge to 1.00 0.93 0.85 0.01 -0.01 -0.01
facility (1.00t0 1.00)  (0.901t0 0.96) (0.80t0 0.89) (0.00 to 0.01)/ (-0.03 t0 0.00)/  (—0.02 to 0.00)/
0.92 1.66 0.94
(0.8910 0.95) (1.2910 2.02) (0.8310 1.05)

Statistics are calculated using observations per percent risk of adverse event. Metrics include endpoint, observation window (either in-hospital or within 90 days after admission),
R? goodness-of-fit, estimates of intercept and slope of best fit regression line. Endpoints include acute kidney injury, sepsis, respiratory failure, unplanned hospitalization, discharge
to facility status, major cardiovascular event, mortality, and pneumonia. Endpoints in the table are ordered by increasing incidence within their corresponding event period (i.e.,
in-hospital or 90 days after admission).

*Calibration metrics: R? goodness-of-fit between observed and expected incidences among subpopulations using bins of 0.01 resolution of predicted risk, excluding the top 1% of

Greenwald et al.

subjects with highest risk. Slope and intercept: estimates of the regression line coefficients (i.e., best fit line between actual and expected observations).

unexplained near absence of certain codes (such as for dial-
ysis) in the Utah state database. The absence of codes used
to identify endpoints impacts their apparent incidence (e.g.,
missing dialysis codes associated with chronic kidney disease
are unavailable to exclude false detection of acute kidney
injury, resulting in the inflation of the apparent incidence
of acute kidney injury). This inflation in turn degrades
the “actual”’-to-expected performance in those datasets.
Taking the example of acute kidney injury in the Utah
dataset, the apparent incidence is inflated to nearly twice
that observed in a similar Utah population in the Medicare
database (results not shown). Consequently, the calibration
plot demonstrates that the rank ordering of the prediction
is tightly preserved as desired, although the slope of the cal-
ibration curve markedly differs from unity. Although data-
base limitations might make these state registries unsuitable
for developing reliable new predictive models, they none-
theless provided a rigorous external validation test set.

Our overall calibration results met our prespecified
acceptance criteria; however, additional refinements in the
calibration of some models may be considered to optimize
performance in datasets comprised of populations with
observed event rates different than those in the development
Medicare set. Our results indicate that our models work
reasonably well even with the sort of imperfect datasets that
might be encountered with clinical implementation.

A limitation of our analysis is that we were unable to
evaluate our models for discharge destination, excess length

of stay, and 90-day mortality because requisite data were
not included in the state registries. While we present model
validations applicable to broad U.S. adult populations,
we did not include children. Children differ substantially
from adults in rarely having serious chronic conditions.
Furthermore, they are hospitalized for different reasons. Our
models should therefore be properly validated in pediatric
patients and refined as necessary for this special population.
Future research will be needed to document applicability
to other sources of diagnostic and procedural histories, such
as electronic medical records, registries, health information
exchanges, or institutional data warehouses. The potential
impact of COVID-19 and associated disruptions in health-
care delivery on model performance must also be assessed
in future research. International Classification of Disease
coding in the United States is generally reliable since it is
guided by well-enforced federal regulations. Less rigorous
application would degrade Risk Stratification Index 3.0
predictions.

Our model validation consisted of prospectively testing
previously developed models on two out-of-sample state
datasets and shows that predictions exceeded our prespec-
ified minimum acceptable performance standards. We did
not employ either a “non-inferiority” or a “superiority”
design because our goal was to determine whether the
models can be applied successfully to other populations—
especially younger and healthier patients who better repre-
sent typical U.S. hospitalized patients. Our results indicate
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that they can. Although this work externally validates the
models, it is currently not clear if the application of the
models will be feasible across all settings in real time or, if
applied, improves either efficiency or patient outcomes. We
are currently testing deployment of these models for a num-
ber of clinical applications to address these open questions.

Fortunately, there are current and impending ways to
electronically acquire a patient’s billing record to help near
real-time implementation of the models. A number of
recent rulings have driven development and adoption of
tools that enable and access to claims data (https://www.
federalregister.gov/documents/2020/05/01/2020-05050/
medicare-and-medicaid-programs-patient-protection-
and-affordable-care-act-interoperability). Existing applica-
tion programming interfaces enable payer-to-patient access
(e.g., Blue Button technology [https://bluebutton.cms.gov/]),
payer-to-provider access (e.g., Beneficiary Claims Data appli-
cation programming interfaces for accountable care orga-
nization access [https://bcda.cms.gov]; Data at the Point of
Care or Physician access [https://dpc.cms.gov, in pilot stage]),
and provider-to-provider access (e.g., Epic’s Care Everywhere
[https://www.epic.com/interoperability/ehr-interoperabil-
ity-from-anywhere]). These application programming inter-
faces and the electronic health records of the local institution
(for the current medical history) allow users to access or con-
struct the claims stream for our predictors and clinical sup-
port software. We anticipate that these policies will help drive
access to claims data from multiple additional payer organi-
zations and facilitate more widespread practical access to the
predictive models based on administrative claims.

As an example, the models described in this manuscript
are undergoing field testing at several major institutions,
including the Cleveland Clinic (Cleveland, Ohio). While
code latency could theoretically lead to underprediction of
risk, real-time implementation of the models permits code
feeds from multiple sources such as the Beneficiary Claims
Data application programming interfaces (https://bcda.
cms.gov), which are updated weekly, or directly from local
EPIC sources, which can update faster. Future research is
needed to define whether using Risk Stratification Index
3.0 predictive modeling at admission improves clinical effi-
ciency and patient outcomes.

In summary, we demonstrate that a suite of predictive
Risk Stratification Index 3.0 models developed using a very
large population of Medicare fee-for-service beneficiaries,
mostly older than 65 yr, also performs well when applied
prospectively to two large out-of-sample state datasets that
include younger and healthier subjects.
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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

e Recent research suggests that optimization of diaphragmatic effort
and avoidance of excessive lung stress may facilitate liberation
from mechanical ventilation in critically ill patients

e |Low diaphragmatic effort has been associated with rapid develop-
ment of disuse atrophy, and excessive effort may result in muscle
injury, increased lung stress, and pendelluft (displaced ventilation
from recruited to nonrecruited lung regions)

e Monitoring transdiaphragmatic and transpulmonary pressures may
facilitate accurate assessment of diaphragmatic effort and lung
stress, respectively, but requires esophageal and gastric manome-
try, an overly complex process for routine clinical practice

What This Article Tells Us That Is New

e A secondary analysis of two previous studies evaluated the ability of
two transient inspiratory airway occlusion maneuvers (Pocc, the total
drop in airway pressure during an occlusion, and P0.1, the drop in the

ABSTRACT

Background: Monitoring and controlling lung stress and diaphragm
effort has been hypothesized to limit lung injury and diaphragm injury. The
occluded inspiratory airway pressure (Pocc) and the airway occlusion pres-
sure at 100ms (P0.1) have been used as noninvasive methods to assess
lung stress and respiratory muscle effort, but comparative performance of
these measures and their correlation to diaphragm effort is unknown. The
authors hypothesized that Pocc and PO.1 correlate with diaphragm effort and
lung stress and would have strong discriminative performance in identifying
extremes of lung stress and diaphragm effort.

Methods: Change in transdiaphragmatic pressure and transpulmonary
pressure was obtained with double-balloon nasogastric catheters in critically
ill patients (n = 38). Pocc and PO.1 were measured every 1 to 3h. Correlations
between Pocc and PO.1 with change in transdiaphragmatic pressure and
transpulmonary pressure were computed from patients from the first cohort.
Accuracy of Pocc and P0.1 to identify patients with extremes of lung stress
(change in transpulmonary pressure > 20cm H,0) and diaphragm effort
(change in transdiaphragmatic pressure < 3cm H,0 and >12cm H,0) in the
preceding hour was assessed with area under receiver operating characteris-
tic curves. Cutoffs were validated in patients from the second cohort (n = 13).

Results: Pocc and P0.1 correlate with change in transpulmonary pressure
(RP=0.62 and 0.51, respectively) and change in transdiaphragmatic pressure
(R =0.53 and 0.22, respectively). Area under receiver operating characteris-
tic curves to detect high lung stress is 0.90 (0.86 to 0.94) for Pocc and 0.88
(0.84 to 0.92) for PO.1. Area under receiver operating characteristic curves to
detect low diaphragm effort is 0.97 (0.87 to 1.00) for Pocc and 0.93 (0.81 to
0.99) for P0.1. Area under receiver operating characteristic curves to detect
high diaphragm effort is 0.86 (0.81 to 0.91) for Pocc and 0.73 (0.66 to 0.79)
for PO.1. Performance was similar in the external dataset.

Conclusions: Pocc and P0.1 correlate with lung stress and diaphragm
effort in the preceding hour. Diagnostic performance of Pocc and P0.1 to
detect extremes in these parameters is reasonable to excellent. Pocc is more
accurate in detecting high diaphragm effort.

(AnesTHESIOLoGY 2023; 138:274-88)

first 100 ms) obtained from the mechanical ventilator to predict either
diaphragm effort or lung stress

e Neither P0.1 nor Pocc should be used to predict exact values for

diaphragm effort or lung distending pressure

e However, both maneuvers can reliably identify patients with low or high

extremes in diaphragm effort and lung stress, where Pocc outperforms
P0.1 based on the areas under the receiver operating characteristic
curves
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mplementation of lung-protective ventilation with low

tidal volumes has improved outcomes of critically 1ill
patients,'? likely by limiting lung stress and strain caused
by excessive regional volume expansion and distending
(driving) pressures of the alveoli.** It has been proposed
that monitoring and controlling diaphragm effort in addi-
tion to lung stress may further benefit ventilated patients.>®
The rationale is that absence of diaphragm effort during
mechanical ventilation rapidly leads to disuse atrophy and
weakness,”® which can be ameliorated by keeping the dia-
phragm active.”'” Preventing high effort may limit dia-
phragm injury and fatigue'' and reduce sources of lung
stress such as lung edema and pendelluft.'>"

The reference methods to assess lung stress and dia-
phragm effort are esophageal and gastric manometry to cal-
culate the transpulmonary pressure and transdiaphragmatic

14-16
pressure,

which is seldom used in clinical practice due
to invasiveness and complexity.! Two measurements based
on airway occlusion maneuvers have recently been evalu-
ated as proposed noninvasive estimates for lung stress and
respiratory muscle effort. The occluded inspiratory airway
pressure (Pocc), also known as the expiratory occlusion
pressure, is the drop in airway pressure during an inspira-
tion against an occluded airway. Pocc correlates with total
respiratory muscle pressure and lung stress, albeit with wide

limits of agreement.""'® The drop in airway pressure in the
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Occlusions for Lung Stress and Diaphragm Effort

first 100ms of an occluded inspiration (P0.1) has recently
been compared with respiratory effort as well.” Despite the
moderate correlations, the parameters were proposed to be
useful in identifying patients with extremes of respiratory
muscle effort.

However, several questions remain regarding the valid-
ity of Pocc and PO.1. First, the relation of Pocc and PO.1
to diaphragm effort is unknown. Second, performance
of P0.1 to detect potentially injurious lung stress has not
been reported. Third, the correlation of Pocc and P0.1 with
mechanical power, an advanced parameter for lung stress, is
unknown. Finally, the performance of Pocc and P0.1 have
not been compared with each other in the same cohorts.

Therefore, our aim was to validate and compare Pocc
and P0.1 as measurements for lung stress and diaphragm
effort in invasively ventilated critically ill patients. We
hypothesized that Pocc and P0.1 correlate with lung stress
and diaphragm effort, and that both parameters would have
good diagnostic performance in identifying patients with
extremes of lung stress and diaphragm effort.

Materials and Methods

Study Design

This diagnostic study is a secondary analysis on data from
two clinical trials: a randomized controlled trial conducted
in The Netherlands (NCT 03527797)% and a physiologic
trial conducted in China (NCT 01663480).>' This analysis
was not registered a priori. The article is reported according
to the STARD guidelines.*

Patients

The primary cohort was recruited at the mixed medi-
cal-surgical intensive care unit (ICU) of a tertiary university
hospital (Amsterdam UMC, location VUmec, Amsterdam,
The Netherlands), and consisted of patients (n = 39) with
acute respiratory failure ventilated with a spontaneous
mode of mechanical ventilation (either pressure support or
neurally adjusted ventilatory assist) with an expected dura-
tion of ventilation of at least 48 h.*" The external validation
cohort was recruited at another academic hospital (South
East University, Nanjing, China) and consisted of patients (n
= 13) ventilated in neurally adjusted ventilatory assist mode
at different neurally adjusted ventilatory assist levels.?! Both
cohorts were convenience samples.

Procedures and Signal Analysis

In the primary cohort flow, volume (time-integral of
flow), airway opening pressure, esophageal pressure, gas-
tric pressure, transdiaphragmatic pressure (gastric pressure
minus esophageal pressure), and transpulmonary pressure
(airway opening pressure minus esophageal pressure) were
recorded continuously for 24h with a flow sensor and a
double-balloon nasogastric catheter (Nutrivent, Sidam,

Anesthesiology 2023; 138:274-88
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Italy) connected to a dedicated signal acquisition system
(MP160, BIOPAC Systems Inc, USA) as described previ-
ously.”? Airway occlusions lasting 2 to 3s were performed
at baseline and were repeated every 1 to 3h (fig. 1) to
assess correct positioning and filling of the esophageal
balloons and to calculate Pocc and P0.1. End-inspiratory
occlusions lasting 2 to 3s were performed at baseline and
were repeated every 4 to 6h to calculate the elastance of
the chest wall and lungs in semistatic conditions. Patients
in the external validation cohort had a nasogastric cath-
eter (NeuroVent Research, Toronto, Canada) to record
esophageal, gastric, transdiaphragmatic, and transpulmo-
nary pressure and the electrical activity of the diaphragm.
The patients received multiple expiratory occlusions at
baseline, after which the neurally adjusted ventilatory assist
level (i.e., cm H,O of inspiratory support above positive
end-expiratory pressure per microvolt of electrical activity
of the diaphragm) was increased gradually to induce a wide
range of diaphragm effort in the subjects. Airway occlusion
maneuvers lasting 2 to 3s were repeated at each neurally
adjusted ventilatory assist level.?! All recordings with air-
way occlusion maneuvers with a ratio of the change in
airway opening pressure—to—change in esophageal pressure
less than 0.8 or more than 1.2 were discarded because the
esophageal pressure—based measurements were deemed
unreliable due to inadequate balloon filling or position-
ing."*** In this article, the term “diaphragm effort” refers to
diaphragm pressure output (transdiaphragmatic pressure),
and respiratory drive to the intensity of respiratory center
output to the diaphragm.

Signal Analyses

Signal analyses for the current study were performed with
a custom software (Matlab 2021a, MathWorks, USA) as
described previously,” and are shown in figure 1 and figure
E1  (http://linksIww.com/ALN/C991). Comprehensive
description of the signal analysis including calculation of
mechanical power is available in the Supplemental Digital
Content (http://links.lww.com/ALN/C989). In this study,
we have adopted the term “occluded inspiratory airway
pressure” for Pocc instead of “expiratory occlusion pres-
sure” to reflect that the measurement is obtained during
inspiration.

Statistical Analysis

Descriptive statistics are expressed as mean + SD, median
[interquartile range], or count (percentages), as appropriate.
The reference parameters were averaged per hour before
each occlusion in each subject. Normality of distributions
was assessed visually on normal-probability plots. Log trans-
formations were used to transform distributions to normal
if required. Sample size calculations were not performed.
Biologic variability of change in transdiaphragmatic pres-
sure, change in total respiratory muscle pressure, and the

Anesthesiology 2023; 138:274-88

ratio of the two was estimated by calculating the coefficient
of variation (SD/mean) of the respective parameters in each
hour of the recordings, averaged for each subject.

The steps shown in figure 2 were taken consecutively
to assess the diagnostic accuracy of Pocc and PO.1 to
assess lung stress and diaphragm effort. First, the conver-
sion factors to estimate change in transpulmonary pressure,
transpulmonary mechanical power, and change in transdi-
aphragmatic pressure from Pocc and P0.1 were obtained
with internal bootstrap procedures as described previously
in the primary cohort.”” The bootstrap procedure randomly
selected half of the patients in each loop, after which repeat-
ed-measures mixed models were used to obtain the opti-
mal coeflicient to convert Pocc and P0.1 into the reference
parameters (change in transpulmonary pressure, transpul-
monary mechanical power, or change in transdiaphragmatic
pressure). The mean coefficient factor after 1,000 loops was
selected as the final conversion factor for each respective
measure; the CI is reported to show variability of this factor
in the different loops of the bootstrap.

Next, correlations between the observed and predicted
lung stress and diaphragm effort (based on Pocc and P0.1)
were calculated using the obtained conversion factors
and were compared with the reference standards with the
methods of Bland and Altman in the primary cohort.”
Within-subject limits of agreement were calculated with
repeated-measure mixed models as described previously."”
The within-subject explained variance (R?) was calculated
with the methods described by Nakagawa and Schielzeth.*
Correlations with R? less than 0.30 were defined as poor,
0.31 to 0.50 as moderate, 0.51 to 0.80 as fair, 0.81 to 0.90
as strong, and greater than 0.90 as very strong.

Additionally, the discriminative power of Pocc and P0.1
to detect extremes of lung stress and diaphragm effort were
calculated using standard formulas and by constructing the
receiver operating characteristic curves in the primary and
external cohort.” The limits for high lung stress were set
at change in transpulmonary pressure > 20cm H,O>"* and
transpulmonary mechanical power > 12 J/min* based on
recent consensus statements. The limits for low and high dia-
phragm effort were set at less than 3cm H,O and greater
than 12cm H,O, respectively, also based on consensus state-
ments.>** Because no interventional studies have shown that
these limits are not injurious in critically ill patients as of yet,
additional limits for potentially injurious lung stress and dia-
phragm effort were analyzed as well (table E1, http://links.
Iww.com/ALN/C990). Areas under the receiver operating
characteristic curves between 0.5 and 0.7 were defined as
poor, between 0.7 and 0.8 as acceptable, between 0.8 and 0.9
as excellent, and 0.9 or more as outstanding discrimination.”
The cutoffs with the highest Youden J-statistic (sensitivity +
specificity — 1) were selected from the ROC curves.” The CI
of the areas under the receiver operating characteristic curves
was constructed with the standard error of the Wilcoxon sta-
tistic as described previously.”!

de Vries et al.
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Fig. 1. Line graphs showing flow, airway pressure (Paw), esophageal pressure (Pes) with superimposed chest wall recoil pressure (Pcw),
gastric pressure (Pga), total respiratory muscle pressure (Pmus, calculated as Pcw — Pes), transdiaphragmatic pressure (Pdi, calculated as
Pga — Pes) and transpulmonary pressure (P, calculated as Paw — Pes) over time. APmus, APdi, and AP, were calculated as the maximal
absolute difference in the respective pressure tracings per breath (dotted vertical lines). An expiratory occlusion was administered in the
shaded area. The inset shows a zoomed-in portion of airway pressure during the expiratory occlusion and the preceding breath: Pocc was
calculated as the total drop in airway pressure during the occlusion, whereas the airway occlusion pressure at 100 ms (P0.1) was calculated
as the drop in the first 100 ms of the occlusion. The inspiratory support provided by the ventilator (Pinsp) was measured as the plateau airway
pressure shortly after inspiratory triggering and pressurization by the ventilator. Pao, airway opening pressure; PEEP, positive end-expiratory
pressure; Pnadir, the lowest point of the inspiratory effort of the patient.

Next, the overall diagnostic accuracy of Pocc and P0.1 A two-tailed significance level of 5% was used for all sta-
to identify patients with extremes in lung stress and dia- tistical analyses. All the statistical analyses were performed in
phragm effort was calculated as the proportion of cases that R version 4.0.1 (R Foundation for Statistical Programming,
were correctly identified by these cutoffs (i.e., [true posi- Vienna, Austria). Additional details are available in the
tives + true negatives]/all cases) in the primary cohort and Supplemental Digital Content (http://links.lww.com/
in the external validation cohort. Accuracy of different tests ALN/C989) and figure E2 (http://links.lww.com/ALN/
was compared with the “N-1" chi-square test.* C992).
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Fig. 2. Diagram of study flow. Occlusion measurements were excluded from analysis if the change in esophageal pressure during the
occlusion differed more than 20% from the change in airway pressure because the reference parameters in the preceding hour were deemed
unreliable in this case (invalid Baydur maneuver). Data in the inset graphs are simulated for illustrative purposes. The conversion factors and
cutoffs found in the primary cohort were used in the external cohort to assess external validity. Pdi, transdiaphragmatic pressure; Pinsp, inspi-
ratory support provided by the ventilator; P , transpulmonary pressure; Pocc, occluded inspiratory airway pressure; P0.1, airway occlusion
pressure at 100 ms; APdi, change in transdiaphragmatic pressure; AP, change in transpulmonary pressure.

Results

Patient characteristics are summarized in table 1, and patient
flow is shown in figure 2. In total, 840,817 breaths obtained
in 38 patients during a 24-h period were analyzed from the
primary cohort, including 341 occluded inspiration maneu-
vers from which 282 met the criteria for adequate filling and
positioning of the esophageal and gastric balloon that were
used for further analysis. Number of recordings with low and
high lung stress and diaphragm effort are shown in table 2.
The average hourly within-subject coefficients of variation
of change in esophageal pressure, transdiaphragmatic pressure,

Anesthesiology 2023; 138:274-88

and total respiratory muscle pressure were 321 5%, 33+ 6%,
and 25+ 4%, respectively. The average ratio between change
in transdiaphragmatic pressure and change in total respiratory
muscle pressure was 0.93 £0.15, with a within-subject breath-
by-breath coefficient of variation of 48 £ 12%.

Relation between Esophageal Pressure, Total
Respiratory Muscle Pressure, and Diaphragm Effort in
the Same Breath

Change in total respiratory muscle pressure and change
in transdiaphragmatic pressure of individual breaths were

de Vries et al.
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Table 1. Baseline Characteristics

Occlusions for Lung Stress and Diaphragm Effort

Patient Characteristic Primary Cohort (n = 38) External Gohort (n = 13)
Age, yr 65 [51 to 75] 60 [57 to 73]
Sex = female, n (%) 13 (33) 10 (83)
Cause of respiratory failure, n (%)
Pulmonary adult respiratory distress syndrome 21 (54) 10 (77)
Chronic obstructive pulmonary disease exacerbation 0 1(8)
Nonpulmonary adult respiratory distress syndrome 14 (36) 0
Cardiogenic shock 3(7) 2(15)
Intracranial disease 1(3) 0
APACHE IV score 85+28 —
Pao,/Fio, ratio at baseline, mmHg 190+54 —
Ventilator settings
Pressure support, n (%) 37 (95) 0(0)
Neurally adjusted ventilatory assist, n (%) 25 13 (100)
Positive end-expiratory pressure, cm H,0 10[81t012] 8610 10]
Inspiratory support, cm H,0 9[71015] 12[10t0 17]
Richmond Agitation and Sedation Scale score -1[-3100] —
Respiratory mechanics
Tidal volume, ml/kg predicted body weight 75+1.8 6.7+1.8
Change in transpulmonary pressure, cm H,0 21 [16 to 25] 17 [10to 21]
Breathing effort
Respiratory rate, breaths/min 25+7 23x7
Change in transdiaphragmatic pressure, cm H,0/breath 11[7 10 14] 7[51t010]
Transdiaphragmatic pressure-time product; cm H,0 x s/min 155 [114 10 224] 136 [75 to 180]
Total respiratory muscle pressure during inspiration, cm H,0/breath 12910 15] 8[41010]
Total respiratory muscle pressure-time product during inspiration, cm H,0 x s/min 205 [168 to 241] 186 [102 t0 214]
Occluded inspiratory airway pressure, cm H,0 -15[-191t0-12] —11 [-15 to 6]
Airway occlusion pressure at 100 ms, cm H,0 2.411.7103.5] 1.7[1.2102.4]

Parameters are reported as mean + SD when distribution was normal in both cohorts, and with median [interquartile range] if distribution was nonparametric in either or both cohorts.
Risk scores, oxygenation, and sedation scores were not available in the external cohort. Fio,, fraction of inspired oxygen.

strongly correlated (change in transdiaphragmatic pres-
sure = 0.85 X change in total respiratory muscle pressure,
R?>=0.87, P < 0.001; fig. E3, http://links.lww.com/ALN/
C993). Converting change in total respiratory muscle pres-
sure into change in transdiaphragmatic pressure with this
formula resulted in a bias of less than 0.1cm H,O and 95%
limits-of-agreement from —4.5 to 4.3cm H,O. Change in
esophageal pressure and change in transdiaphragmatic pres-
sure of individual breaths were very strongly correlated
(change in transdiaphragmatic pressure = 1.08 X change in
esophageal pressure, R* = 0.92, P < 0.001; fig. E3, http://
links.lww.com/ALN/C993). Converting change in esoph-
ageal pressure into change in transdiaphragmatic pressure
with this formula resulted in a bias of 1.1 cm H,O with 95%
limits-of-agreement from —1.9 to 3.8cm H,O.

Relation between Esophageal and Diaphragm Effort in
the Preceding Hour

Change in esophageal pressure correlated fairly with dia-
phragm effort (change in transdiaphragmatic pressure)
in the preceding hour (average change in transdiaphrag-
matic pressure = 1.04 X change in esophageal pressure, R?
= 0.79, P < 0.001; fig. 3). Converting change in esoph-
ageal pressure into change in transdiaphragmatic pres-
sure with this formula, bias was 0.4 cm H,O and 95%

limits-of-agreement ranged from —3.5 to +3.7cm H,O.
Averaging three consecutive change in esophageal pres-
sure measurements improved the correlation slightly (R?
= 0.84, P < 0.001; fig. E4, http://links.Iww.com/ALN/
C994). Diagnostic metrics to identify patients with
extremes in lung stress and diaphragm effort are shown in
table 2. Diagnostic metrics for additional parameters and
cutoffs are reported in table E1 (http://links.Iww.com/
ALN/C990).

Relation between the Airway Occlusion Pressure and
Lung Stress in the Preceding Hour

The mean conversion factor to predict change in transpul-
monary pressure with Pocc was 0.67 (0.64 to 0.71). The
predicted lung stress (change in transpulmonary pressure
= inspiratory support provided by the ventilator — 0.67 X
Pocc) correlated fairly well with the observed lung stress in
the preceding hour (R? = 0.62, P < 0.001; fig. 4). Bias was
—1.6cm H,O 95% limits-of-agreement ranged from —10.0
to +6.6cm H,O.

The conversion factor to predict transpulmonary
mechanical power with Pocc was on average 0.93 (0.90 to
0.95).The predicted mechanical power (predicted transpul-
monary mechanical power = 0.5 X (inspiratory support —
0.93 X Pocc) X tidal volume [Vt]| X respiratory rate [RR] X

Anesthesiology 2023; 138:274-88
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Table 2. Diagnostic Performance of Occlusion Maneuvers

Area under
the Receiver
No. of Operating Positive  Negative
Observations Characteristic Accuracy, Sensitivity, Specificity, Predictive Predictive
Parameter (% of total) Predictor Curve (95%Cl)  Cutoff % % % Value, % Value, %
Lo deptregm 9 "(‘3‘;‘)"’“""“ APes 097(0.89-1.00)  4emHO 93 % 88 18 9
AP < 3cm H.O ’ Pocc 0.97 (0.87-1.00) —-7cmH,0 92 84 95 31 99
2 P0.1 0.93(0.81-0.99)  1.3cmH,0 89 83 89 17 99
High diaphragm 88 in 27 patients APes 0.91(0.87-0.95)  10cmH,0 86 89 85 71 92
effort, (31%) Pocc 0.86 (0.81-0.91) —15cmH,0 80 80 76 63 83
APdi > 12¢m H,0 P0.1 0.73(0.66-0.79)  2.9cm H,0 71 57 72 58 72
High lung stress, 155in 31 Pinsp — 0.67 x Pocc  0.90 (0.86-0.94) 22cmH,0 85 90 77 86 83
AP >20cm H,0 patients Pinsp + 3.3 x P0.1  0.88 (0.84-0.92)  21cmH,0 81 89 74 73 89
(55%)
High power, 199in 32 0.5 x (Pinsp—0.93  0.89 (0.85-0.93) 12 J/min 84 63 92 89 56
MP_ > 12 J/min patients x Pocc) x Vt x RR
(71%) x 0.098
0.5 x (Pinsp + 4.7 x 0.72 (0.66-0.78) 13 J/min 73 69 69 87 42

P0.1) x RR x Vt x
0.098

Total number of observations was 282. Note that no conversion is necessary when using the Pocc and P0.1 cutoffs for low and high diaphragm effort, but that conversion is required
to assess lung stress and mechanical power. MP,, transpulmonary mechanical power; P0.1, airway occlusion pressure at 100 ms; Pao, airway opening pressure; Pes, esophageal
pressure; Pdi, transdiaphragmatic pressure; P, transpulmonary pressure, calculated as Pao — Pes; Pinsp, inspiratory support provided by the ventilator; Pocc, occluded inspiratory
airway pressure; RR, respiratory rate in breaths per minute; Vt, tidal volume in liters; APdi, change in transdiaphragmatic pressure; APes, change in esophageal pressure; AP, change

in transpulmonary pressure.

0.098, with Vt in liters) correlated moderately well with the
observed mechanical power (R* = 0.47, P < 0.001; fig. 4);
bias was 0.4 J/min, 95% limits-of-agreement ranged from
—6.4 to 7.6 J/min.

Relation between the Airway Occlusion Pressure and
Diaphragm Effort in the Preceding Hour

The conversion factor to predict change in transdiaphrag-
matic pressure with Pocc was on average 0.71 (0.65 to 0.76).
The predicted diaphragm effort (change in transdiaphrag-
matic pressure = 0.71 X —Pocc) correlated fairly well with
observed diaphragm effort (R* = 0.53, P < 0.001; fig. 4).
Bias was 1.2cm H,O and 95% limits-of-agreement from
6.4 to +7.6cm H,O. Cutoffs and diagnostic metrics are
shown in table 2.

Relation between P0.1 and Lung Stress in the
Preceding Hour

The conversion factor to predict change in transpulmonary
pressure with PO.1 was on average 3.3 (2.4 to 4.1). The
predicted lung stress (change in transpulmonary pressure
= 3.3 X P0.1 + inspiratory support) correlated fairly well
with the observed lung stress in the preceding hour (R* =
0.51, P < 0.001; fig. 5). Bias was —0.6cm H,O; 95% lim-
its-of-agreement ranged from —10.2 to +10.1cm H,O.
The conversion factor to predict MP| with P0.1 was on
average 4.7 (4.2 to 5.3). The predicted mechanical power

Anesthesiology 2023; 138:274-88

(predicted transpulmonary mechanical power = 0.5 X
(inspiratory support + 4.7 X P0.1) X RR XVt X 0.098,
with Vt in liters) correlated moderately with the observed
mechanical power (R* = 0.35, P < 0.001; fig. 5). Bias was
1.4 J/min, 95% limits-of-agreement ranged from —6.7 to
8.2 J/min.

Relation between P0.1 and Diaphragm Effort in the
Preceding Hour

The conversion factor to predict change in transdia-
phragmatic pressure with PO.1 was on average 3.5 (2.0 to
4.9). The predicted diaphragm effort (change in transdia-
phragmatic pressure = 3.5 X P0.1) correlated poorly with
observed diaphragm effort (R* = 0.22, P < 0.001; fig. 5).
Bias was —0.6cm H,O; 95% limits-of-agreement ranged
from —7.3 to 6.2cm H,O. Cutoffs and diagnostic metrics
are shown 1in table 2.

External Validation

In total, 14,651 breaths obtained in 13 patients were ana-
lyzed in the external validation cohort. The recordings
included 61 expiratory occlusions, of which 43 had a Pocc/
change in esophageal pressure__ratio between 0.8 and 1.2
which were used for further analysis (fig. 2). Correlations
are shown in figure E5 (http://links.lww.com/ALN/
C995) and figure E6 (http://links.lww.com/ALN/C996).
Lung stress was high in 7 of 43 (16%) of the recordings.

de Vries et al.
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Fig. 3. (Top) Correlation between random tidal swings in
esophageal pressure (APes) measurements and diaphragm
effort (average tidal swing in transdiaphragmatic pressure, APdi)
in the preceding hour. Each dot is a measurement (n = 7,729);
each color represents one subject (n = 38). Green shaded area
shows the target range for diaphragm effort (APdi 3 to 12cm
H,0). Dashed lines cross the x-axis at the obtained cutoffs (4
and 10cm H,0) for detecting APdi < 3¢m H,0 and >12¢m H,0,
respectively. In total, 522 of 7,729 (6.7%) of the recordings had
a APdi < 3cm H,0 and 2,749 of 7,729 (35.7%) had a APdi >
12cm H,0. (Righd Bland-Altman plot of predicted APdi based
on APes versus observed APdi. Solid horizontal line shows bias,
dashed lines show 95% limits-of-agreement. (Bottom) Receiver
operating characteristic curves of using a random APes mea-
surement to detect average APdi < 3cm H,0 (feff) and >12¢cm
H,0 (righd).

Occlusions for Lung Stress and Diaphragm Effort

Diaphragm effort was low in 4 of 43 (10%) and high in 3
of 43 (7%) of the recordings. Accuracy of Pocc and P0.1 to
identify patients with extremes in lung stress and diaphragm
effort was not significantly different in the external cohort
compared with the primary cohort (fig. E5, http://links.
lww.com/ALN/C995, and fig. E6, http://links.Iww.com/
ALN/C996).

Discussion

In the current study we tested the validity of noninvasive
airway occlusion maneuvers to quantify lung stress and dia-
phragm effort in ventilated critically ill patients. Our find-
ings can be summarized as follows: First, Pocc and PO.1
cannot be used to calculate the exact values of diaphragm
effort and lung stress in the preceding hour, due to wide
limits of agreement between occlusions pressures and the
reference standard (esophageal pressure). Second, if the goal
is to obtain lung stress and diaphragm effort in purported
safe ranges,™® Pocc and P0.1 have good to excellent diag-
nostic performance in identifying extremes of lung stress
and diaphragm effort. Third, Pocc is at least as reliable as
PO.1 in all instances but outperforms P0.1 in detecting
patients with high diaphragm effort.

Occlusion Pressures: Estimation of Lung Stress and
Breathing Effort versus Identification of Extremes

The predicted lung stress based on Pocc and P0.1 correlates
with change in transpulmonary pressure in the preceding
hour (R? = 0.62 and 0.51, respectively), albeit with wide
limits of agreement ranging from 5 to 10cm H,O in either
direction (figs. 4 and 5). Likewise, Pocc and P0.1 correlate
with change in transdiaphragmatic pressure (R? = 0.53 and
0.22, respectively) with equally wide limits of agreement.
The limits of agreement are likely wide because of vari-
ations in breathing effort within subjects over time, and
because a single breath is extrapolated to diaphragm effort
and/or lung stress over a longer period of time. Pocc and
PO.1 can therefore not replace esophageal pressure when
precise values are required such as in physiologic studies.
The area under receiver operating characteristic curves
of Pocc and P0.1 to identify patients with extremes in lung
stress and diaphragm effort are high (table 2). The predicted
lung stress and diaphragm effort show considerable hetero-
scedasticity (fanning out) compared with observed change
in transpulmonary pressure and transdiaphragmatic pressure
(figs. 4 and 5), meaning that errors are lower at low lung
stress and diaphragm effort and greater at higher levels. This
provides an explanation for the discrepancy between the
wide limits of agreement and the high accuracy; most of
the errors are made at higher levels of lung stress and dia-
phragm effort, where differences of 5cm H,O might be less
important than at lower levels (e.g.,, a change in transpul-
monary pressure of either 30 or 35cm H,O are both far

Anesthesiology 2023; 138:274-88
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Fig. 4. Change in occluded inspiratory airway pressure (APocc) to assess lung stress and diaphragm effort. Green shaded areas show the
proposed safe limits for lung stress and diaphragm effort. Note that Pocc is presented as a positive number for this plot to preserve a positive
correlation, while it is measured as a negative number. (4, /eff) Correlation between the predicted lung stress (AP, [change in transpulmonary
pressure] based on Pocc) and the observed lung stress in the preceding hour. Each dot is a measurement (n = 282). Dashed line shows the
selected cutoff for predicted AP, at 22 cm H,0. (Right) Bland-Altman plot of predicted AP, based on Pocc versus observed AP, . Solid horizontal
line shows bias; dashed lines show 95% limits-of-agreement. (B, leff) Correlation between predicted transpulmonary mechanical power (MP,)
and observed MP, in the preceding hour. Each dot is a measurement (n = 282). Dashed line shows the selected cutoff (predicted MP, of 12
J/min). (right) Bland-Altman plot of predicted MP_based on Pocc versus observed MP,. Solid horizontal line shows bias, dashed lines show
95% limits-of-agreement. (C, /eff) Correlation between Pocc and the average change in transdiaphragmatic pressure (APdi) in the preceding
hour. Each dot is a measurement (n = 282). Dashed lines show the selected cutoffs for Pocc (-7 and —15c¢m H,0). (Righd) Bland-Altman plot
showing the predicted diaphragm effort (Pdi based on APocc) versus observed diaphragm effort. Solid horizontal line shows bias, dashed
lines show 95% limits-of-agreement. (Boftom) Receiver operating characteristic curves of using Pocc to identify patients with potentially
injurious diaphragm effort and lung stress.
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Fig. 5. Airway occlusion pressure at 100ms (P0.1) to assess lung stress and diaphragm effort. Green shaded areas show the proposed safe
limits for lung stress and diaphragm effort. (4, /eff) Correlation between the predicted change in transpulmonary pressure (AP,) based on P0.1
and the observed lung stress (AP,) in the preceding hour. Each dotis a measurement (n = 282). Dashed line shows the selected cutoffs (21cm
H,0). (Right) Bland-Altman plot of predicted lung stress (AP, based on P0.1) versus observed lung stress. Solid horizontal line shows bias;
dashed lines show 95% limits-of-agreement. (B, /eff) Correlation between predicted transpulmonary mechanical power (MP ) and observed MP,
in the preceding hour. Dashed line shows the selected cut off (predicted MP, of 12 J/min). Each dotis a measurement (n = 282). (Right) Bland-
Altman plot of predicted Iung stress (AP, based on P0.1) versus observed lung stress. Solid horizontal line shows bias, dashed lines show 95%
limits-of-agreement. (C, leff) Correlation between APocc and the average transdiaphragmatic pressure (APdi) in the preceding hour. Each dot
is a measurement (n = 282). Dashed lines show the selected cutoffs (7 and 15¢m H,0). (right) Bland-Altman plot of predicted diaphragm effort
(APdi based on P0.1) versus observed diaphragm effort. Solid horizontal line shows bias, dashed lines show 95% limits-of-agreement. (Bottom)
Receiver operating characteristic curves of using P0.1 to identify patients with potentially injurious diaphragm effort and lung stress.
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beyond proposed safe values, so precision is less important
at this level).

Pocc has higher discriminative power than P0.1 in
detecting patients with high transdiaphragmatic pressure
in our cohort (area under receiver operating character-
istic curves 0.86 wvs. 0.73, respectively), which might be
explained be several factors. First, PO.1 is based on a shorter
measurement interval and thus suffers more from high-fre-
quency noise such as cardiac artefacts. Second, factors that
cause a time delay in the transmission of pressures between
the patient and measurement setup might have more eftect
on dynamic measurements such as PO.1.Third, properties of
the respiratory system and control center might influence
the convexity of airway pressure curves, distorting the rela-
tion between P0.1 and total respiratory muscle pressure in
the same breath.*

Our data show that Pocc together with tidal volume and
respiratory rate may be used to estimate mechanical power,
which correlates moderately well to observed mechanical
power (R? = 0.47) as shown in figure 4. Area under receiver
operating characteristic curves to detect high mechanical
power are acceptable to excellent (table 2).** Mechanical
power has been theorized to better reflect the risk of lung
injury than pressure alone in animal studies® and retrospec-
tive cohorts of ICU patients.” However, the superiority of
mechanical power to predict lung injury requires further
validation in prospective clinical studies.

Clinical Implications

Lung- and diaphragm-protective mechanical ventilation is
an emerging concept for ventilatory management in crit-
ically ill patients. The hypothesis is that monitoring and
controlling breathing effort and lung stress in critically ill
patients could have several benefits: limiting lung stress
might hamper development of lung injury, whereas tar-
geting moderate diaphragm effort has been theorized to
protect against disuse atrophy while limiting the probability
of developing load-induced diaphragm injury.>® The evi-
dence that absence of diaphragm effort leads to atrophy and
weakness is compelling,”® and maintaining some diaphragm
effort reduces diaphragm atrophy in animal studies.'
Evidence that high diaphragm effort leads to injury is cur-
rently based on small sets of experimental human and ani-

mal data.’

Apart from potentially preventing diaphragm
injury, limiting excessive diaphragm effort might improve
patient comfort by reducing dyspnea,® and is proposed to
reduce regional lung stress by limiting pendelluft.'”” The
proposed pathophysiology of diaphragm protective venti-
lation, including current knowledge gaps, has been covered
in depth recently.>*

State-of-the-art monitoring of lung stress and dia-
phragm effort requires esophageal (and gastric) pressure
measurement, which is not routine performed in clinical
practice.! Our data show that the Pocc and P0.1 cannot

replace esophageal and gastric manometry when precise
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values are desired. At best, Pocc and P0.1 give an indica-
tion of a range of the true lung stress and diaphragm effort.
This range can allow a clinician to identify patients that are
most likely to benefit from advanced respiratory monitor-
ing: a patient with a predicted transdiaphragmatic pressure
of 20 cm H,O based on Pocc has an actual change in trans-
diaphragmatic pressure between 13 and 27cm H,O with
95% certainty and could thus benefit from additional mon-
itoring. Additionally, a clinician can use Pocc and PO.1 to
estimate whether lung stress and diaphragm effort are likely
within proposed safe limits when esophageal manometry is
not available by using the cutoffs provided in table 2: 86% of
patients with an estimated change in transpulmonary pres-
sure < 22cm H,O are expected to have actual lung stress in
the proposed safe range (less than 20 cm H,0), and 89% of
patients with a Pocc between —7 and =15 cm H,O will have
diaphragm eftort in the proposed safe range (transdiaphrag-
matic pressure of 3 to 12cm H,O). An example of a bed-
side monitoring protocol based on Pocc and these cutoffs is
presented in figure E7 (http://links.Iww.com/ALN/C997),
but prospective studies are required to assess whether using
this protocol results in more lung stress and effort in pur-
ported safe ranges.

Validity of Transdiaphragmatic Pressure and the
Proposed Cutoffs

Transdiaphragmatic pressure, the pressure output of the
diaphragm, is the current reference standard to assess dia-
phragm effort.*"*!% Several factors influence a patient’s
capacity to generate pressure, such as diaphragm weakness
before ICU admission’' and changes in diaphragm geom-
etry due to lung collapse and positive end-expiratory pres-
sure.” Consequently, a certain transdiaphragmatic pressure
may require more myofiber recruitment in critically ill
patients compared with healthy subjects. Thus, the precise
“safe transdiaphragmatic pressure interval” may be patient
specific. Furthermore, diaphragm weakness was found to
associate strongly to ICU outcomes such as weaning fail-
ure in several studies,**** but the correlation was absent
in others.** Prospective trials are thus required to assess
whether diaphragm effort during mechanical ventilation is
indeed causally related to ICU outcomes, and not merely
a confounder for disease severity."* Additionally, further
research must assess the optimal cutoffs to prevent lung and
diaphragm injury, because the current cutoffs are based only
on consensus.

Comparison with Other Studies

The conversion factor to predict lung stress from Pocc in
our cohort (0.67) closely matches the conversion factor

reported in an earlier study (0.66),"

suggesting that this
factor is generalizable to external populations. Likewise,
the conversion factor to predict change in total respira-

tory muscle pressure with Pocc found in our cohort (0.73,

de Vries et al.
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fig. E8, http://links.Iww.com/ALN/C998) was very close
to value reported previously (0.75)."” The high accuracy of
PO.1 to identify patients with purported insufficient respi-
ratory muscle effort is in agreement with recent studies.'**’
Accurately detecting insufficient effort is a novel observa-
tion for Pocc, because an earlier study lacked recordings

with low effort."”

Strengths and Limitations

This study has several strengths. We included a heteroge-
neous group of patients with acute respiratory failure, dis-
playing a wide range of lung stress and diaphragm effort. In
contrast to previous studies, we used the reference methods
to assess lung stress and diaphragm effort, recorded patients
for prolonged periods of time (24 h), included more patients
(38 vs. 16) and conducted much more occlusion measure-
ments (282 vs. 52).We also confirmed the robustness of Pocc
and PO0.1 in an external cohort. Earlier studies validated the
Pocc and P0O.1 with total respiratory muscle pressure, which
reflects total pressure generation resulting from activation
of the diaphragm, accessory muscles and relaxation of the
expiratory muscles.'”'**" Transdiaphragmatic pressure may
be more linked to studies on diaphragm injury during
mechanical ventilation which have demonstrated an asso-
ciation (but not necessarily causation'’) between diaphragm
function and clinical outcome.*** Whether monitoring
transdiaphragmatic pressure leads to better outcomes than
monitoring total respiratory muscle pressure requires fur-
ther study. Last, we have estimated the potential magnitude
of measurement errors in our study, and found that these
likely do not influence our conclusions (Supplemental
Digital Content, http://links.Iww.com/ALN/C989).
Several limitations should be acknowledged. First, the
optimal ranges for lung stress and diaphragm effort to
prevent both lung injury and diaphragm weakness are
unknown and were based on expert consensus. Second,
although we used data from two independent centers, per-
formance of Pocc and P0.1 needs to be evaluated in larger
cohorts from multiple international centers. Third, earlier
reports averaged three consecutive PO.1 measurements to
improve reliability."” We could not conduct the same analy-
sis as single occlusions were performed in our protocol. We
have, however, estimated to which degree averaging mul-
tiple consecutive change in esophageal pressure measure-
ments would improve correlations and diagnostic accuracy
with change in transdiaphragmatic pressure (fig. 3 and fig.
E4, http://links.lww.com/ALN/C994), and found the
benefit to be relatively minor: averaging three measure-
ments improved R? from 0.79 to 0.84, but had little effect
on diagnostic performance. Fourth, we used the same
external validation cohort as an earlier report validating
Pocc." This external cohort had few recordings with low
diaphragm effort, underlining the importance of further
validation in larger cohorts. Fifth, the external validation
cohort ventilated patients exclusively in neurally adjusted

Occlusions for Lung Stress and Diaphragm Effort

ventilatory assist, which is a proportional mode of venti-
lation, whereas the primary cohort used mostly pressure
support. This likely had little effect on the validity of the
Pocc and PO0.1, however, because single airway occlusions
were found not to affect respiratory drive'” and the cor-
relations and diagnostic performance were not different in
primary cohort and the external cohort (fig. E5, http://
links.lww.com/ALN/C995, and fig. E6, http://links.Iww.
com/ALN/C996). Finally, 20 to 30% of all recordings in
the main cohort and external data set had to be discarded
due to our strict quality control for adequate calibration of
the esophageal pressure balloons.

Conclusions

This study shows that Pocc and P0.1 cannot predict exact
values for lung stress and diaphragm effort in ventilated
critically ill patients. Both maneuvers can reliably identify
patients with purported low diaphragm effort and high lung
stress in the preceding hour. Pocc is more accurate than
P0.1 in identifying patients with high diaphragm effort.
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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

e Determination of the optimal timing of endotracheal intubation in
patients presenting with respiratory failure from COVID-19 pneu-
monia based on objective physiologic parameters is controversial

e The authors performed a secondary analysis of such patients in
which a baseline computed tomography scan was obtained on
admission and a battery of routine clinical and more complex
derived respiratory parameters were quantified using esopha-
geal manometry and transthoracic electrical impedance including
mechanical power, its ratio to the expected baseline value, and the
pressure-rate index (4 x driving pressure + respiratory rate)

e Associations of the studied parameters with treatment escalation to
intubation and mechanical ventilation was assessed using the area
under the receiver operator characteristic curve

What This Article Tells Us That Is New

e Despite similar spontaneous tidal volumes, escalated patients had
higher respiratory rate, minute ventilation, pleural pressure, and
mechanical power ratios

e Mechanical power, its ratio with the expected baseline value, and
the pressure-rate index had the greatest associations with treat-
ment escalation

ABSTRACT

Background: Under the hypothesis that mechanical power ratio could
identify the spontaneously breathing patients with a higher risk of respira-
tory failure, this study assessed lung mechanics in nonintubated patients with
COVID-19 pneumonia, aiming to (1) describe their characteristics; (2) com-
pare lung mechanics between patients who received respiratory treatment
escalation and those who did not; and (3) identify variables associated with
the need for respiratory treatment escalation.

Methods: Secondary analysis of prospectively enrolled cohort involving 111
consecutive spontaneously breathing adults receiving continuous positive
airway pressure, enrolled from September 2020 to December 2021. Lung
mechanics and other previously reported predictive indices were calculated,
as well as a novel variable: the mechanical power ratio (the ratio between the
actual and the expected baseline mechanical power). Patients were grouped
according to the outcome: (1) no-treatment escalation (patient supported in
continuous positive airway pressure until improvement) and (2) treatment
escalation (escalation of the respiratory support to noninvasive or invasive
mechanical ventilation), and the association between lung mechanics/predic-
tive scores and outcome was assessed.

Results: At day 1, patients undergoing treatment escalation had sponta-
neous tidal volume similar to those of patients who did not (7.1+1.9 vs.
7.1 +1.4ml/kgy,: P=0.990). In contrast, they showed higher respiratory rate
(20+5 vs. 18 +5 breaths/min; P = 0.028), minute ventilation (9.2+3.0 vs.
7.9+2.4 |/min; P=0.011), tidal pleural pressure (8.1 +3.7 vs. 6.0+ 3.1cm
H,0; P=0.003), mechanical power ratio (2.4 +1.4 vs. 1.7 +1.5; P=0.042), &
and lower partial pressure of alveolar oxygen/fractional inspired oxygen ten-
sion (174 =64 vs. 220+ 95; P = 0.007). The mechanical power (area under
the curve, 0.738; 95% Cl, 0.636 to 0.839] P < 0.001), the mechanical power
ratio (area under the curve, 0.734; 95% Cl, 0.625 to 0.844; P < 0.001),
and the pressure-rate index (area under the curve, 0.733; 95% Cl, 0.631 to
0.835; P < 0.001) showed the highest areas under the curve.
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Conclusions: In this COVID-19 cohort, tidal volume was similar in patients
undergoing treatment escalation and in patients who did not; mechanical%ﬁ

power, its ratio, and pressure-rate index were the variables presenting the
N
highest association with the clinical outcome.

(AnesTHEsIoLogY 2023; 138:289-98)

LI

i

In patients with acute respiratory failure, the direct mea-
surement of tidal volume, minute ventilation, and esoph-
ageal pressure, as well as their integration with other data
such as gas-exchange or radiological variables, provides
valuable clinical information to determine the diagno-
sis and to monitor the clinical response to a therapeutic
intervention.' Furthermore, such a clinical monitoring may
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allow for the early identification of clinical deterioration. In
an era of personalized medicine, a tailored clinical approach
is only possible through a careful approach to clinical mon-
itoring, whose invasiveness should be proportional to the
specific clinical severity and patients’ requirements.

The mechanical power quantifies the amount of energy
transferred to the respiratory system during mechanical ven-
tilation, and it depends on the parameters used to set the ven-
tilator and the resulting variables in the respiratory system.?
Such energy is entirely provided by the ventilator in controlled
mechanical ventilation, while it results from the combination
of the energy generated by the respiratory muscles and the
energy delivered by the ventilator in supported ventilation.

In this study, we aimed to (1) describe the physiologic
characteristics of spontaneously breathing patients with
COVID-19 pneumonia, on admission and over the course
of hospitalization; (2) compare the respiratory mechanics
of patients who underwent treatment escalation with those
who did not; and (3) derive a diagnostic receiver operating
characteristic model to assess which variables are associated
with the need for respiratory treatment escalation.

Materials and Methods

Patient Population

This study is a secondary analysis of a prospective cohort,
collected from September 2020 to December 2021, in
which the primary objective was to assess whether an
increased esophageal pressure was related to the sever-
ity of COVID-19 disease and the clinical outcome.' All
spontaneously breathing patients with COVID-19 infec-
tion, confirmed by polymerase chain reaction, and acute
respiratory failure supported by continuous positive airway
pressure were enrolled in the study, and the current analysis
was performed a posteriori. All patients were managed in a
high-dependency COVID-19 unit and were consecutively
enrolled. Of 140 eligible patients, we were able to measure
minute ventilation only in the last 111 individuals (see flow
chart for patients’ enrollment in the supplemental material,
http://links.lww.com/ALN/C988).
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The clinical management of the study individuals included
standard COVID-19 pharmacologic guidance (see the sup-
plemental material for details on pharmacologic management,
http://links.Ilww.com/ALN/C988), which was initiated on
admission in all patients. Although the study individuals were
undergoing sessions of awake prone positioning, during data
collection, each patient was in the supine position (for at least
2h) and supported with continuous positive airway pres-
sure. The study was approved by the local ethical committee
(Comitato Etico Milano Area I; 17263/2020-2020/ST/095),
and written informed consent was obtained from each indi-
vidual. The article follows the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines.

Study Protocol

All patients were first assessed in the emergency department,
where a computed tomography scan was performed in
spontaneous breathing and without positive end-expiratory
pressure (PEEP), and an arterial blood sample was collected.
The patients were then transferred to the high-dependency
COVID-19 unit, where continuous positive airway pres-
sure was applied according to local guidance (F10, of 60%
and PEEP of 5,7.5, or 10cm H,O, as set by the attending
physician). The esophageal pressure was measured using the
esophageal-balloon catheter, connected to a data acquisition
system (Optivent SIDAM Srl, Modena, Italy), while minute
ventilation, respiratory rate, and tidal volume were quantified
by a novel impedance-based monitoring device: ExSpiron
(Respiratory Motion Inc.,Watertown, Massachusetts). Blood
gases were sampled from an arterial catheter.

We defined two outcome groups based on whether a
patient underwent the escalation of the respiratory support:
(1) no treatment escalation (the individual was supported
with continuous positive airway pressure from admission
in the high-dependency COVID-19 unit until clinical
improvement, and then transferred to the ward) and (2)
treatment escalation (any additional increase of the respi-
ratory support, either noninvasive or invasive ventilation).

The decision to escalate the ventilatory support, as well
as the type of treatment escalation (to either noninvasive or
invasive mechanical ventilation), were left to the discretion of
the clinical care team in accordance with local institutional
guidelines: tachypnea more than 28 breaths/min, esopha-
geal pressure swing higher than 8cm H,O, Pao,/F1o, ratio
lower than 100, delirium, increase of 2 points in the Work of
Breathing score® or 3 points in the Borg scale,* or intolerance
to continuous positive airway pressure. Similarly, the type of
treatment escalation (escalation from continuous positive air-
way pressure to noninvasive or to invasive mechanical ven-
tilation) was left to the decision of the treating clinical team.

Measurements

Tissue Mass and Gas Volume
After semiautomatic contour analysis of the lung computed
tomography slices,” the following variables were derived:

Gattarello ef al.

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



Gattarello et al.

tissue mass (g), gas volume (ml), and fractions (%) of over-
aerated, normally aerated, poorly aerated, and nonaerated
tissue. The estimated baseline gas volume and tissue mass
were calculated according to Ibanez ef al.® and Cressoni ef
al.” (the equations are detailed in the supplemental material,
http://links.lww.com/ALN/C988).

Tidal Volume and Minute Ventilation

Tidal volume and minute ventilation were quantified by
analysis of the variation of the electrical impedance in
the respiratory system,”® which was validated in acute and

postacute patients’'* (see supplemental material for specif-
ics and details, http://links.Iww.com/ALN/C988).

Esophageal Pressure

Esophageal pressure was determined using the esophageal-
balloon catheter, connected to a data acquisition system
(Optivent SIDAM Stl; see supplemental material for specifics
and details, http://links Iww.com/ALN/C988).

The measurement of these variables allowed us to esti-
mate the following ventilatory variables: ventilatory ratio,
tidal pleural pressure, dynamic lung elastance, and tidal
muscular pressure, which is the pressure exerted on the
respiratory system by the respiratory muscles (see the sup-
plemental material for the derivation of equations, http://
links.lww.com/ALN/C988). In addition, we quantified the
mechanical power and its normalization over the expected
mechanical power at rest.

Respiratory System Mechanical Power
Respiratory system mechanical power (MP, ) was esti-
mated as follows:

MPrs  (J/min)=  0.098 x RR x {ch x (0.714 x A\lj—t"l-#RR x 0.5) Ve x PEEP] M
where 0.098 is the constant that converts I - cm H,O into
J/min; RR is the respiratory rate; V, is the tidal volume;
0.714 is a constant that accounts for the ratio between lung
and total elastances (E, /E ), that we assumed to equal 0.7";
and AP is the tidal pleural pressure. See the supplemental
materlal (http://links.lww.com/ALN/C988) for the full
derivation of equation 1.

Mechanical Power Ratio

The mechanical power ratio is the ratio between the
actual mechanical power of the respiratory system and
the expected baseline mechanical power. The latter was
estimated, analogously to the ventilatory ratio,' as the
power required to obtain a normal minute ventilation
(computed as 0.1 times the ideal body weight)'® by apply-
ing an ideal transpulmonary pressure of 5cm H,O' at
15 breaths/min and without applied PEEP. The equations
we used to quantify the expected baseline mechanical
power (MPexp) and the mechanical power ratio (MP ratio)
are as follows:

Mechanical Power Ratio and Respiratory Outcome

MP.,, (J/min)= L47 x (0.00§ x IBW)  x < 3T +7.5> 2
0.006 x IBW
MP
MP ratio = MPii 3)

where 1.47, 0.006, 3.57, and 7.5 are conversion constants
(see supplemental material for the full derivation, http://
links.Ilww.com/ALN/C988), and IBW is the ideal body
weight. The mechanical power ratio, in essence, measures
the fold increase in mechanical power compared to normal
breathing in healthy conditions.

Additional Indexes

The ratio of oxygen saturation measured by pulse oxim-
etry/F1o, to respiratory rate index'” was calculated as the
ratio between oxygen pulse oximetry to the fraction of
inspired oxygen, over the respiratory rate. The pressure-rate
index' was rearranged to account for the spontaneous
breathing and for easy comparison with the mechanical
power; i.e., for its computation, we used AP _ instead of the
driving pressure.

Statistical Analysis

‘We used a convenience sample of all eligible patients during
the observation period and did not perform a sample size cal-
culation as no previous data on the distribution of mechani-
cal power ratio on COVID-19 patients is available. The data
are reported as means £ SD or median [interquartile range],
as appropriate. The comparison between the two groups was
performed using the independent-samples Student’s f test or
Wilcoxon’s test, according to the distribution of each vari-
able. Chi-square or Fisher’s exact test were used to com-
pare categorical variables. A receiver operating characteristic
analysis was performed to assess the area under the curve for
each variable, to estimate the association with the outcome.
To evaluate the effect of multiple repeated measures in the
same population during the time course, we built a model
of repeated measures analysis of variance, in which the fixed
effect was the need for treatment escalation and the random
effect was the individual ID. No adjustment for potential
confounders was performed in the statistical analysis because
our aim was to assess the association between mechanical
power ratio and the clinical outcome in the population as
a whole. Two-tailed P values less than 0.05 were considered
statistically significant. All analyses were performed with R
for Statistical Computing 4.0 and SPSS version 25.

Results

A total of 111 adults were enrolled in the study. In table 1,
we present the main demographic and anatomic—physiologic
characteristics measured in the emergency department before
continuous positive airway pressure initiation in patients who
underwent ventilatory treatment escalation (n = 64) and those

Anesthesiology 2023; 138:289-98
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Table 1. Baseline, Demographic, and Clinical Characteristics

Variable No Treatment Escalation (n = 47) Treatment Escalation (n = 64) PValue
Age, yr [range]* 57 [48 to 66] {47} 58 [53 to 67] {64} 0.377
Sex female, n (%)t 18 (38.3) {47} 15 (23.4) {64} 0.091
Height, cm 168 + 9.4 {41} 171 £10.0 {57} 0.210
Weight (actual), kg 84.5 +22.5{41} 83.8 + 18.3 {56} 0.871
Body mass index, kg/cm? 29.5 + 6.7 {41} 28.4 + 28.4 {57} 0.350
Ideal body weight, kg 62.9 +10.2 {41} 65.9 + 10.3 {56} 0.153
Onset of symptoms to admission, days* 6 [4 to 10] {47} 6 [4 to 8] {64} 0.735
Work of Breathing scale 1.40 + 0.96 {45} 1.77 = 1.08 {62} 0.062
Borg’s dyspnea score 0.62 = 1.19 {45} 0.92 + 1.67 {62} 0.295
Pao, before C-PAP, mmHg 71.7 + 28.3 {45} 65.3 + 16.8 {62} 0.145
Paco, before C-PAP, mmHg 32.6 + 4.6 {45} 32.9+5.7{62} 0.720
Fio, before C-PAP, % 32.2 +2.1{45} 32.2+2.0{62} 0.997
Estimated Pao,/Fio, ratio before C-PAP, mmHg 263 + 81 {45} 246 + 83 {62} 0.289
Respiratory rate before C-PAP, breaths/min 22 +5{38} 22 + 5{49} 0.857
Measured gas volume, ml 2,355 + 1,072 {41} 2,261 + 1,059 {57} 0.665
Calculated baseline gas volume, ml 1,892 + 276 {41} 1,932 + 265 {61} 0.472
Measured tissue mass, g 1,090 + 274 {41} 1,138 + 267 {57} 0.389
Calculated baseline tissue mass, g 997 +1 + 62 {41} 1,040 + 169 {61} 0.208
Fraction of overaerated, % 9.3+7.4{41} 9.3 +9.3{57} 0.972
Fraction of normally aerated, % 71.8+7.8{41} 69.6 + 9.4 {57} 0.185
Fraction of poorly aerated, % 149 + 7.4 {41} 17.0 £9.3{57} 0.283
Fraction of nonaerated, % 4.0+27 {41} 4.4 + 3.6 {57} 0.503
Days from admission to outcome, days* 6 [6 to 9] {47} 3 [2 1o 6] {64} < 0.001
Intensive care unit length of stay, days* 0 [0] {47} 12 [7 to 18] {64}

Hospital length of stay, days* 19 [16 to 25] {47} 25 [18 to 33] {64} 0.006
Endotracheal intubationt 0(0) {47} 23 (35.9) {64} < 0.001
Mortalityt 0(0) {47} 8 (12.5) {64} 0.020

Unless otherwise specified, values are presented as the means + SD. The number in curling brackets is the number of individuals (all missing values are either due to missing or

insufficient-quality data).

*The values are expressed as median [interquartile range]. tThe values are expressed as absolute count and percent.

C-PAP, continuous positive airway pressure; Fio,, fractional inspired oxygen tension.

who did not (n = 47).As shown, no differences were observed
in terms of demographics, time from symptoms onset to the
referral to the emergency department, or gas-exchange vari-
ables between the two outcome groups. In addition, no dif-
ferences between groups were observed in terms of measured
gas volume and tissue mass and in the fractions of overaerated,
normally aerated, poorly aerated, and nonaerated tissue.

On day 1, once continuous positive airway pressure
treatment was implemented, the group with no treat-
ment escalation showed higher values of Pao, (mean
+ SD, 141.5+£63.0 vs. 111.1£44.3 mmHg; P = 0.007)
and Pao,/Fro, (220£95 vs. 174+ 64 mmHg; P = 0.007;
table 2). Paco, was similar between groups but at the cost
of higher minute ventilation (9.2 £ 3.0 vs. 7.9 + 2.4 L/min;
P =0.011), respiratory rate (20 £ 5 vs. 18 5 breaths/min;
P =0.028), tidal pleural pressure (8.1 £3.7 vs. 6.0+ 3.1 cm
H,O; P = 0.003), tidal muscular pressure (11.8£5.2 vs.
8.5+ 4.3cm H,O; P=0.001),and dynamic lung elastance
(19.4+9.7 vs. 13.7£6.5cm H,O/L; P = 0.001) in the
treatment escalation group. Ventilatory ratio was compa-
rable, while the absolute mechanical power of the respi-
ratory system (9.9%6.0 vs. 6.7£4.3 J/min; P = 0.003)
and its relative mechanical power ratio (2.4+1.4 wvs

Anesthesiology 2023; 138:289-98

1.7+ 1.5; P = 0.042) were higher in the treatment esca-
lation group. The respiratory rate index and the pres-
sure-rate indexes were also significantly different between
groups (respectively, in the escalation vs. no escalation
groups: 7.6+ 2.0 vs. 9.1£2.6, P = 0.003; and 53.6 £ 16.0
vs. 419+ 1.4, P = 0.04).

The variables presenting significant differences between
escalation vs. nonescalation group the day before the out-
come occurred were as follows: respiratory rate (18+5 wvs.
15 %3 breaths/min; P = 0.001), Pao, (129 £ 61 vs. 158 £ 64
mmHg; p 0.025), Pao,/Fio, (201 £102 vs. 249 £ 83 mmHg;
P = 0.010), tidal pleural pressure swings (8.9+13.4 wvs.
5.6£2.0cm H,O; P < 0.001), mechanical power (9.5+4.7
vs. 6.313.5 J/min; P = 0.003), and its ratio (2.2£1.0 vs.
1.510.7; P = 0.002). Of note, the indexed tidal volume
remained similar between groups (7.5 1.6 vs. 8.0£2.0ml/
kg s P = 0.221; table 2).

The most relevant respiratory variables from the uni-
variate analysis on day 1 were entered in a receiver oper-
ating characteristic model to assess their association with
the need for treatment escalation (table E1 in supplemen-
tal digital content, http://links.lww.com/ALN/C988).
The mechanical power of the respiratory system and the

Gattarello ef al.
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Table 2. Lung Mechanics and Gas-Exchange Data

Mechanical Power Ratio and Respiratory Outcome

First Day of Study Average Value throughout Study Day before the Outcome
No
No Treatment Treatment No Treatment Treatment Treatment  Treatment
Escalation Escalation Escalation Escalation Escalation  Escalation
Assessed Variable (n=47) (n=64) PValue (n =47) (n=64) PValue (n=47) (n=64) PValue
C-PAP Fio,, % 667 {47} 667 {57} 0.750 63+6 {47} 64 +7 {50} 0.353 61+8{47} 66 +9 {58} 0.014
C-PAP PEEP, cm H,0 8.7+1.3{47} 87+13{57} 0875 87+11{477 89+1.2{51} 0444 88=14{44) 88+1.4{56}  0.956
Tidal volume, ml 443103 {46} 465+149{62} 0370 463+104{42} 465+116{49}) 0.950 501147 {45} 489+140{63} 0.656
Tidal volumefideal body 71+14{41} 71+19{54} 0990 7.4+12{38 73+16{42} 0840 8.0+2.0{40} 75+1.6{56}  0.221
weight, ml/kg
Respiratory rate, breaths/min 18+5 {46} 20+5{62} 0.028 17+3 {42} 19+4 {48} 0.016 15+ 3 {45} 18+5{63} < 0.001
Minute ventilation, I/min 79+24{46} 9.2+3.0{62} 0.011 7.9+1.6{42} 8.4+21{49} 0137 7.6+x2.0{45} 8.5+2.4{64} 0.030
Minute ventilation increment, 111+39{46}  120+35{61} 0.227  107+19{42}  115+24{48} 0.100 103+23{45} 111+33{63}  0.166
%
Pao,, mmHg 141.5+63.0 {46} 111.1+44.3{62} 0.007 162.3+41.5{46} 135.8+51.8{61} 0.004 158+64 {44} 129+61{60}  0.025
Paco,, mmHg 39.1+4.9(45) 381+55{61} 0.327 39.9+4.1{46} 39.3+4.0{61} 0420 40.0+4.9{44} 39.0+4.7{60}  0.291
Estimated Pao,/Fio,, mmHg ~ 220+95{44}  174+64{58} 0.007  254+66{46}  213+80{60} 0.005 249+83{44} 201+102{59}  0.010
pH 7.45+0.03 {46} 7.44+0.04{61} 0.459 7.45+0.02{46} 7.45+0.02{61} 0518 7.46+0.03 {44} 7.45+0.04{60} 0.119
Tidal pleural pressure,cmH,0 ~ 6.0+3.1{45}  8.1+37{53} 0.003  6.0+1.9{45} 85+2.8{41} <0.001 5.6=2.0{32} 89+3.4{38} <0.001
Tidal muscular pressure, 8.5+4.3{44} 11.8+52{51} 0.001 8.6+27{39) 122+4.4{36} <0.001 7.8+2.7{30} 12.8+4.8{37} <0.001
cmH,0
Dynamiczelastance —lung,cm 13.7+6.5{44} 19.4+9.7{51} 0.001 14.0+56{39} 20.3+7.4{36} <0.001 11.4+46{30} 19.7+8.2{37} <0.001
H,0/ml
Ventzilatory ratio 1.3+0.4{40} 1.4+04{53} 0332 1.2+03{37} 1.3+0.3{40} 0485 1.2+0.3{38} 1.3+04{53}  0.339
Expected baseline mechan- ~ 4.2+1.0{41} 45+1.0{57} 0.144
ical power — respiratory
system, J/min
Mechanical power, respira- 6.7+4.3{44} 99+6.0{561} 0.003 6.4+2.3{39} 9.0+5.0{36} 0.007 6.3+3.5{41} 9.5+4.7{57} 0.003
tory system, J/min
Mechanical power ratio, 1.7+15){39}) 24+14{45) 0042 15+04{35 22+12{30} 0003 1.5+07{30} 22+1.0{37}  0.002
respiratory system
ROX index 91+26{46) 7.6+20{55} 0.003 9.8+23{41} 8.4x24{35} 0011 109+3.2{35} 8.7+x2.6{40}  0.002

Pressure-rate index 41.9+13.5{44} 53.6+16.0{51} <0.001

41.1+8.4 (39}

53.5+14.5{35} <0.001 37.6+8.4{30} 53.7+14.5{37} <0.001

The table shows the lung mechanics and gas-exchange data summarized as the first day of study, average value throughout the experiment (the average value of all measurement
collected from the second day of admission until the day before the outcome), and day before the outcome. The values are presented as means + SD. The number in curling brackets
is the number of individuals (all missing values are either due to missing or insufficient-quality data).

C-PAP, continuous positive airway pressure; Fio,, fractional inspired oxygen tension; PEEP, positive end-expiratory pressure; ROX, ratio of oxygen saturation measured by pulse

oximetry/Fio, to respiratory rate.

mechanical power ratio showed areas under the curve of
0.738 (95% CI,0.636 to 0.839; P < 0.001) and 0.734 (95%
CI, 0.625 to 0.844; P < 0.001), while the area under the
curve of tidal muscular pressure was 0.700 (95% CI, 0.595
to 0.804; P < 0.001).The area under the curve of the respi-
ratory rate index was 0.659 (95% CI, 0.549 to 0.769; P
= 0.006), while the area under the curve of pressure-rate
index was 0.733 (95% CI, 0.631 to 0.835). The relative
receiver operating characteristics are shown in figures E1
and E2 of the supplemental material (http://links.Iww.
com/ALN/C988).

Figure 1 depicts the time evolution of Pao,/F10, and
Paco, (indicators of the efficiency of the gas exchanger), the
tidal muscular pressure and dynamic lung elastance (indicators
of the lung mechanics), and the indexed tidal volume and
mechanical power ratio (indicators of the effort undertaken
by the patient). The time evolution is detailed in three steps:

(1) record collected on day 1; (2) average of the records col-
lected from day 2 until the day before the outcome; and (3)
record collected the day before the outcome. All tested vari-
ables but Paco, and indexed tidal volume showed significant
differences between groups when analyzed at each time point;
conversely, when analyzing the evolution of such variables
over time, the only variables presenting significant differences
were the Pao,/Fi0_ ratio and the indexed tidal volume (fig. 1).

Discussion

In a previous study based on the same cohort and data on
COVID-19 patients in continuous positive airway pressure,
we observed that total lung stress was the best predictive
variable of disease evolution': patients who required inva-
sive mechanical ventilation had a lower Pao,/Fio, ratio and
greater lung stress. In this study, we were able to assess not

Anesthesiology 2023; 138:289-98

293

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



294

CRITICAL CARE MEDICINE

Bl Treatment escalation
M No treatment escalation

+p <0.005
420 *p<0.001 *p <0.001 *p <0.001
o 360
300
o)
= 240
X
O 160
©
O g
0 - - -
o 24 *p <0.001 *p <0.001 *p <0.001
o § — —_— —_—
@
o 20
o
§ 16
3 12
7}
3
IS 8
S 4
|_
0 . . .
15.0
qEJ +p <0.022
3 125
g
. 10.0
o
.'.: 7'5 +
ks
ff) 5.0
°
£ 25
0 - - -
Day one Average value Last day
of study throughout before the
the study outcome

*Difference between groups
+ Difference over time

55
50
o)
45
?
o 40
35
30
25 v B x
®
g 48 |, . -
S p <0.001 p <0.001 p <0.001
w40 —
L
[}
o 32
S
o 24
c
3 16
: =
5 8
4
0 T = =
O
"§ *p<0.001 *p<0.001 *p <0.001
5 5
3 4
a
8 3
g 2 * *
<
&}
Q1
p=
0 v v .
Day one Average value Last day
of study throughout before the
the study outcome

Fig. 1. Time course of Pao,/fractional inspired oxygen tension (Fio,) ratio and Paco, (mmHg; top), tidal muscular pressure (cm H,0), and

lung dynamic elastance (cm/I; middle), indexed tidal volume (mli/kg,
between groups, while a plus sign refers to difference over time.

BW

only the stress through the esophageal pressure measure-
ment but also tidal volume and respiratory rate, so that we
could assess mechanical power, dynamic lung elastance, and
muscular pressure (P ). In addition, we computed two
recently described predictive indexes, the respiratory rate
index,"” which is designed to predict high-flow nasal can-
nulas and continuous positive airway pressure failure, and

8

the pressure-rate index,' which combined the two vari-

ables most strongly associated with the outcome (driving

Anesthesiology 2023; 138:289-98

), and mechanical power ratio (bottom). An asterisk indicates difference

pressure and respiratory rate) in a mechanically ventilated
population.

The novel information we observed in this current
analysis 1s that the tidal volume, rather unexpectedly, was
similar in the two outcome groups. The groups differed,
however, in terms of respiratory rate, minute ventilation,
and mechanical power. This behavior depicts a clear trend:
for the same impairment of the lung structures, as quanti-
fied by the lung computed tomography scan, the patients

Gattarello ef al.
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in the treatment escalation group maintained normal Paco,
without increasing the tidal volume, but with a significant
increase of the respiratory effort and energy requirement,
as shown by the increased esophageal pressure swing, mus-
cular pressure, mechanical power, and minute ventilation.
Furthermore, we explored the association between several
variables and the need for respiratory treatment escalation,
and we 1dentified the mechanical power, the mechanical
power ratio, and the pressure-rate index to have the highest
area under the curve, respectively: 0.738; 0.734, and 0.733.

This is an interesting finding as most current criteria
evaluating the risk failure of noninvasive support are based
on a threshold value of tidal volume beyond which the
risk of failure is considered high: i.e., 9 to 9.5ml/kg.'"*
On the contrary, the HACOR score (heart rate, acidosis,
consciousness, oxygenation, and respiratory rate), used to
determine the risk of failure of noninvasive ventilation,
does not include the tidal volume but includes respira-
tory rate, oxygenation, and pH among the respiratory
variables.?! Although these studies were performed pre-
COVID-19 in patients with hypoxemic respiratory failure
of mixed etiology, these criteria have been extrapolated in
the management of COVID-19.Therefore, the approaches
illustrated in this study may improve the detection of risk
of failure specifically in COVID-19-related acute hypox-
emic respiratory failure.

The escalation of the respiratory treatment from con-
tinuous positive airway pressure to noninvasive or invasive
mechanical ventilation is usually consequent to a worsen-
ing in respiratory conditions. As previously reported, the
decision to intubate or not a patient with COVID-19
pneumonia is cumbersome and based on several clinical
assessments®; therefore, to identify all patients presenting
unfavorable clinical evolution, we allocated in the poor
clinical outcome group all individuals requiring either non-
invasive or invasive mechanical ventilation.

In our cohort, most of the respiratory variables were
significantly worse in the treatment escalation group
(table 2). Unfortunately, it is not possible to discriminate
the contribution of the natural course of the disease ver-
sus the potential lung damage induced by a high-stress
ventilation (patient self-induced lung injury) in leading
to unfavorable outcome, because the clinical presentation
of these conditions is identical: progressive impairment of
gas exchange and lung mechanics.”? However, although it
is impossible to discriminate between the changes induced
by the COVID-19 disease per se and patient self-induced
lung injury, we may hypothesize that an increased respi-
ratory effort at admission (higher stress and mechanical
power in the treatment escalation group) may contrib-
ute to the further deterioration of the lung parenchyma
through a vortex that we previously called the “shrinking

2924

baby lung,”** regardless of the severity of impairment as

determined by lung computed tomography. Although the

Mechanical Power Ratio and Respiratory Outcome

two groups presented comparable patterns at computed
tomography analysis, the perfusion derangements should be
higher in the group undergoing treatment escalation (lower
Pao,/Fio, ratio at day 1) leading to a higher Paco,. This,
in turn, should increase the respiratory effort leading to a
higher stress and mechanical power, worsening the inflam-
mation within the lungs and promoting the vortex. Of note,
the discrepancy between the expected oxygenation assessed
by the lung computed tomography scan (anatomical shunt)
and the actual oxygenation is well known,' and it seems to
be caused by a significant alteration in perfusion, including
an increased intrabronchial shunt,” leading to an excess in
venous admixture not explained by the anatomical changes
in the lung parenchyma.?*%

In this study, we were able to compute the mechani-
cal power as the patients were monitored with an esopha-
geal balloon, and the tidal volume and minute ventilation
were also collected. The total stress may be in part overesti-
mated as it was not computed in static conditions, however,
because the mechanical power estimates the energy over
time; it should also include the dynamic components. For
this reason, and more importantly because the respiratory
rate is included in its calculation, the mechanical power may
be the most comprehensive variable to quantify the lungs
derangements that are actually occurring in the patient.
The relevance of respiratory rate is well exemplified in the
current study: whether the energetic cost per breath was
only slightly different between two study cohorts (as in our
cohort: similar tidal volume and difterent pleural pressure),
the inclusion of the respiratory rate in the assessment of
the energetic cost for each breath may enhance the signal
effect. Of note, the measurement of esophageal pressure is
a procedure that could lead to better understanding of the
physiologic changes and possibly tailoring the respiratory
treatment for a specific subset of patients. However, there
are challenges associated with the wider adoption of this
monitoring techniques, due to familiarity and invasiveness,
and therefore decision-making needs to be informed by
wider clinical risk—benefit ratio.

One of the unsolved problems referring to the mechan-
ical power is its normalization; attempts were done by
referring it to the respiratory system compliance,™ but the
conceptual problem of the variable relationship between
compliance and functional residual capacity still persists.
Indeed, it is worth recalling that the mechanical power is
necessary for life (i.e., it cannot be zero); therefore, more
than the quantification of mechanical power in different
individuals, the real issue is to quantify its relative “excess.”
In this article, we tried to normalize the mechanical power
by relating it to the expected normal mechanical power for
a given individual, using the same approach of the ventila-
tory ratio. We referred to a ventilation of 0.1 1/(kg - min),
airway resistances of 10cm H,O/(ml - 5), a respiratory rate
of 15 breaths/min and an I:E ratio of 1:2. In this setting, a
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70-kg individual at rest would require a mechanical power
of 4.84 J/min, a value that is consistent with the reports in
the literature.® Using this approach, it is possible to quan-
tify the excess and defect of the actual mechanical power. In
our cohort, the mechanical power ratio of patients under-
going the escalation of the respiratory treatment was nearly
50% greater compared to patients with favorable outcome.

Limitations

The major limitation of the current study is the use of
clinical criteria and the lack of a protocolized hard cri-
teria when escalating the respiratory support. This may
have led to variations in practice such that some patients
received escalation later than anticipated or when other
clinical criteria—not captured by respiratory parame-
ters—occurred. However, all patients were admitted to a
high-dependency COVID-19 unit, where clinical activi-
ties are focused on COVID-19 patients, and the clinical
management is standardized according to the institutional
protocols. Conversely, one of its strengths is the combi-
nation of tidal volume and esophageal pressure measure-
ments in spontaneous breathing patients, allowing the
calculation of mechanical power and its relative ratio. We
also recognize that all measurements, taken in dynamic
condition, cannot equate to the usual static assessment.
This limitation, however, is mandatory during sponta-
neous breathing and may present the advantage of a more
realistic assessment of the energy required by the patient
to sustain the breathing process. Although the use of local
institutional guidelines should have minimized the risk of
bias, it is possible that some unrecognized bias was pres-
ent during the study. Because of the design and set-up
of the study, we used average values to compare different
groups and time points, and this could lead to regression
artifact into the analysis. Another limitation is the assump-
tion that the ratio between lung and total elastances equals
0.7. However, because in the early stages of COVID-19,
pneumonia lung mechanics are usually preserved,! we
do not expect this ratio to be significantly different from
0.7 when assessed in our population. Finally, we cannot
exclude that an obese patient in a semirecumbent position
may present some degree of flow limitation and, conse-
quently, auto-PEEP.

Conclusions

In our cohort of spontaneously breathing COVID-19
patients, the patients’ respiratory pattern was comparable
between groups and within the limits of lung protective
strategy. Our study points out the paramount impor-
tance of respiratory rate and tidal pleural pressure, both
usually ignored when lung protective strategy is applied,
in modifying the outcome. Among all assessed variables,
mechanical power and mechanical power ratio had the
highest area under the curve when assessing the clinical
outcome.
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Later in life, Emanuel M. Papper, M.D., Ph.D. (1915 to 2002), would describe his tenure as Chair of the newly independent
Department of Anesthesiology at Columbia University as a time “as exciting as Camelot must have been in ancient Britain.” After
17 productive years, followed by 12 more as Dean of the University of Miami School of Medicine, Papper would seize a unique
opportunity to combine two loves—anesthesia and British culture. At age 75, he received his Ph.D. in English at the University of
Miami for a dissertation on British Romantic poetry and the birth of surgical anesthesia. Given the description of anesthetic gases
like ether as early as 1540, Papper wondered why anesthesia was not “discovered” until 1846. He argued that British Romanticism,
by celebrating individualism, the pursuit of happiness, and the beauty of nature, popularized the concept of freedom from suffering
as an intrinsic human right. Thus, the Romantics prepared society to seek and to embrace the advent of anesthesia. Artist John
Constable’s Salisbury Cathedral from the Meadows (1831, above) reflects Romanticism’s deep connection with nature—at times a
symbol of turbulence (clouds, above), at others a wellspring of tranquility, health, and hope (rainbow, above). (Papper EM. Perspect Biol
Med 1992; 35:401-15. Artwork © Tate. CC-BY-NC-ND 3.0). (Copyright © the American Society of Anesthesiologists’ Wood
Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)

Jane S. Moon, M.D., Assistant Clinical Professor, Department of Anesthesiology and Perioperative Medicine, University of California,
Los Angeles, California.
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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

e Existing intensive care unit (ICU) delirium prediction models con-
sider a parsimonious set of clinical variables, lack dynamic predic-
tion capability, and have received limited external validation

What This Manuscript Tells Us That Is New

e In a multicenter electronic health record database of 22,234 inten-
sive care unit (ICU) patients from 2014 to 2015, delirium was iden-
tified using the Confusion Assessment Method for the ICU screen or
Intensive Care Delirium Screening Checklist

e Static and dynamic machine learning algorithms were trained,
tested, and externally validated to predict the onset of delirium
during the ICU stay

e The static model using data from the first 24 h after ICU admission
to predict delirium at any point during the ICU stay demonstrated
higher discrimination compared with a widely cited reference model

e The dynamic model was able to predict delirium up to 12h in
advance with reasonable discrimination and calibration

ABSTRACT

Background: Delirium poses significant risks to patients, but countermea-
sures can be taken to mitigate negative outcomes. Accurately forecasting
delirium in intensive care unit (ICU) patients could guide proactive interven-
tion. Our primary objective was to predict ICU delirium by applying machine
learning to clinical and physiologic data routinely collected in electronic health
records.

Methods: Two prediction models were trained and tested using a multicenter
database (years of data collection 2014 to 2015), and externally validated on
two single-center databases (2001 to 2012 and 2008 to 2019). The primary
outcome variable was delirium defined as a positive Confusion Assessment
Method for the ICU screen, or an Intensive Care Delirium Screening Checklist
of 4 or greater. The first model, named “24-hour model,” used data from the
24h after ICU admission to predict delirium any time afterward. The second
model designated “dynamic model,” predicted the onset of delirium up to 12h
in advance. Model performance was compared with a widely cited reference
model.

Results: For the 24-h model, delirium was identified in 2,536 of 18,305
(13.9%), 768 of 5,299 (14.5%), and 5,955 of 36,194 (11.9%) of patient§
stays, respectively, in the development sample and two validation samples. 2
For the 12-h lead time dynamic model, delirium was identified in 3,791 of %
22,234 (17.0%), 994 of 6,166 (16.1%), and 5,955 of 28,440 (20.9%) patient g“
stays, respectively. Mean area under the receiver operating characteristics )
curve (AUC) (95% Cl) for the first 24-h model was 0.785 (0.769 to 0.801), %
significantly higher than the modified reference model with AUC of 0.730 %
(0.704 to 0.757). The dynamic model had a mean AUC of 0.845 (0.831 to &
0.859) when predicting delirium 12h in advance. Calibration was similar in g
both models (mean Brier Score [95% CI] 0.102 [0.097 to 0.108] and 0.111 %
[0.106 to 0.116]). Model discrimination and calibration were maintained &
when tested on the validation datasets.

Conclusions: Machine learning models trained with routinely collecte
electronic health record data accurately predict ICU delirium, supportin
dynamic time-sensitive forecasting.

(AnesTHESIoLoGY 2023; 138:299-311)
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elirium is common in the acute care setting and par-
ticularly in intensive care units (ICUs), affecting up

to 35% of hospitalized patients and up to 80% of patients
requiring intensive care,' and costing an estimated $164
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billion annually in healthcare expenditures.” The onset of
delirium in hospitalized patients has been independently
associated with poor short-term and long-term health out-
comes, and research aimed at preventing or treating delir-
ium is regarded as a public health priority.’

Approximately 30 to 40% of delirium cases might be
amenable to delirium-reduction strategies. Multicomponent
interventions focusing on device and catheter removal, pro-
motion of normal sleep-wake cycles, and early mobilization
are cost-effective methods for preventing and treating delir-
ium.* In critically ill patients, implementation of a structured
bundle of treatments has been associated with a 40% reduction
in delirium in a multisite cohort of more than 15,000 critically
ill patients,® and use of the o, agonist dexmedetomidine could
decrease delirium risk by up to 48%¢ in ICU patients requiring
sedation. Although these approaches are promising, ICU delir-
ium may be underrecognized and misdiagnosed.” Delirium
screening is inconsistent in many health systems and, even
when consistently deployed, may not capture relevant events
due to the acute onset and fluctuating nature of the disorder.?

Research during the past two decades has identified
a number of delirium risk factors, some of which may
be modifiable.” The ability to predict delirium onset in
high-risk individuals might allow preventive or treatment
strategies to be implemented in a more targeted or even
personalized fashion. Here, we created two models to pre-
dict delirium: an early prediction model to identify delir-
ium onset at any time during intensive care by using data
available early in the ICU stay, and a dynamic model to
predict the onset of delirium O to 12h in the future. We
hypothesized that physiologic and clinical variables rou-
tinely acquired during intensive care would be associated
with the probability of delirium onset.

Materials and Methods

The overarching goal was to predict the onset of ICU delir-
ium by training machine learning models with physiologic
and clinical features routinely available at the bedside. If
our primary hypothesis is correct, we will reject the null
hypothesis that physiologic and clinical variables routinely
acquired during intensive care have no relation to the prob-
ability of delirium onset. Research followed the Transparent
Reporting of a Multivariable Prediction Model for
Individual Prognosis checklist,” a copy of which is provided
in table E1 of the Supplemental Digital Content (http://
links.lww.com/ALN/C999). The model pipeline is sche-
matized in figure E1 in the Supplemental Digital Content

(http://links.Iww.com/ALN/C999). All code is available on
GitHub at https://github.com/ryanlu41/delirium.

The data analysis and statistical plan for the first 24-h model
development were written and recorded in the investigators’
files before data were accessed, while additional model devel-
opment occurred after the data were accessed. This included
determining which patients developed delirium in the devel-
opment dataset and extracting features guided by domain
expertise. The distribution differences of these features were
compared using Mann-Whitney U tests (for nonparametric
comparison of continuous feature means in two independent
samples), or chi-square tests (for comparison of proportions
in categorical data). All analyses use a P-value threshold of
0.05 for significance. Statistical and machine learning software
packages used are detailed in subsequent sections.

Data Sources

Research in this report was performed on three fully
deidentified publicly available datasets made available via
the Massachusetts Institute of Technology (Cambridge,
Massachusetts) PhysioNet repository'”: the Philips eICU
Collaborative Research Database (hereafter referred to
as the development dataset), the third version of Medical
Information Mart for Intensive Care (often abbreviated as
MIMIC-III, and hereafter referred to as validation dataset
1), and the fourth version of Medical Information Mart for
Intensive Care (often abbreviated as MIMIC-1V, and hereaf-
ter referred to as validation dataset 2). The former was used
for model training and testing, while the latter two were used
for external validation. The development dataset is a mul-
ticenter electronic health record—based database containing
granular data on 200,859 admissions to ICUs from between
2014 and 2015 at 208 hospitals located in the United States."!
Validation dataset 1 comprises electronic health record data
from 61,532 ICU stays at Beth Israel Deaconess Medical
Center in Boston, Massachusetts, from 2001 to 2012."
Validation dataset 2 comprises electronic health record data
from 76,943 ICU stays at Beth Israel Deaconess Medical
Center from 2008 to 2019." Both validation datasets likely
do have some overlap in data due to being from the same
hospital and having several years in common.

Data in both validation databases have been deidenti-
fied, and the institutional review boards of Massachusetts
Institute of Technology (number 0403000206) and Beth
Israel Deaconess Medical Center (number 2001-P-
001699/14) both approved the use of the database for
research. Because the database does not contain pro-
tected health information, a waiver of the requirement
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Fig. 1. Model frameworks for the first 24-h and dynamic modeling paradigms. ICU, intensive care unit.

for informed consent was included in the institutional
review board approval. Data in the development dataset
are also deidentified, and research using the develop-
ment dataset is exempt from institutional review board
approval due to the retrospective design, lack of direct
patient intervention, and the security schema, for which
the reidentification risk was certified as meeting safe har-
bor standards by an independent privacy expert (Privacert,
Cambridge, Massachusetts; Health Insurance Portability
and Accountability Act Certification number 1031219-2).

Modeling Paradigms

Two modeling paradigms were created (fig. 1). The first,
named the “first 24-hour model,” analyzed data collected

in the 24h after ICU admission to predict the probabil-
ity of delirtum at any subsequent point during the ICU
stay. The second model, designated “dynamic model,” used
cumulative data from ICU admission to the prediction time
point and computed the probability of delirium onset 0 to
12h in the future. For ICU stays with delirium, the model
was trained on data obtained before the first positive delir-
ium screen. For ICU stays without delirium, the model was
trained on data obtained before a randomly selected nega-
tive delirium screen.

Case Identification

Flow diagrams illustrating the process for case iden-
tification and selection are shown in figure 2. Patient

Anesthesiology 2023; 138:299-311
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First 24-hour model

200,859 ICU stays (development)
61,532 ICU stays (validation 1)
76,943 ICU stays (validation 2)

> 1 delirium test
AND
2 24 hours length of stay

21,339 ICU stays (development)
5,967 ICU stays (validation 1)
46,139 ICU stays (validation 2)

First positive delirium
test in = 24 hours
OR
no positive delirium test

Y

18,443 ICU stays (development)
5,299 ICU stays (validation 1)
36,194 ICU stays (validation 2)

Remove ICU stays with
delirium diagnoses that
conflict with delirium test

Dynamic model

200,859 ICU stays (development)
61,5632 ICU stays (validation 1)
76,943 ICU stays (validation 2)

2 1 delirium test
AND
> 12 hours length of stay

A

A

27,939 ICU stays (development)
6,809 ICU stays (validation 1)
55,052 ICU stays (validation 2)

Positive delirium patients:
First positive delirium test in = 12 hours
AND
sufficent data* before first positive test

A

A

Negative delirium patients:
no positive delirium test

sufficient data* before randomly chosen negative test

22,234 ICU stays (development)
6,166 ICU stays (validation 1)
28,440 ICU stays (validation 2)

Remove ICU stays with
delirium diagnoses that
conflict with delirium test

24 hour model dataset

18,305 ICU stays (development)
5,299 ICU stays (validation 1)
36,194 ICU stays (validation 2)

Y

Dynamic model dataset

22,234 ICU stays (development)
6,166 ICU stays (validation 1)
28,440 ICU stays (validation 2)

* Sufficient data varies based on lead time and observation window length, both of
which can take any values of the values of 1 hour, 3 hours, 6 hours and 12 hours.

Fig. 2. Study flow diagrams for the first 24-h model (leff), and the 12-h lead time dynamic model with at least 12h of data (right). ICU,

intensive care unit.

stays were selected for the first 24-h model if they
were admitted to the ICU, remained in the ICU for
at least 24h, and were screened for delirium using
the Confusion Assessment Method for the Intensive
Care Unit!" or the Intensive Care Delirium Screening
Checklist.”” To limit the possibility that patients had
delirium before the time of prediction, we excluded
patient stays in which there was a positive delirium test
or diagnosis in the first 24 h.

For the dynamic model, we selected ICU stays of
patients who were in the ICU for at least 12h and who
had at least one delirium screening. To limit the possi-
bility that patients entered the ICU with delirium, we
excluded patients in whom there was a positive delir-
ium screen or diagnosis in the first 12h. Delirium-
positive cases were identified by finding the first positive
Confusion Assessment Method for the ICU or Intensive
Care Delirium Screening Checklist screen in a patient stay,
defining that time point as delirium onset, and using data
preceding onset to make predictions. The median time
(and interquartile range) of delirium onset in the 12-h

Anesthesiology 2023; 138:299-311

lead time dynamic development model cohort was 61.3
(38.3 to 109.5) hours after ICU admission. Delirium-
negative cases were obtained by finding ICU stays where
all delirtum screening was negative, randomly select-
ing one of the screens, and using data from before that
delirium test to make predictions. The median time (and
interquartile range) of these randomly selected negative
delirium screens in the development cohort was 39.7
(30.4 to 59.8) hours after ICU admission. This resulted
in the model making predictions across a wide range of
times in ICU stays.

Outcome Variable

The primary outcome variable was delirium, defined
as a positive Confusion Assessment Method for the
ICU screen, a score of 4 or more on the Intensive Care
Delirium Screening Checklist, without any contradic-
tions from diagnostic code information. Both Confusion
Assessment Method for the ICU and Intensive Care
Delirium Screening Checklist scores are documented in the
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development dataset, while only the Confusion Assessment
Method for the ICU is recorded in both validation data-
bases. Additionally, the development database marks some
patients with a free text delirtum diagnosis. Patients with
this diagnosis alone and no positive delirium screenings
were excluded from the study. In the development dataset,
the median (interquartile range) interval between delirium
tests was 4.0h (1.0 to 12.0h), while in validation dataset 1
it was 9.2h (4.0 to 13.3h) and in validation dataset 2 it was
9.4h (4.0 to 12.3h).

Predictive Variables

Predictive variables to consider in the model were iden-
tified through literature review, clinician guidance, and
dataset exploration. Variables extracted included patient
demographics, medical history and comorbidities, labora-
tory studies, medications administered, other treatments,
nurse documentation, and physiologic time series (both
nurse-validated data and automated data from monitors),
with all time stamps being recorded at minute-level res-
olution. All variables used in the model were temporally
distinct from data used in assessing outcomes. All analyses
up to this point were done using Python, specifically the
numpy'® and pandas'” packages, with the exception of the
comorbidity features that were created using the R package
comorbidity."

Preprocessing

The distributions of each feature were examined by a
fellowship-trained, board-certified intensive care physician,
who helped define upper and lower bounds of physiologic
plausibility; values deemed implausible were then removed.
For each model and lead time, features with more than 20%
of samples missing were excluded, which primarily resulted
in the removal of less common laboratory tests from the
feature space, such as alkaline phosphate measurements or
monocyte counts. Missing values were then imputed using
mean imputation, based on training data means.

Feature Development and Analysis

Predictive features were created from the processed data.
Categorical variables were one-hot encoded into indi-
vidual features (i.e., translated into binary variables) and
sometimes grouped together for simplicity. For numeri-
cal variables with multiple values during the patient stay,
estimates of central tendency and variance such as means
and standard deviations were calculated. For higher fre-
quency variables such as respiratory rate, heart rate, blood
pressure, or oxygen saturation data, more complex fea-
tures such as Fourier transform coefficients or wavelets
were computed using the Python tsfresh package.” A full
list of features used in the models is available in table E2
in the Supplemental Digital Content (http://links.Iww.
com/ALN/C999).

Computational Prediction of Critical Care Delirium

Model Development

Model features were analyzed using three machine learning
algorithms: logistic regression, random forest,” and gradi-
ent boosting (CatBoost*'), as well as an ensemble or stacked
model using outputs from all three algorithms. All model-
ing and evaluation, excluding the CatBoost algorithm, was
done using Python, specifically the scikit-learn package?
and SciPy package.” Clinically relevant features and their
relationships to delirium risk were determined using logis-
tic regression, random forest, or SHapley Additive exPlana-
tions (SHAP or Shapley values).?* Shapley values indicate
a quantitative association between a feature and a given
model output, with high Shapley values indicating associ-
ation with high model output, and vice versa. Shapley plots
are increasingly leveraged to visualize complex relationships
captured by machine learning. For each modeling exercise,
features were removed if the feature importance as deter-
mined internally by each training algorithm was zero, or
if they were deemed implausible by a fellowship-trained,
board-certified intensive care physician. A nested cross-
validation scheme with five inner folds and four outer folds
was used to train and evaluate models. In this setup, the
complete dataset is split into four different outer training
and testing set combinations. Each outer training set is then
further split into five different datasets. For a given itera-
tion of the outer loop, hyperparameters are first tuned using
5-fold cross-validation on the training set of the iteration. A
model with the optimal hyperparameters is then trained on
the outer training set and evaluated on the testing set of the
iteration. This process is repeated four times for each differ-
ent outer training and testing split. To train a final model,
hyperparameters are tuned with the outer splits, and then
a model with the best hyperparameters is trained on the
entire dataset. Hyperparameters were tuned using Bayesian
hyperparameter optimization where feasible, or grid search
otherwise. For Bayesian hyperparameter optimization, the
Tree-structured Parzen Estimator Approach® was utilized.
Final hyperparameters are in table E3 in the Supplemental
Digital Content (http://links.lww.com/ALN/C999).

A model based on the features from the PREdiction of
DELIRium in ICu patients model (often abbreviated as
PRE-DELIRIC, and hereafter referred to as the reference
model),* a widely cited reference model in ICU delirium
prediction, was created for comparison, with slight adjust-
ments (described in table E4 of the Supplemental Digital
Content, http://links.Iww.com/ALN/C999) to features
based on data availability in the development dataset. These
reference model-based features were used to train a logistic
regression model in the development dataset.

Model Performance Evaluation

Model performances were evaluated by three metrics: area
under the receiver operating characteristic curve (AUC), area
under the precision recall curve (or mean precision), and

Anesthesiology 2023; 138:299-311

303

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



304

CRITICAL CARE MEDICINE

Brier score or calibration curve, while also minimizing com-
putation required for training and making predictions. These
metrics indicate the strength of the relationship between the
predictive variables and delirium risk. The performances on
the outer testing sets are reported. To externally validate the
results, the final model trained on the entire development
dataset was tested on the validation datasets’ extracted fea-
tures, without using these features in the model training pro-
cess. For each of these metrics, 95% Cls were also calculated.
Detailed performance metrics are reported for the various
iterations of the first 24-h model and the dynamic models in
table E5, figure E2,and figure E3 in the Supplemental Digital
Content (http://links.Iww.com/ALN/C999). For the pri-
mary analysis, we will reject the null hypothesis if AUC is
more than 0.5.

Results
Patient Characteristics

Flow diagrams with details of patient inclusion and exclu-
sion are provided in figure 2, and characteristics of the pop-
ulation are in reported in table 1, and online tables E6 and
E7 in the Supplemental Digital Content (http://links.Iww.
com/ALN/C999). The cohort for the first 24-h dynamic
model consisted of 18,305 total patient stays in the develop-
ment dataset of which 2,536 (13.9%) were labeled as delir-
ium positive. In validation dataset 1, a total of 5,299 patient
stays were identified of which 768 (14.5%) were delirium
positive, and in validation dataset 2 a total of 36,194 patient
stays were identified, of which 5,955 (11.9%) were delir-
ium positive. Across all datasets, median APACHE IV scores
and unadjusted mortality were significantly higher in delir-
ium-positive patients.

For the 12-h lead time dynamic model, the develop-
ment cohort consisted of 22,234 total patient stays in the
development dataset of which 3,791 (17.0%) were labeled
as delirium positive and 18,443 (83.0%) were negative. In
validation dataset 1, a total of 6,166 patient stays were identi-
fied of which 994 (16.1%) were delirium positive and 5,172
(83.9%) were negative, and, in validation dataset 2, a total of
28,440 patient stays were identified, of which 5,955 (20.9%)
were delirium positive and 22,485 (79.1%) were delirium
negative. Characteristics of admissions analyzed in the devel-
opment cohort for the first 24-h model are in table 1, and
similar characteristics from the validation cohorts are avail-
able in table E6 and table E7 in the Supplemental Digital
Content (http://links.Iww.com/ALN/C999).

First 24-h Model Performance

The best-performing algorithm was CatBoost, trained with
a pruned feature space of 155 features. All predictive perfor-
mance metrics are summarized in figure 3. Although AUCs
from models that share features do not have a standard sta-
tistical test,” the mean AUC (95% CI) was 0.785 (0.769 to
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0.801), which is higher than that of the modified reference
model that had a mean AUC of 0.730 (0.704 to 0.757).This
model was validated successfully in the validation dataset
1 population (AUC of 0.796) and the validation dataset 2
population (AUC of 0.810). While holding the sensitivity
at 0.85, the model achieved a specificity of 0.556 (0.515 of
0.586), negative predictive value of 0.948 (0.943 of 0.950),
and positive predictive value of 0.282 (0.264 of 0.296).The
mean precision was 0.384 (0.357 to 0.411) in the devel-
opment dataset, while in validation dataset 1 it was 0.389
and in validation dataset 2 it was 0.475. The mean Brier
score was 0.102 (0.097 to 0.108) in the development data-
set, 0.105 in validation dataset 1, and 0.110 in validation
dataset 2.

Dynamic Model Performance

The dynamic models performed overall better than the
first 24-h model, with higher performances noted at short
lead times (fig. 4; although the significance of AUC com-
parisons between models with shared features may not be
ascertainable using available statistical methodologies”).
The 12-h model had a mean AUC (95% CI) of 0.845
(0.831 to 0.859) and was validated in the validation dataset
1 population (AUC of 0.804) and the validation dataset 2
population (AUC of 0.838). When holding sensitivity at
0.85, the model achieved a specificity of 0.657 (0.623 to
0.691), negative predictive value of 0.955 (0.953 to 0.957),
and positive predictive value of 0.337 (0.315 to 0.359).The
mean precision was 0.590 (0.566 to 0.613) in the devel-
opment dataset, while in validation dataset 1 it was 0.449
and in validation dataset 2 it was 0.593. The mean Brier
score was 0.111 (0.106 to 0.116) in the development data-
set, 0.165 in validation dataset 1, and 0.132 in validation
dataset 2. With 6-h lead time, which is greater than the
median time between delirium tests in the development
dataset, the mean AUC (95% CI) was 0.880 (0.872 to
0.887). External validation performance was variable, with
validation dataset 2 results generally within the 95% CI of
the development dataset results, and validation dataset 1
performance being slightly worse. However, the maximum
absolute difference in AUC between development and val-
idation samples was 0.04. In all instances, the 95% CI of
the AUCs excluded 0.5; thus, we reject the null hypothesis
that physiologic and clinical variables routinely acquired
during intensive care have no relation to the probability of
delirium onset.

Feature Importance Analysis

Feature importance was determined using the Shapley val-
ues, with relative importance and directionality shown in
figure 5 for the dynamic model at 1-h lead time, and for the
first 24-h model in figure E7 of the Supplemental Digital
Content (http://links.lww.com/ALN/C999). Although
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Table 1. Characteristics of Cases and Controls from the Development Dataset for the First 24-h Model Cohort

Patient Characteristics No Delirium Delirium Total PValue
Sex, n (%) 0.916*
Male 8,207 (52.0) 1,409 (55.6) 9,616 (52.5)
Female 7,559 (47.0) 1,127 (44.4) 8,686 (47.5)
Median age [interquartile range], yr 65 [53-76] 67 [56-78] 65 [53-76] <0.0011
Ethnicity, n (%) 0.989*
Caucasian 11,171 (71.2) 1,858 (73.5) 13,029 (71.5)
African American 2,912 (18.6) 424 (16.8) 3,336 (18.3)
Hispanic 677 (4.3) 88 (3.5 765 (4.2)
Other/unknown 651 (4.2) 121 (4.8) 772 (4.2)
Asian 218 (1.4) 30(1.2) 248 (1.4)
Native American 56 (0.36) 6(0.24) 62 (0.34)
Median first 24 h APACHE IV score [interquartile range] 51.0 [38.0-67.0] 69.0 [52.0-89.0] 53.0 [39.0-70.0] <0.001t
Admission source, n (%) 0.931*
Emergency department 7,827 (49.8) 1,203 (47.5) 9,030 (49.5)
Floor 2,381 (15.1) 447 (17.7) 2,828 (15.5)
Operating room 1,383 (8.9) 198 (7.8) 1,581 (8.7)
recovery room 1,093 (7.0) 129 (5.1) 1,222 (6.7)
Direct admit 927 (5.9) 135(5.3) 1,062 (5.8)
Other hospital 533 (3.4) 143 (5.7) 676 (3.7)
ICU to step-down unit 516 (3.3) 28 (1.1) 544 (3.0) 15
Acute care/floor 367 (2.3) 63 (2.5 430 (2.4) §
Step-down unit 319(2.0) 88 (3.5) 407 (2.2) 2
Other ICU 230 (1.5) 70 (2.8) 300 (1.6) %
ICU 73(0.5) 11(0.4) 84 (0.5 g
Postanesthesia care unit 65 (0.4) 14 (0.6) 79(0.4) oy
Chest pain center 13 (0.1) 2(0.9) 15(0.1) &
Other 3(0.0) 0(0) 3(0.0) §
Patient history, n (%) g
Dementia 0.029* <
No 15,381 (97.5) 2,388 (94.2) 17,769 (97.1) 8
Yes 388 (2.5 148 (5.8) 536 (2.9) g
Alcohol abuse 0.377* §
No 13,444 (98.0) 2,263 (96.8) 15,707 (97.8) g
Yes 276 (2.0) 76 (3.3) 352 (2.2) Q
Drug abuse 0.851* &
No 13,701 (99.9) 2,334 (99.8) 16,035 (99.9) E
Yes 19(0.1) 5(0.2) 24 (0.2) f
Treatments in first 24 h, n (%) ]
Dialysis 0.584* N
No 14,959 (94.9) 2,375 (93.7) 17,334 (94.7) R
Yes 810 (5.1) 161 (6.3) 971 (5.3)
Mechanical ventilation <0.001*
No 11,249 (71.3) 1,188 (46.9) 12,437 (67.9)
Yes 4,520 (28.7) 1,348 (53.1) 5,868 (32.1)
Primary diagnostic grouping, n (%) 0.544*
Cardiovascular 6,643 (43.4) 902 (36.0) 7,545 (42.4)
Respiratory 2,752 (18.0) 592 (23.6) 3,344 (18.8)
Neurologic 2,139 (14.0) 479 (19.1) 2,618 (14.7)
Gastrointestinal 1,805 (11.8) 278 (11.1) 2,083 (11.7)
Metabolic/endocrine 719 (4.7) 48(1.9) 767 (4.3)
Genitourinary 449 (2.9) 58 (2.3) 507 (2.9)
Trauma 411 (2.7) 97 (3.9 508 (2.9)
Musculoskeletal/skin 212 (1.4) 25(1.0) 237 (1.3)
Hematology 134 (0.9) 17 (0.7) 151(0.9)
Transplant 28(0.2) 12 (0.5 40 (0.2
Outcomes
Median ICU length of stay [interquartile range], h 52.4 [38.0-86.1] 139.3 [79.2-244.7] 59.1 [39.9-99.0] <0.001t
Mortality, n (%) <0.001*
Alive 15,345 (97.3) 2,307 (91.0) 17,652 (96.4)
Expired 423 (2.7) 229 (9.0) 652 (3.6)

*Pvalues derived from chi-square tests for categorical variables. TP values derived from Mann-Whitney U tests for numerical variables.
ICU, intensive care unit
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Fig. 3. Model performance metrics for the first 24-h models, including the re-created reference model (PREdiction of DELIrium in ICu
patients, often abbreviated as PRE-DELIRIC), and our current first 24-h CatBoost model on the development and external validation datasets.
(A) Receiver operating characteristic curves with 95% Cl shaded. (B) First 24-h model precision-recall curves with average precision and 95%
Cl shaded. (C) Calibration curves and calculated Brier scores. AUC, area under the receiver operating characteristics curve.

feature importance varied by model, features involving
Glasgow Coma Scores, Richmond Agitation Sedation Scale,
age, mechanical ventilation, and overall acuity were import-
ant in prediction. Length of ICU stay before delirium onset
and time of day were important predictors for the dynamic
model. Contrary to one of our primary hypotheses, physi-
ologic time series features based on 5-min frequency blood
pressure, respiratory rate, heart rate, and oxygen saturation
data did not increase either model’s performance, as can
be seen from performance metrics shown in table E8 in
the Supplemental Digital Content (http://links.Iww.com/
ALN/C999).

Discussion
Main Findings

Using large clinical databases, we developed and validated
two new models for the prediction of delirium in the ICU.
The first 24-h early prediction model performed better than
the adapted reference model (fig. 3) and calibrated well in
a contemporary dataset (fig. 3). The second dynamic delir-
ium prediction model, which enables estimates of delirium
risk that are continually updated over time, had higher dis-
crimination than the modified reference model and similar
or better discrimination compared with published delirium
prediction models. Both models generally validated well on
two external datasets, especially on the more contemporary
dataset, although calibration of this model was limited in the
validation cohorts, where, at high predicted probability, the
observed probability of delirium was considerably lower.

Anesthesiology 2023; 138:299-311

Analysis of Existing Literature

Studies evaluating ICU delirium prediction have varied in
patient characteristics, predictive frameworks, and model
performance (see table E9 in the Supplemental Digital
Content, http://links.lww.com/ALN/C999). Many of the
most predictive features identified in previous work (e.g.,
age, mechanical ventilation, severity of illness [APACHE,
SOFA], exposure to benzodiazepines) were confirmed in
the models presented here. Most previous studies report-
ing high predictive performance used static models that
were unable to predict delirium onset at a specific time
point. PREdiction of DELIRium in ICu patients (PRE-
DELIRIC)* is the most studied model of this type, with
large variability in performance across different popula-
tions internationally, although a meta-analysis estimated
an aggregate AUC (95% CI) of 0.844 (0.793 to 0.896).%
Many previous studies had strict patient inclusion crite-
ria, focusing on certain conditions or ICU types, thereby
limiting their generalizability.*’** Several reports on high-
er-performing models lacked external validation and were
based on much smaller sample sizes than the ones reported
here.?”?* The limited number of previous studies that made
time-specific predictions of delirium onset evaluated their
models on a daily basis,”! for example, at midnight, and
predicted delirium onset in the next 24 h.

Physiologic Time Series

Early in this project we postulated that complex fea-
tures from physiologic time series data (specifically blood
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Fig. 4. Time dependence of model discrimination. AUC (4), average precision (B), and Brier scores (C) of the dynamic model at different
lead times, with 95% Cl indicated by error bars and corresponding external validation performance. AUC, area under the receiver operating

characteristics curve.

pressure, respiratory rate, oxygen saturation, and heart
rate) could be used to predict the onset of delirium. This
hypothesis was not verified in our models. Although such
features had some predictive power, they did not improve
model performance and were more computationally costly.
This counterintuitive result could potentially be due to
feature redundancy, or perhaps the lack of hypothesized
association.

Strengths

Large and Heterogeneous Datasets

Our study uses data from the Philips eICU Collaborative
Research Database, which contains more than 200,000
unique ICU stays from more than 200 hospitals across the
United States. This dataset includes data from critical care
units in a wide range of different health system sizes, orga-
nizational structures, and settings.'" We extracted 22,234
ICU stays from this dataset for training, testing, and vali-
dating our dynamic model. This is larger than population

Gong et al.

samples used in previous delirium prediction studies, and
this population likely has greater heterogeneity than the
data used in the original reference model dataset, which
trained on data from 1,613 stays in a single hospital in
the Netherlands and validated with data from four other
hospitals in the same country.® Model results obtained
on diverse populations could be more generalizable, espe-
cially in the United States where the data were collected.
The publicly available nature of the dataset offers oppor-
tunities for other research groups to evaluate our models’

reproducibility.

Feature Space

Our models identified several predictive features that were
not in the reference model (fig. 5). Low Glasgow Coma
Scores, longer length of stay, and the prediction time being
late at night were all associated with higher risk of delirium.
These new features may explain why our model outper-
forms the reference model.

Anesthesiology 2023; 138:299-311
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Fig. 5. Feature analysis of the dynamic model. Shapley summary plot of the top 20 features for the dynamic model, at 12-h lead time for pre-
diction of delirium. Each dot represents the Shapley value of one sample for that feature. A feature’s Shapley value represents the association
of that feature to the risk score, with positive values indicating an association with a higher risk of delirium, and negative values indicating
an association with a lower risk of delirium. The location of the dot on the x-axis represents its Shapley value, and its color represents the
feature’s absolute value. For example, low age is associated with low Shapley values, while high age is associated with high Shapley values,
indicating that elderly patients are at higher risk for delirium. ICU, intensive care unit.

Potential Advantages of Dynamic Prediction

The dynamic model presented here is designed to predict
delirium at set times up to 12h in the future, potentially
a more context-sensitive approach than that of other pre-
diction systems. More time-specific onset predictions could
allow targeted implementation of preventive measures in
patients with immediate high risk. At shorter lead times (1 h
or less) this algorithm is identifying delirium close to the
present, which could improve the ability to treat ongoing
delirium and reduce harm.

External Validation

The delirium prediction models were validated on two
large independent external datasets, although validation on
the older external dataset was less robust. These results sug-
gest that the models performed well in the development

Anesthesiology 2023; 138:299-311

dataset and may also be applicable to other populations.
The vast majority of features were observed in the external
validation dataset, suggesting that the features in our model
could be generalizable to a range of intensive care settings.

Limitations
Study Design

We have evaluated the relationship between delirium as an
outcome and a range of different exposure variables. We feel
that this design, which is equivalent to a case-control meth-
odology, is well suited to the modeling task. However, we
recognize its limitations, including the inability to deter-
mine causality, and potential sources of bias associated with
selection and recall, as well as the temporal bias that can
occur when there is overemphasis on features that are close

in time to the outcome of interest.>>*

Gong et al.
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Outcome Labels
The frequency of delirium observed in both development
and validation samples is lower than that reported in other
ICU delirium studies. This may in part be explained by
our exclusion of patients who had delirium early in their
ICU stay. It is also likely that some patients had been mis-
classified by clinicians documenting their delirium screens.
Hypoactive delirium, in particular, may be overlooked in
ICU settings, even when using clinical screens.** Data based
on such documentation may have biased our models, mak-
ing them more suited for predicting hyperactive delirium.
Another key limitation is the uncertainty regarding the
precise timing of delirium onset and resolution, and the
impact of this uncertainty on delirium detection and even
epidemiology.®* One of the cardinal features of delirium
is its fluctuating nature, challenging precise timing in detec-
tion. As in other clinical studies of delirium, we identified
cases from documented Confusion Assessment Method for
the ICU and Intensive Care Delirium Screening Checklist
screening tests; however, the temporal interval between
documentation and the clinical state of patients may vary.
Similarly, inconsistencies in the frequency of delirium
screening represents another limitation. This might reflect
clinician workflows in the ICU setting that can directly
impact when these tests are conducted and documented.

Feature Data

Another important limitation in this work was the reduced
availability or missingness of certain predictive variables in
all of the datasets. A number of key variables for delirium
prediction (e.g., pre-ICU functional status, detailed histories
of cognitive and neurologic conditions, psychologic disor-
ders) were not consistently available, which likely reduced
the predictive capabilities of our model. Using routine clin-
ical data means that our predictive features are also suscepti-
ble to inconsistency that arises from manual charting.

Model Utility

Although the models presented in this work had overall
good performance characteristics, their real-world utility
needs to be determined given questions regarding cali-
bration and dynamic prediction. Calibration results were
below expectation. Clinical decisions based on a model that
overpredicts might lead to unnecessary resource allocation
and even harm. Reduced calibration may be due to over-
fitting, high levels of heterogeneity in the data, use of too
many predictive features, and biased sampling.”” Although
our training and testing performances do not suggest over-
fitting, the other cited factors may have influenced our cal-
ibration results.

The paradigm of dynamic predictive modeling, while
potentially impactful, presents theoretical and implementa-
tion challenges. As the temporal offset between the obser-
vation and prediction window narrows, the distinction
between predicting an event and identifying it becomes

Computational Prediction of Critical Care Delirium

less clear. Regarding implementation of a dynamic pre-
diction system for delirium, one can envision that mod-
els with sufficient lead times (e.g., 12h or more) could be
leveraged for antidelirium interventions; in contrast the
actionable impact of shorter lead times (e.g., 1h or 6h)
needs further study.

Singular Prediction per ICU Stay

To maintain independence between samples, our dynamic
model was trained by treating each ICU stay as a sample.
However, in a realistic clinical setting, a dynamic model
would need to make multiple iterative predictions per
ICU stay on a regular basis, likely increasing the chal-
lenge of accurate and timely prediction. Analysis on one
sample’s predictive risk over time is shown in figure E8 in
the Supplemental Digital Content (http://links.lww.com/
ALN/C999), and such analyses will be replicated in other
samples in future studies.

Comparison with Reference Model
The modified reference model constructed in this work
is not identical to the original model, because it includes
adjustments (described in table E4, http://links.lww.com/
ALN/C999). Its performance could have been influenced
by the transformation of features.

Conclusion

Leveraging machine learning applied to very large data-
sets, we have developed and externally validated a novel
approach for prediction of delirium in the ICU. After fur-
ther prospective testing and validation, these models could
help support the implementation of delirium-reducing
interventions in high-risk individuals.
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Multidisciplinary Pain
Management: A Tale of
Two Outcomes

Stephen H. Butler, M.D., John D. Loeser, M.D.
ANESTHESIOLOGY 2023; 138:312-5
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he authors of this article were early members of John

J- Bonica, M.Ds Multidisciplinary Pain Clinic at the
University of Washington (Seattle, Washington). This pro-
gram was started in 1960 when Bonica became the found-
ing chairman of the Department of Anesthesiology at the
University of Washington. In its original form, this was a
diagnostic clinic that brought multiple medical specialists to
focus on a single patient. Treatment recommendations were
then made and implemented by an individual provider.

The program evolved over the first decade of its exis-
tence as more practitioners were enlisted to join the group.
Wilbert (Bill) Fordyce, Ph.D., was an important addition in
the mid-60s as the group gained faculty members interested
in the treatment of pain. Fordyce had a limited practice of
behavioral medicine within the R ehabilitation Department
at this time. The clinic gained its own space in 1975 with
the first expansion of the University Hospital. By 1977, the
Anesthesiology Department had six inpatient beds to use in
the diagnostic evaluations of pain patients. In 1978, Bonica
convinced the University of Washington to establish a Pain
Center, which was enriched with two psychologists whose
clinical activities were to be in the domain of pain.

In 1982, John Loeser was asked to become the Director of
the Pain Center. At this time, an entire ward in the University
Hospital was assigned to the Pain Center, and Fordyce and
Loeser designed and implemented a 3-week inpatient treat-
ment program for patients with chronic, intractable pain.' This
was labeled “the structured program” and rapidly became a
model for chronic pain treatment both in the United States and
throughout the world. It existed at the University of Washington
from 1983 until 1997; its demise was mainly due to socioeco-
nomic factors that intruded into health care in the United States.

When Dr. Butler moved from the University of
Washington Pain Clinic in Seattle to a new job in Sweden

Jane S. Moon, M.D., Editor

Economic implications of pain management. By Loeser
JD. Acta Anaesthesiol Scand 1999; 43:957-95. Reprinted with
permission.

Abstract

Multidisciplinary pain management was an invention of John J. Bonica, M.D.
He started the Multidisciplinary Pain Clinic at the University of Washington in
1960. This clinical service evolved over the years, and when John Loeser,
M.D., became its director in 1982, he collaborated with Bill Fordyce, Ph.D.,
to create what was known as “the structured program.” The program has
served as the model for pain treatment programs throughout the world, many
of which have fared better than that at the University of Washington. The
migration of Stephen Butler, M.D., to Uppsala, Sweden, in 2000 has given us
the opportunity to contrast multidisciplinary pain management in the Nordic

countries with that in the United States.
(AnesTHESIOLOGY 2023; 138:312-5)

in 2000 as acting Chief of the Pain Center at the Academic
Hospital of Uppsala, he was surprised to find some famil-
iar programs. The first was a week-long multidisciplinary
evaluation on an inpatient basis, very similar to that at the
University Hospital in Seattle in the 1970s. A physiatrist,
Patrik Ugge, had been to Seattle and had brought back Dr.
Bonica’s concept, which functioned very well. The evalua-
tion week is still in operation.

The second surprise was that an interdisciplinary inpa-
tient pain program had just been transferred to“Akademiska”
from a satellite hospital. This had been started several years
previously by Basil Finer, M.D., an English anesthesiolo-
gist who had moved to Uppsala in the 1960s. Finer had
written a few articles on hypnosis for anesthesia and for
chronic pain. Bonica had read these and had invited Finer
in 1973 to the watershed Issaquah Conference, where the
International Association for the Study of Pain was founded.
Dr. Finer was inspired and brought the concept of multidis-
ciplinary pain management to Uppsala.

Finer was retiring, but the rest of the team, led by a psy-
chiatrist, was given five hospital beds at “Akademiska” for
the multidisciplinary inpatient pain program. Functional
improvement was the goal, and various cognitive and behav-
ioral therapies were employed. This version of the Seattle
Structured Pain Treatment Program is still thriving in Uppsala.

When Dr. Butler arrived, all interns spent a week on the
pain service, and anesthesia residents spent 2 months. There
were also continual visitors, mostly anesthesiologists from
around Sweden and the world, as well as foreign fellows. It
was very easy for Dr. Butler to fit in.

This article is featured in “This Month in Anesthesiology,” page A1.
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S. H. Butler and J. D. Loeser

Fig. 1. Dr. Stephen H. Butler presently is Consultant to the Pain
Center at the Academic Hospital of Uppsala, Uppsala, Sweden;
the Center for Pain and Complex Diseases at St. Olaf’s Hospital,
Trondheim, Norway; and the Department of Public Health and
Caring Sciences at Uppsala University, Uppsala, Sweden. He was
a faculty member of the Department of Anesthesiology at the
University of Washington from 1970 to 2000. The final 2 yr there,
he was Acting Director of the Pain Center. He has been active
in research, teaching, and patient care throughout his career.
He was a founding member of the International Association for
the Study of Pain. He is still active in research in Uppsala and
Trondheim and a core teacher in the Scandinavian Society of
Anesthesia and Intensive Care Pan-Nordic Course in Chronic Pain,
which focuses on multidisciplinary pain management.

The next eye-opener for Dr. Butler came after some
discussions with Torsten Gordh, Jr., who had founded the
pain service and was the new Chief of Anesthesiology at
Akademiska. Gordh was involved with a new project. A
Danish anesthesiologist, Jorgen Eriksen, was keen to start a
pan-Nordic pain course for anesthesiology specialists who
had finished their formal training. He had begun reading
pain literature widely and realized that his results from

*The International Association for the Study of Pain definitions distinguish multidisci-
plinary from interdisciplinary care. The former means a group of caregivers interact
with the patient; the latter means that the providers interact with each other and the
patient. The latter is the preferred mode of care. Common usage often ignores this
distinction, as do we in this article. The Seattle model is interdisciplinary in all respects.

Multidisciplinary Pain Management

Fig. 2. Dr. John D. Loeser is Professor Emeritus of Neurologic
Surgery and Anesthesiology and Pain Medicine at the University
of Washington, where he has been a faculty member since 1969.
He was the Director of the Multidisciplinary Pain Center at the
University of Washington from 1983 to 1997. He has been active
in research, teaching, and patient care in the field of pain man-
agement for more than 50 yr. He was a founding member and
served as President of both the American Pain Society and the
International Association for the Study of Pain. He has authored
or coauthored more than 250 peer-reviewed articles, 127 book
chapters, and 8 books. He is particularly interested in multidisci-
plinary pain management and the education of healthcare provid-
ers about pain.

invasive treatments were disappointing primarily because of
patients’ psychosocial issues. Eriksen eventually published
a landmark article in Pain on the epidemiology of chronic
pain in the Danish population that proved this point.’

As a result of this research, Eriksen became fascinated
with multidisciplinary* pain treatment and education. His
course was intended to enlighten interventional anesthesi-
ologists in Denmark, Sweden, Norway, Finland, and Iceland.
It was a 3-day program that took place at each nation’s cap-
ital over a total duration of 2 yr. Little on acute pain, nerve
blocks, pumps, and stimulators was on the curriculum. The
theme was multi/interdisciplinary pain management with

Anesthesiology 2023; 138:312-5
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a focus on the psychosocial problems, not the “bio-" Dr.
Butler became one of the core teachers in this group, which
consisted of two anesthesiologists from each country

Through this course, Dr. Butler has made many friends
in the Nordic pain world. It is now midway through its 10th
yr. On the first day of each course, he still gives an hour
lecture on the history of Bonica, Fordyce, and the Seattle
program from the 1970s until the 1990s. The course began
with only 20 anesthesiologists in its first year but has now
expanded to 45, with half coming from other specialties. By
now, well over 200 Nordic physicians have completed the
program.The highlight is the last stop in Reykjavik, Iceland,
where there is a Jorgen Eriksen Memorial Lecture that
was established after Eriksen’s untimely death from renal
cancer. One of his heroes, Mark Jensen, a Fordyce-trained
University of Washington psychologist from Seattle, is the
featured lecturer for each Reykjavik course.

Another result of this program is that Dr. Butler has vis-
ited pain centers throughout the Nordic countries. His rela-
tionship with St. Olav’s Hospital in Trondheim has been the
longest. A previous professor there, Harald Breivik, M.D., had
come to Seattle for a few months in 1975, and Dr. Butler
had served as his “mentor”—although it was really a two-
way street. As Professor of Anesthesiology in Trondheim, and
later in Oslo, Breivik promulgated the multi/interdisciplinary
concept, not only in Norway but in all of Scandinavia. He
founded the Scandinavian Society for the Study of Pain, an
International Association for the Study of Pain chapter, as well
as the Scandinavian_Journal of Pain, serving as its first editor.

After the second Nordic pain course in 2001, Dr. Butler
was invited back to Trondheim. St. Olav’s had an outpatient
multidisciplinary pain clinic that was thriving. The team had
become fascinated with the descriptions of the Seattle pain
world and wanted him to run a version of the University of
Washington Structured Pain Treatment Program as a pilot.
After 3 weeks, four of the six patients showed some prog-
ress. After discharge to a home program, all of the patients
were booked to return 6 weeks later. Three of the six actu-
ally returned, and two had made spectacular progress, with
one even getting back to work.

That program was a part of the stimulus for a subsequent
5-yr project funded by the regional government at an idyl-
lic site out on the fiord that had been a German fort during
World War II. Called “Fortet,” it included a challenging
physical reactivation component and various Cognitive and
Behavioral Therapy components. After the 5 yr of govern-
ment funding stopped, Fortet has continued in a modified
form under a private group.

Multi/interdisciplinary pain management is alive and
well in Norway. Five regional sites have been designated
as tertiary pain centers with a common intake evaluation
that includes a questionnaire and a structured interview and
examination. This expands research potential.

Back to Sweden. Alf Nachemson, M.D., Ph.D., then

Professor of Orthopedics at Sahlgrenska University

Anesthesiology 2023; 138:312-5

Hospital in Gothenburg, had gone to Seattle as part of the
“Boeing Project,” a team investigating predictors for acute
back pain to proceed to a chronic form.* Alf discouraged
the surgical approach to chronic back pain and invited
Bill Fordyce and others from Seattle to set up a variant
of the University of Washington Structured Pain Treatment
Program in Sahlgrenska. The program them migrated to
Umed, where it is still active and has a parallel program in a
nearby regional hospital.

Iceland also has links to Seattle. An Icelandic phys-
iatrist was an observer of the University of Washington’s
Structured Pain Treatment Program and set up a very simi-
lar program at Reykjalundar.® This program has, in addition,
an extended retraining program with a successful back-to-
work record. There are two other multidisciplinary pain
rehabilitation programs in Iceland as well, impressive for a
country with barely more than 300,000 inhabitants.

Finland should not be left out. Eija Kelso, M.D., a Past
President of International Association for the Study of
Pain, has made several trips to Seattle. She developed and
expanded a multi/interdisciplinary pain center with a strong
research base at the University of Helsinki. Acute pain and
chronic pain programs are alive and well in all the universi-
ties in Finland. It should be noted that in addition to Kelso,
two other past Presidents of International Association for
the Study of Pain have come from the Nordic countries—
one from Denmark and one from Sweden.

The political systems of all the Nordic countries are
based on social democratic principles. All citizens have
comprehensive health insurance under a government
agency. In Norway, at least, leading pain specialists have had
direct access to federal health ministers—a relationship that
has facilitated the growth of pain clinics and pain research.
In some Nordic countries, there are also private pain clin-
ics, but they are reimbursed, at least partly, by government
agencies. Thus, there is universal access to multidisciplinary
care for acute, chronic, and cancer-related pain, although
wait lists can be longer than optimal. Expertise varies, but
the principle of care for all is the basis of pain manage-
ment. Clearly, the University of Washington Structured Pain
Treatment Program has been the model for a wide network
of Scandinavian pain treatment programs.

While pain management was evolving in Nordic coun-
tries based on the University of Washington programs, a
different set of developments was occurring in the United
States. There was no planned governmental approach, save
for that which occurred in the Veterans Administration
system. Pain programs developed in many institutions, but
few survived the economic healthcare chaos in the United
States.

The insurance industry played a major role in the
destruction of multidisciplinary pain management, for
it saw this type of treatment as expensive. Furthermore,
there was a bias against funding care that was not pro-
vided by an M.D.These payers largely ignored the data on

S. H. Butler and J. D. Loeser

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq



S. H. Butler and J. D. Loeser

efficacy and viewed return to work as an irrelevant out-
come measure. Providers could earn more money doing
procedures and operations—often less effective therapies
for chronic pain patients—than participating in a multi-
disciplinary treatment program. Even continuing medical
education programs were biased against multidisciplinary
pain programs, as they were commonly funded by their
sponsors—drug and device manufacturers.Very few clin-
ical studies reported long-term outcomes or functional
status.

Healthcare costs have soared in the United States with-
out any measure of improvement for the general public, and
pain treatment has not benefitted from this phenomenon.
The intrusion of capitalism into health care has not helped
the comprehensive management of chronic pain patients.
As we stated in the 1999 article, “To control inappropriate
care and escalating costs, we must change concepts of pain
and disability and the methods of funding both of these in
relation to chronic pain. The outcome of the continuing
struggle between the profession of medicine, the state and
capitalists will determine how and whether pain manage-

ment is a part of medical care.”?
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Difficult Airway Management in Neonates: Fiberoptic
Intubation via Laryngeal Mask Airway

James Joseph Thomas, M.D., Mahsa Lingruen, C.A.A., M.M.Sc., Abhita Reddy, M.D., Kenny H. Chan, M.D.

he incidence of difficult direct laryngoscopy is higher

in patients younger than one versus older patients.' In
neonates with an anticipated or unanticipated difficult air-
way, a laryngeal mask airway (LMA) is an acceptable tempo-
rary airway, because management with an LMA in neonates
has been shown to be successful and safe.” After stabilization
with an LMA, securing the airway with an endotracheal
tube (ETT) becomes paramount.

Although an LMA Unique size 1 (Laryngeal Mask
Company Limited, USA) has a limited internal diameter, an
uncuffed 2.5-mm or 3-mm ETT will fit inside (fig, panel
A).An LMA Unique size 1 is only a few centimeters shorter
than an uncuffed 2.5-mm ETT, so advancing the ETT into
the trachea through the LMA is impossible without assistance.
Devices like the Aintree Intubation Catheter (Cook Critical
Care, USA) are too big for this patient population,’ and,
although an air-Q LMA would work in this situation, they
may not be available in every anesthesia site. Using another
2.5-mm ETT and cutting off both ends creates a “pusher”
(not a Food and Drug Administration—approved device) for
the intubating ETT, allowing more control in placement.

With the “pusher” placed over a flexible video bronchoscope
followed by the intubating ETT, all can be passed through the
LMA, taking caution not to advance the ETT too far, which
can result in injury or pneumothorax (fig, panel B). Once the
flexible video bronchoscope is in the trachea, the intubating
ETT can be pushed into place and held there while the LMA
and flexible video bronchoscope are removed (Supplemental
Digital Content, http://links.Iww.com/ALN/C972).
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A_ cute respiratory failure is one of the leading causes of
echanical ventilation initiation and intensive care unit
(ICU) admission." Since the early stages of acute respiratory
failure management, in establishing the respiratory support
strategy, it is essential to be aware of the potential damage to the
lung and respiratory muscles resulting from improper regula-
tion of mechanical ventilation. Injuries to these structures can
either happen during spontaneous breathing or be triggered
by inadequate ventilator settings.>* To date, however, despite
the identification of specific targets for diaphragm-protective
ventilation and the proposal for potential strategies for an
integrated protection of the lung and diaphragm,* there are
sparse data on the clinical impact of such an approach.
Advanced respiratory monitoring involves several non-
invasive or minimally invasive technologies, safely applica-
ble at the bedside, to conduct an in-depth evaluation of the
lung and respiratory muscles.’ The assessment of the esoph-
ageal pressure and electrical activity of the diaphragm, elec-
trical impedance tomography, and ultrasound of the lung
and respiratory muscles are potentially useful to support
physicians in the daily management of acute respiratory
failure, specific to the protection of the lung and respira-
tory muscles (fig. 1). Despite the information conveyed by

Deborah J. Culley, M.D., Editor

ABSTRACT

Advanced respiratory monitoring involves several mini- or noninvasive tools,
applicable at bedside, focused on assessing lung aeration and morphology,
lung recruitment and overdistention, ventilation—perfusion distribution, inspi-
ratory effort, respiratory drive, respiratory muscle contraction, and patient—
ventilator asynchrony, in dealing with acute respiratory failure. Compared to
a conventional approach, advanced respiratory monitoring has the potential to
provide more insights into the pathologic modifications of lung aeration induced
by the underlying disease, follow the response to therapies, and support cli-
nicians in setting up a respiratory support strategy aimed at protecting the
lung and respiratory muscles. Thus, in the clinical management of the acute

respiratory failure, advanced respiratory monitoring could play a key role when
a therapeutic strategy, relying on individualization of the treatments, is adopted.

(AnesTHEsIoLogY 2023; 138:317-34)

advanced respiratory monitoring tools and the technology
implementation available in the clinical practice, their clin-
ical use is still limited, probably due to the numerous skills
required in their application.

In recent years, several articles providing new insights on
the application of these technologies in clinical and research
fields have published.”" Thus, we prepared the current
review focused on rendering an updated description of the
tools employed at bedside for advanced respiratory monitor-
ing. In particular, we shed light on how these technologies
work and what measures they provide, discuss their clinical
usefulness, and review the current evidence supporting their
application in acute respiratory failure when part of a person-
alized strategy for lung and respiratory muscles protection.

Esophageal Pressure

Esophageal pressure is used as a surrogate for pleural pres-
sure, and variations in esophageal pressure are indicative of
pleural pressure changes on the lung surface." The assess-
ment of esophageal pressure is obtained through a dedi-
cated esophageal catheter equipped with an air-filled or
liquid-filled esophageal balloon and connected to a pressure
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Fig. 1. Advanced respiratory monitoring in acute respiratory failure. These technologies can be used from the early stage of the disease,
with patient in spontaneous breath or noninvasive respiratory support, and during invasive mechanical ventilation in passive and active
conditions. In these contexts, advanced respiratory monitoring provides useful information on the cause of acute respiratory failure and
the characterization of lung involvement. Also, these tools allow the assessment of intratidal gas distribution and lung aeration in terms of
overdistention and collapse as well as pulmonary perfusion and ventilation—perfusion matching. In recovering from acute respiratory failure,
advanced respiratory monitoring technologies offer an in-depth evaluation of patient—ventilator interaction in terms of inspiratory effort and
respiratory muscles activation, respiratory drive, and patient—ventilator synchrony.

transducer at its proximal tip."”” The procedure for catheter
placement allows the positioning of the esophageal balloon
midway between the apex and the base of the lung, gener-
ally at 35 to 45 cm from the nostrils. '

In clinical and research contexts, the esophageal pres-
sure assessment is used for the partitioning of respiratory
mechanics into chest wall component and pulmonary com-
ponent'® and the computation of transpulmonary pressure,
the real pressure distending the lung. The computation
of transpulmonary pressure is obtained through different
approaches, the most used of which are the direct method
and elastance-derived method."'® According to the direct
method, transpulmonary pressure is obtained by subtract-
ing esophageal pressure from airway pressure,'' while the
elastance-derived method accounts for lung stress induced
by ventilation."” However, the reliability of absolute values
of esophageal pressure in reflecting absolute values of pleu-
ral pressure is controversial. Indeed, the absolute values of
esophageal pressure can be influenced by respiratory system
mechanical properties, lung volume, weight of the medias-
tinum, abdominal pressure, body position, esophageal wall
reaction, and the elastic recoil of the esophageal balloon as

Anesthesiology 2023; 138:317-34

well as lung disease distribution and asymmetry.'® Pleural
pressure is not homogenously distributed in the chest, and
esophageal pressure cannot represent the pleural pressure
acting on the whole lung surface. Indeed, in the supine
position, pleural pressure develops along a vertical gradient
from the nondependent to the dependent chest,” which is
magnified in acute respiratory distress syndrome (ARDS)
patients.?! Accordingly, transpulmonary pressure diminishes
from nondependent to dependent lung. In supine posi-
tion, the esophagus is exposed to mediastinal weight, with
a hypothesized increase in esophageal pressure on average
of 5cm H,O above pleural pressure.”> Also, it has been
demonstrated that the two methods for transpulmonary
pressure computation yield conflicting results, definitively
questioning the accuracy of the esophageal manometry in
representing regional pressure across the lung.” To cor-
rect the artifacts related to esophageal wall contraction in
response to balloon inflation and balloon elastic recoil, an
ad hoc procedure of balloon calibration has been proposed
in both invasive controlled mechanical ventilation and
assisted breathing.>*” This procedure relies on the identi-
fication of the optimal esophageal balloon filling volume

Cammarota ef al.
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able to optimize the transmission of the esophageal pressure
tidal swings, and removal of the artifacts responsible for an
incorrect increase in esophageal pressure above the pleural
pressure, i.e., esophageal wall and balloon elastance, respec-
tively.**” By insufflating the esophageal balloon with the
optimal filling volume, a validation occlusion test has been
demonstrated to be passed a posteriori in a higher percentage
of cases compared to uncalibrated volume, with which the
test was passed in 57% and 52% of the cases in passive and
active conditions.*

Recent findings support the wvalidity of esophageal
manometry, provided a proper calibration of the esophageal
balloon is assured.® In experimental conditions of lung-in-
jured pigs and human cadavers subjected to direct pleural
and esophageal pressure monitoring in the supine position,®
the vertical gradient of pleural pressure was confirmed. The
directly measured transpulmonary pressure reflected the
pressure acting on the dependent and midlung adjacent to
the esophageal balloon during both inspiration and expira-
tion (fig. 2). The overestimation of pleural pressure due to
mediastinal weight on the esophageal balloon was not con-
firmed, probably due to the suspension of the heart by peri-
cardial ligaments and the wide distribution of atelectasis.

Monitoring Acute Respiratory Failure

In the same setting,’ the end-inspiratory transpulmonary
pressure computed through the elastance-derived method
matched the end-inspiratory pressure acting on the nonde-
pendent lung regions (fig. 2). Indeed, in contrast with mid-
and dependent lung regions, transpulmonary pressure was
close to 0 at a low positive end-expiratory pressure (PEEP)
in nondependent lung zones when lung volume approxi-
mated functional residual capacity.

As a clinical implication, in acute respiratory failure
patients undergoing invasive mechanical ventilation,
transpulmonary pressure assessment is potentially useful
to recruit collapsed lung by counterbalancing negative
directly measured end-expiratory transpulmonary pressure
and avoiding overdistension by reducing end-inspiratory
elastance-derived transpulmonary pressure.'” However, a
personalized ventilatory strategy setting PEEP to over-
come negative expiratory transpulmonary pressure has
been suggested in patients with ARDS with conflicting
results.”®?’ In a randomized trial conducted in intubated
ARDS patients,” PEEP adjusted according to measure-
ments of esophageal pressure was superior to a ventilatory
strategy with PEEP set according to low PEEP/fractional
inspired oxygen tension table® in improving oxygenation

S ';’ = A t
High pleural
pressure

N\ e

Elastance-derived method

End-inspiratory

transpulmonary pressure

Direct method

» End-inspiratory

- transpulmonary pressure

* End-expiratory transpulmonary

pressure

Fig. 2. Transpulmonary pressure. The vertical pleural pressure gradient along with the methods suggested for computation of transpulmo-
nary pressure are represented. In supine patients, pleural pressure varies according to a vertical gradient, lower in nondependent lung and
higher in dependent lung. As a consequence, the pressure developed across the lung, namely transpulmonary pressure, is higher in nonde-
pendent lung compared to dependent lung. The directly measured transpulmonary pressure reflects the pressure acting on the dependent
and midlung adjacent to the esophageal balloon (red solid circle) during both inspiration and expiration. The end-inspiratory transpulmonary
pressure computed by the elastance-derived method represents the end-inspiratory pressure acting on the nondependent lung regions.
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and mechanics. Conversely, esophageal pressure—guided
PEEP provided no benefits in terms of a composite out-
come including mortality and ventilator-free days at 28
days compared to an empirically set high PEEP-fraction
of inspired oxygen, in a larger and multicenter random-
ized trial conducted in ARDS patients.”” Despite these
findings, the survival of patients subgroup characterized
by a less severe multiple organ dysfunction was higher
in the arm with an esophageal pressure-guided positive
end-expiratory pressure in a secondary analysis of the
EPVent-2 trial.>! On the other hand, ventilator-induced
lung injury is sustained by regional overdistention occur-
ring during tidal ventilation.” Limiting the elastance-de-
rived inspiratory transpulmonary pressure under 20 to
25cm H,O seems a reasonable approach to avoid over-
distention in the nondependent lung regions (table 1)."
Consistent with previous results,” a transpulmonary
driving pressure 12cm H,O or greater, rather than an
elastance-derived inspiratory transpulmonary pressure of
24cm H,O or more, has been demonstrated to be a risk
factor for mortality at 60 days (table 1).

In spontaneously breathing patients and in those sub-
jects undergoing appropriate noninvasive respiratory sup-
port or assisted invasive mechanical ventilation for severe
acute respiratory failure, vigorous inspiratory efforts may
cause an excessive drop in pleural and esophageal pressure
as well as an increase in dynamic inspiratory transpulmo-
nary pressure, not homogeneously distributed across the
lung.” In these conditions, the atelectatic dependent lung
regions in direct contact with diaphragm are exposed to
deeper pleural pressure swings compared to the aerated

nondependent lung regions. This leads to the pendelluft
phenomenon, i.e., the movement of alveolar gas from non-
dependent to dependent lung at the beginning of inspira-
tion, a well-recognized risk factor for patient self-inflicted
lung injury”’ In patients with acute respiratory failure,
keeping the esophageal pressure swing in the range of 3 to
15cm H,O and dynamic inspiratory transpulmonary pres-
sure below the upper limit of 15 to 20 cm H,O should help
avoid harmful inspiratory efforts during active or assisted
breath.**

The main indication for esophageal manometry during
acute respiratory failure is assessment of transpulmonary
pressure in all those conditions characterized by an increase
in chest wall elastance. This has been frequently described in
extrapulmonary ARDS as the consequence of an increased
intra-abdominal pressure due to abdominal disease or obe-
sity.® In obese patients with a body mass index 30kg/m?
or more intubated for ARDS, a ventilatory strategy coun-
terbalancing negative expiratory transpulmonary pressure
has been associated with an improved survival.* Also, a
mechanical ventilation driven by transpulmonary pres-
sure rather than airway pressure targets has been useful in
improving oxygenation and eliminating the need for extra-
corporeal membrane oxygenation application in patients
intubated for influenza A (H1N1) with an increased chest
wall elastance.”

The main pitfall of esophageal manometry can be
identified in the assessment of the esophageal pressure in
patients who are spontaneously breathing or under nonin-
vasive respiratory support. In these conditions, the calibra-
tion procedures previously described are not applicable, and

Table 1. Esophageal Pressure and Derived Parameter Descriptions and Significances with Related Targets for Protective Ventilation

pressure

Inspiratory esophageal-computed transpulmonary
pressure

Expiratory esophageal-computed transpulmonary
pressure

Transpulmonary driving pressure

Chest wall driving pressure

Dynamic condition—actively breathing patient

Inspiratory dynamic transdiaphragmatic pressure
Inspiratory esophageal pressure swing

Pressure generated by respiratory muscles

Esophageal pressure-time product
Transdiaphragmatic pressure

lung

Inspiratory pressure acting in middependent
lung

Expiratory pressure acting in middependent
lung

Real distending pressure acting on the lung

Real distending pressure acting on the chest
wall

Dynamic pressure distending the lung

Drop of the pressure generated during active
inspiration

Inspiratory pressure generated by respiratory
muscles

Pressure time integral over inspiration

Inspiratory pressure generated by diaphragm

Overdistention of dependent lung

Negative value: tendency to
atelectasis

Lung stress

Chest wall stress

Dynamic lung stress
Inspiratory effort
Inspiratory effort

Inspiratory effort
Inspiratory diaphragmatic effort

Parameter Description Significance Target
Static condition—passively ventilated patient
Inspiratory elastance-derived transpulmonary Inspiratory pressure acting in nondependent  Overdistention of nondependent lung  20-25¢m H,0 %

>0cm H,0%*
<12cm H,0%

< 15-20¢cm H,0%
3-15cm H,0%

5-10cm H,0%

50-150cm H,0*s*min”!
-15cm H,0%
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Esophageal pressure and derived parameters description and significance are reported along with target to provide protective ventilation, according to current suggestions and
evidence, in passive patient—static condition and active patient—dynamic condition.

*The target reported refers to obese patients with body mass index 30 kg/m? or greater.
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the esophageal pressure evaluation could lose its validity
due to the impossibility of correcting for esophageal wall
and balloon reaction.

To date, esophageal pressure monitoring is available
at bedside thanks to the implementation of systems for
esophageal pressure signal acquisition in some ventilator
machines or in dedicated portable devices offering the
possibility of an automated in vivo calibration procedure.*’
However, despite this increased availability and the inter-
esting applications of esophageal manometry in the clinical
and research fields, this tool is still limited to expert physi-
cians and researchers, due to the numerous technical skills
required for its application.

Electrical Activity of the Diaphragm

Electrical activity of the diaphragm is the signal closest to
output of the respiratory center, so it may be a sensitive
and reliable method to monitor the patient’s neural respi-
ratory drive at the bedside.*' Specifically, electrical activity
of the diaphragm monitoring relies on the assumption that
sensed activity of the crural diaphragm is representative of
the total muscle activity, as demonstrated in patients intu-
bated for acute respiratory failure.*> The correct position
of the nasogastric catheter is determined by verifying the
electrocardiographic aspect of the P and QRS waves and
the synchrony of the diaphragm electromyographic signal
with the negative deflection of the airway pressure curve
during an inspiratory effort against an occluded artificial
airway.

Diaphragmatic electrical activity is a useful tool to assess
neuromuscular respiratory drive in critically ill patients.
Indeed, there is a correlation between the diaphragmatic
electrical activity variation over time and the drop in air-
way pressure 100 ms after the onset of inspiration during an
end-expiratory occlusion of the airway (P0.1), the reference
method for respiratory drive assessment® (table 2).

Monitoring Acute Respiratory Failure

In critically ill patients, wide heterogeneity in elec-
trical activity of the diaphragm has been documented.*
Diaphragmatic electrical activity signal varies according to
the patient’s level of assistance, and its peak values tightly
correlate to esophageal pressure and pressure generated by
respiratory muscles during inspiration.*® This means that
diaphragmatic electrical activity evaluation provides quan-
tification of inspiratory effort,* in the presence of a pre-
served neuro-mechanical coupling.*

Assessing patient—ventilator interactions is crucial to
minimize ventilator-induced lung injury and diaphragmatic
dysfunction. Growing evidence suggests that the integra-
tion of the electrical activity of the diaphragm waveform
to the “standard” ventilator curves (low and airway pres-
sure) improves the ability to detect patient—ventilator asyn-
chronies (table 2)*** during invasive mechanical ventilation
or noninvasive respiratory support, and has been demon-
strated to be useful to evaluate the impact of sedation on
patient—ventilator interaction in acute respiratory failure
patients and a mixed ICU population undergoing assisted
breathing.***" Indeed, oversedation may be the cause of a
depressed respiratory drive and a poor patient—ventilator
synchrony***” during invasive mechanical ventilation. The
main limitations ascribed to diaphragmatic electrical activ-
ity assessment are related to positioning of the dedicated
catheter, as in the case of inability to follow the P and QRS
waves size reduction criterion.

In summary, diaphragmatic electrical activity assess-
ment provides potentially useful clinical information to
guide protective assisted ventilation in patients assisted by
invasive mechanical ventilation or noninvasive respiratory
support for acute respiratory failure, due to the estimation
of patient’s neural respiratory drive, inspiratory effort, and
patient—ventilator interaction.**' To date, the patient—
ventilator asynchrony assessment is the only application of
electrical activity of the diaphragm monitoring supported
by some evidence.’

Table 2. Electrical Activity of the Diaphragm, Description, Application in Acute Respiratory Failure, and Limitations

Advantage Compared Limitations Compared
to Conventional to Conventional
Parameter Description Application Monitors Monitoring Reference
Peak of electrical Maximal electric Inspiratory effort Signal closest to output of Minimally invasive, dedicated 7 pV, minimally acceptable inspiratory
activity for the signal of during tidal breath- the respiratory center catheter and ventilator, diaphragmatic activity after intubation*
diaphragm diaphragm ing, patient— catheter positioning, wide ~ Compared to P0.1, where a threshold
Diaphragmatic activation during ventilator synchrony heterogeneity between of 3.5¢m H,0 is associated with a
electrical tidal breathing ~ Neuromuscular respi- patients, integrity of high inspiratory effort, no target has
activity tidal Tidal variation on ratory drive, inspi- respiratory centers—to— reported for diaphragmatic electrical
change neural inspira- ratory effort during diaphragm pathway, activity*

tory time tidal breathing

influenced by sedation and
ventilator settings

Diaphragmatic electrical activity with description, application in the setting of the acute respiratory failure, and advantages and limitations compared to conventional monitoring are

reported.

PO0.1, drop in airway pressure 100 ms after the onset of inspiration during an end-expiratory occlusion of the airway.

Anesthesiology 2023; 138:317-34
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Electrical Impedance Tomography

Electrical impedance tomography is a noninvasive,
radiation-free, dynamic, real-time monitoring system
that provides data on global and regional changes in
lung volumes, ventilation distribution, and lung perfu-
sion. Electrical impedance tomography examination is
obtained by placing a silicon belt with 16 to 32 electrodes
between the fourth and sixth intercostal space, connected
to a dedicated machine.’*>

Pulmonary ventilation monitoring is based on the global
and regional functional electrical impedance tomography
assessment that also allows for an in-depth spatial and tem-
poral analysis of ventilation distribution® (table 3). The
global changes from minimum end-expiratory to max-
imum end-inspiratory impedance values correlate with
global tidal breath. On the other hand, the global changes in
end-expiratory impedance reflect the end-expiratory lung
volume modifications. Also, the regional impedance vari-
ations are correlated with regional air content changes.™

In acute respiratory failure, electrical impedance tomog-
raphy permits the identification of patients at risk of atelec-
trauma during invasive mechanical ventilation, through the
estimation of regional opening and closing pressure (fig. 3)
as well as regional hysteresis.*’

The evaluation of the distribution of the intratidal
changes in lung impedance along with end-expiratory lung
impedance modifications allows the assessment of overd-
istended and recruited lung volume in response to PEEP
changes during invasive mechanical ventilation.® Several
procedures have been proposed to set a protective venti-
lation achieving the best compromise between lung over-
distention and lung collapse. During a decremental PEEP
trial after a maximal recruiting maneuver, the “optimal”
PEEP value is defined by the intercept point of cumulated
collapse and overdistension percentage curves.”” Another
method consists of choosing the “optimal” PEEP as that
value able to stabilize end-expiratory lung impedance after
the application of a recruiting maneuver.® If the end-
expiratory lung impedance decreases more than 10% within
10min after recruitment, PEEP needs to be increased by
2cm H,O and the recruitment reapplied.” According to
this approach, the “optimal” PEEP value is defined as the
lowest one avoiding an end-expiratory lung impedance
decrease of less than 10%.%

The application of the “optimal” PEEP improves the
homogeneity of tidal ventilation distribution.®" Indeed,
when a patient is afflicted by acute respiratory failure, the
distribution of tidal volume within the lung is inhomoge-
neous because of the altered mechanical properties and the
asymmetry of lung involvement.®’ Based on this assump-
tion, “optimal” PEEP has been demonstrated to correspond
to the lowest global inhomogeneity index, indicating the
spatial heterogeneity and distribution of the ventilation,
during a PEEP trial.”!

Anesthesiology 2023; 138:317-34

In patients intubated for ARDS, PEEP personalized
trough electrical impedance tomography to achieve a silent
space, namely the hypoventilated area, less than or equal
to 15% did not correlate with PEEP chosen to positivize
end-expiratory transpulmonary pressure.””> However, PEEP
guided by electrical impedance tomography induced a
homogenization of ventilation and an improvement of lung
recruitment, whereas PEEP set on transpulmonary pressure
was associated with a reduced lung stress.*

Electrical impedance tomography has been employed to
assess global and regional lung aeration modifications induced
by the prone position® in awake patients supported by high-
flow nasal cannula® and in sedated and paralyzed patients with
invasive mechanical ventilation for acute respiratory failure.”
Prone position induces a more homogenous distribution of
lung aeration as suggested by the uniform improvement in
end-expiratory impedance across the lung.®*%

Electrical impedance tomography can also detect the gas
distribution and pendelluft phenomenon in patients under-
going assisted mechanical ventilation.® In acute respiratory
failure patients, occult pendelluft increasingly occurs with
progressive reduction of ventilatory support® and increase of
spontaneous breathing effort.”” Thus, in the presence of this
anomalous alveolar gas distribution detected through electri-
cal impedance tomography at bedside, clinicians are facilitated
in the timely application of the corrective measures aimed
at abolishing vigorous inspiratory effort and pendelluft and,
consequently, at preventing patient self-inflicted lung injury.*

Electrical impedance tomography can also measure
the perfusion of the lung. Compared to positron emission
tomography as a reference method, electrical impedance
tomography underestimates relative pulmonary perfusion
in dependent lung region and overestimates relative pul-
monary perfusion in nondependent lung regions with small
differences (less than 10%) in animal models.”® Also, in the
same setting,”® electrical impedance tomography and posi-
tron emission tomography have detected the change of rel-
ative lung perfusion in the same direction in 69 to 96% of
the measurements.

Perfusion electrical impedance tomography is based on
the administration of a 10-ml bolus of hypertonic (5 to 10%)
saline during an expiratory hold maneuver.’ The injection of
hypertonic fluid induces a modification of the lung imped-
ance that is translated into a perfusion image. Perfusion elec-
trical impedance tomography could be an adjunctive bedside
tool to identify patients with pulmonary embolism® or to
assess the modification of the ventilation/perfusion mismatch
after PEEP changes® or prone positioning.” From this per-
spective, in a small cohort of ARDS patients subjected to
invasive mechanical ventilation, the percentage of lung units
with an unmatched ventilation-to-perfusion ratio was an
independent risk factor for mortality, having been higher in
nonsurvivors compared to survivors.”
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Fig. 3. Lower and upper inflection point distribution. Lower and upper inflection points distribution moving from nondependent (region of
interest 1, black continuous line) to dependent lung (region of interest 4, black dotted line) at electrical impedance tomography examination.
At pressure-impedance/volume curve, the lower inflection point of dependent lung (black hollow circle) is higher compared to the lower
inflection points of the remaining regions of interest, while the upper inflection point of nondependent lung (black solid circle) is lower
compared to the upper inflection points of the other regions of interest. The opening and closing pressure are lower in nondependent lung
compared to the opening and closing pressure in dependent lung. Black line, Pressure-impedance/volume curve of region of interest 1; gray
line, pressure-impedance/volume curve of region of interest 2; gray dotted line, pressure-impedance/volume curve of region of interest 3;
black dotted line, pressure-impedance/volume curve of region of interest 4.

Although it is well known that lung protective ventilation
improves clinical outcomes of ARDS patients, robust evidence
is currently lacking for or against the use of electrical imped-
ance tomography to individually set the ventilator. Encouraging
experimental data have been reported in animals. In 12Yorkshire
swine, electrical impedance tomography—guided ventilation
resulted in improved respiratory mechanics and gas exchange
and reduced the histopathological findings of ventilator-induced
lung injury compared to ARDS network™ indications.”

A single-center randomized controlled trial has inves-
tigated whether setting PEEP with electrical impedance
tomography or low PEEP/fractional inspired oxygen ten-
sion table from the ARDS network® improved clinical out-
comes in 126 mild-to-severe ARDS patients. The authors
reported similar PEEP values set in the two cohorts of
patients without any difference in clinical outcomes (28-
day mortality, ventilator-free days at day 28, ICU length
of stay, successful extubation, and need for tracheostomy).”
It should be mentioned that the all-cause mortality was
21% in the electrical impedance tomography group, com-
pared to 27% in the low PEEP/fractional inspired oxygen
tension table group. Although not significantly different,
the population sample should be considered too small,
and 35% of randomized patients were affected by mild
ARDS.” Another randomized controlled trial including 87
moderate-to-severe ARDS patients compared PEEP set-
tings guided by electrical impedance tomography or pres-
sure-volume curve.” Patients randomized to the electrical
impedance tomography group had an improved survival
(69% vs. 50%).” Therefore, it seems that electrical imped-
ance tomography—guided PEEP titration may improve the

Anesthesiology 2023; 138:317-34

clinical outcome in more severe ARDS patients, although
further investigation is required.

Besides these potential clinical advantages, electrical imped-
ance tomography has some limitations that should be acknowl-
edged. First, this technology suffers from a low resolution
compared to other imaging techniques, such as lung ultrasound
or computed tomography scan.”* However, computer tomog-
raphy does not assess lung ventilation directly but only the phys-
ical density of the lung, namely the static aeration, expressed in
Hounsfield units.”> Positron emission tomography is a noninva-
sive technology with a high accuracy in quantifying pulmonary
ventilation and volume distribution,” also in response to PEEP
and prone position.”” In healthy and injured pigs, electrical
impedance tomography has allowed accurate measurement of
regional lung ventilation and volume in comparison to positron
emission tomography,”® the accepted standard in quantification
of the regional ventilation of the lung.”*”

Electrical impedance tomography cannot be used for
monitoring patients with an implanted pacemaker or car-
dioverter-defibrillator because of possible interference.”
Fluid overload or sudden increase in urine output alters
measurement of end-expiratory lung impedance, mimick-
ing a reduction or increment in end-expiratory lung vol-
ume, respectively.”’ Finally, perfusion electrical impedance
tomography also has the limit of requiring a short time
(8s) of apnea during the infusion of the hypertonic solu-
tion.” Although the expiratory hold is easily obtained in
intubated patients receiving controlled invasive mechanical
ventilation or in healthy volunteers, it is not so in the case
of dyspneic patients with acute respiratory failure with a
spontaneous respiratory activity.*’
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In acute respiratory failure patients, electrical impedance
tomography should be exploited as an adjunctive tool to
optimize regional distribution of ventilation. Moreover,
electrical impedance tomography permits the identification
of anomalous gas distribution during active tidal breath,
as in the case of the pendelluft phenomenon. Regardless
of research interest, the application of perfusion electrical
impedance tomography remains limited, and further studies
are required to define its clinical application.

Ultrasound for the Evaluation of the Lung and
Respiratory Muscles

Lung ultrasound is a versatile, radiation-free tool to assess
the real-time lung aeration at the bedside.'” With this aim,
two main approaches to lung ultrasound evaluation are
described: a qualitative approach, focused on lung morphol-
ogy assessment, and a quantitative approach that is directed
108182 The gualitative approach con-
sists of the formulation of an ultrasound diagnosis by eval-

to monitoring purpose.

uating the pleural line, presence of pleural effusion, lung
consolidation, interstitial syndrome, and presence of pneu-
mothorax.?! The quantitative approach relies on the aera-
tion scoring system computation that, in turn, provides a
global and/or regional score of lung aeration. Global lung
ultrasound scores range from a minimum of 0 (best aera-
tion) to a maximum of 36 (total loss of aeration)' (table 4).
Regional scores are well correlated to lung density evalu-
ated by quantitative computer tomography scan.*

In acute respiratory failure, lung sonography is helpful in
assessing the cause and the extent of lung aeration compro-
mise, in following the progression of the disease over time, and
in evaluating the response to therapies.®* First, in the presence
of a lung consolidation, lung sonography permits its character-
ization into inflammatory consolidation (Supplemental Digital
Content 1, http://links.Iww.com/ALN/D2, and broncho-
gram video, http://links.Iww.com/ALN/D3) or atelectasis in
the presence or absence of dynamic bronchogram, respectively,
with a close correlation with computed tomography scan.®
In diagnosis and discrimination of noncardiac interstitial syn-
drome in ICU patients, lung ultrasound has showed a moder-
ate-to-high accuracy (area under the curve = 0.86) with the
pleural abnormalities being highly specific (100%) but poorly
sensitive (31%), according to recent findings.”

Lung ultrasound allows the assessment of intratidal lung
recruitment (Supplemental Digital Content 2, http://links.
Iww.com/ALN/D4, and intratidal recruitment video, http://
links.lww.com/ALN/D5) and lung recruitment after PEEP
application (Supplemental Digital Content 3, http://links.
Iww.com/ALN/D6, and PEEP recruitment video, http://
links.Iww.com/ALN/D7)% in real time, at bedside. Due to
its characteristics, lung ultrasound is promptly and repeatably
applicable whenever clinicians need to evaluate the reaeration,
defined as an improvement of the local ultrasound findings in
response to a specific maneuver.”’ However, it is worth con-
sidering that in assessing lung recruitment through ultrasound,

Monitoring Acute Respiratory Failure

global lung ultrasound score involves any improvement in
lung aeration irrespective of the initial condition. Indeed, a
global reaeration lung ultrasound score is not closely cor-
related with the reopening of the collapsed areas because a
substantial portion of the recruited volume derives from the
already, albeit poorly, aerated lung.”’ Conversely, quantitative
lung computed tomography scan is unquestionably useful
in following the specific reaeration of a previously collapsed
zone. From this perspective, the computation of regional lung
ultrasound score is potentially more useful than global score in
the evaluation of response to the maneuvers executed.

Lung sonography helps in the identification of patients
potentially responding to prone positioning according to
focal distribution of the disease.” Indeed, patients with a
focal distribution of the lung involvement may benefit from
prone positioning as a rescue ventilatory therapy. Conversely,
when the lung involvement is characterized by a nonfocal
distribution, a high PEEP ventilatory strategy should be
preferred to enhance lung recruitment.'” Also in this case, a
regional lung ultrasound score, focused on the quantifica-
tion of the aeration in posterior lung regions, seems more
useful in following the response to prone positioning.

Lung ultrasound may also be useful in predicting nonin-
vasive respiratory support outcome. In patients with acute
respiratory failure related to COVID-2019, a worsening in
global lung ultrasound score is predictive of noninvasive
respiratory support failure at 24 h from its commencement.”

Overall, in keeping with recent findings,” lung ultrasound
alone or as a part of thoracic ultrasound has a relevant impact
on the decision-making process by changing diagnosis and
therapy in the emergency department, ICU, and general ward.
In critically ill patients undergoing invasive mechanical ven-
tilation, the management was changed in 47% of the cases
after lung ultrasound examination, with more than 65% of
the modifications adopted involving invasive interventions.”

In the ICU, routine use of lung ultrasound for diagno-
sis and monitoring is effective in reducing the number of
ionizing procedures without affecting patient outcome.”
However, lung ultrasound and chest x-ray examination
should be considered as complementary to each other due
to the specific clinical information provided. Thus, in daily
clinical practice, lung ultrasound could be employed as a first
level examination thanks to its repeatability and the absence
of radiation. In the case of clinical uncertainty, chest x-ray
examination should be employed. Also, lung sonography
does not provide data on the deep lung, for which com-
puted tomography scan is the reference examination.'” Thus,
in acute respiratory failure, computed tomography scan is the
standard radiological examination to evaluate lung morphol-
ogy and to assess the specific aeration changes resulting from
PEEP and prone positioning application.”” However, the use
of radiation and the nonapplicability at bedside, with the
consequent necessity to move the patient outside the ICU,
definitively limit computed tomography scan execution.

Another important limitation of the lung ultrasound
is that it does not allow the evaluation of overdistension

Anesthesiology 2023; 138:317-34
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during mechanical ventilation,” even if the loss of lung
sliding in the nondependent lung zone may be sugges-
tive of hyperinflation, especially if pleural line movements
reappear after PEEP reduction.”® An integrated approach
involving other advanced respiratory monitoring technolo-
gies, i.e., electrical impedance tomography, could overcome
ultrasound limits.

In summary, lung ultrasound is useful to speed up the
diagnosis of acute respiratory failure as well as start the ad
hoc treatment and follow over time the response to the ther-
apy established since the early stages of the disease. In those
patients with a bilateral lung involvement, the character-
ization of the disease according to its focal and nonfocal
distribution allows the personalization of ventilatory strat-
egy with the application of prone position rather than high
PEEP. Unfortunately, data are scarce on the role of lung
ultrasound in lung protection during mechanical ventila-
tion, mainly because it is impossible to assess overdistention
in the ventilated lung.

Ultrasound provides easily accessible information to
many of the muscles involved in the respiratory cycle
at the bedside (table 4; fig. 4)."> In acute respiratory

Monitoring Acute Respiratory Failure

failure, the ultrasound of respiratory muscles may be
useful to assess diaphragmatic dysfunction, a condition
described in 2.2% of patients admitted to the ICU with
acute respiratory failure and responsible for poor prog-
nosis.”” In the presence of a diaphragmatic dysfunction,
different ultrasonographic patterns can be observed,
varying from a paradoxical cranial displacement,'®
namely diaphragmatic paralysis, to diaphragmatic weak-
ness defined as a diaphragmatic excursion less than 10
to 15mm or thickening fraction less than 20% during
inspiration.'” Conversely, in patients with acute respi-
ratory failure related to COVID-19, an increased thick-
ening fraction of the diaphragm has been observed in
those subjects who have failed noninvasive respiratory
support.'!

Diaphragmatic ultrasound has recently been proposed for
the identification of asynchronous events during noninva-
sive respiratory support at bedside.!”! However, although this
method has high performance, it has a limitation.'"! To obtain
asynchronies assessment, it is necessary to import ventilator
waveforms in the ultrasound machine while the physician
assesses the diaphragm displacement.

External oblique abdominis muscle l

Internal oblique abdominis. muscle [

—

Transversus abdominis muscle l

Peritoneal cavity

Peritoneal cavity

Fig. 4. Respiratory muscles ultrasound. The ultrasound of respiratory muscles is depicted. (4) Diaphragmatic ultrasound for thickness during
inspiration (red arrows) and expiration (blue arrows) in M-mode. (B) Intercostal muscles ultrasound. (€) Abdominal wall muscles ultrasound
for thickness of external and internal oblique abdominis muscles and transversus abdominis muscle. (D) Rectus abdominis ultrasound for
thickness. External and internal boundaries of the muscles are traced in yellow. The orange arrows refer to thickness of the muscles.
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In recent years, ultrasound evaluation of accessory
respiratory muscles has gained evidence (table 4)."
Inspiratory accessory muscles comprise the parasternal
intercostal muscles, which are easily accessible to ultra-
sound assessment.'? In healthy subjects, the thickening
fraction of this muscle shows very low values, around 3%.%
In patients with documented diaphragmatic dysfunction,
the parasternal thickening fraction increases significantly
in response to the increased respiratory load imposed.®
Ultrasound has also been proposed for the evaluation of
appearance and modification of abdominal wall muscles
during the respiratory cycle in critically ill patients,"
although their role in acute respiratory failure requires
further investigation. Of course, an increased expiratory
thickening fraction of the abdominal wall muscles suggests
an active expiration, that, in some cases, could be a pro-
tection against excessive tidal volumes delivered during
assisted mechanical ventilation.

Limitations to respiratory muscles ultrasound are
mainly related to the acoustic window quality. In partic-
ular, left diaphragmatic function is difficult to assess by
ultrasound due to the poor quality of the splenic window

affected by gastroenteral content.'”” In performing respi-
ratory muscles ultrasound, it is worth placing the probe
as perpendicularly as possible to the chest and abdominal
wall surface to reduce parallax error.'™ Also, it is necessary
to exclude the hyperechoic boundaries of the muscular
structures in measuring muscular thickness to avoid the
artifacts deriving from fascial edema. The application of
a cutaneous marker has been demonstrated to enhance
intra- and interoperator agreement during diaphragmatic
ultrasound.'”

Ultrasound has proven useful in assessing respiratory
muscles during invasive mechanical ventilation and non-
invasive respiratory support for acute respiratory failure.
However, its impact in management and treatment of acute
respiratory failure is still a matter of discussion due to the
lack of robust data in support of it.

The main limitation for all the ultrasound examinations
is related to the skill of the ultrasound operator. However,
according to previous data obtained while assessing the
performance of an instrument to evaluate lung ultrasound
competence, an interrater agreement of 0.85 among novice
and expert operators was observed.'™

Fig. 5. Implementation of the advanced respiratory monitoring technologies at the bedside. An example of the implementation of some
advanced respiratory monitoring technologies on mechanical ventilator at the bedside is depicted. The integration of the signals continuously
acquired by ventilator machine is potentially useful in the personalization of the respiratory assistance, also in terms of mechanical ventilation
automation. Red curve, airway pressure; yellow curve, flow; purple curve, electrical activity of the diaphragm; green curve, transpulmonary
pressure; orange curve, esophageal pressure; electrical impedance tomography.
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Conclusions

In patients with acute respiratory failure, despite the lack of a
robust evidence from multicenter trials, advanced respiratory
monitoring tools, more or less integrated with each other
(fig. 5), have the potential to provide insights on the respira-
tory system modifications induced by underlying disease as
well as to support clinicians in setting up a mechanical ven-
tilation focused on the protection of the lung and respiratory
muscles. Hypothetically, an advanced respiratory monitoring
assisted approach could be useful to tailor mechanical venti-
lation on the patient rather than on the disease.
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McNeil’s Pain Exterminator was a 19th-century pharmaceutical “specific” or remedy touted to allay pain, cough, and
diarrhea. Before the creation of the Federal Drug Administration (1906), pervasive patent medications had promised fantas-
tical cures while delivering questionable results. Like most patent medications, the Exterminator’s ingredients were guarded,
but this specific likely included ether, alcohol, and opium. Developed by Thomas S. McNeil (1814 to 1874, right), the cure-all
enticed both Union and Confederate troops to ingest purifying pills or apply a miracle ointment. Advertisements attempt-
ing to legitimize the ubiquitous concoction featured, posthumously, the revered Union General and 18th president of the
United States, Ulysses S. Grant (1822 to 1885, leff). More talented militarily than politically, the cigar-smoking icon had
succumbed to aggressive and painful squamous epithelioma cancer in 1885. After agonizing throat cancer had overwhelmed
the “exterminating” capacity of McNeils or other specifics, the General had resorted to cocaine-laced throat sprays for ter-
minal pain relief. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology. www.
woodlibrarymuseum.org)

Melissa L. Coleman, M. D., Associate Professor, Department of Anesthesiology and Perioperative Medicine, Penn State College of Medicine,
Hershey, Pennsylvania, and George S. Bause, M.D., M.PH., Wood Library-Museum Curator Emeritus.

334 Anesthesiology 2023; 138:317-34 Cammarota et al.



ANESTHESIOLOGY,V 138 e NO 3

CORRESPONDENCE

Hypotension and Cardiac
Surgical Outcomes:
Comment

To the Editor:

e read with interest the study by de la Hoz ef al.,'

focusing on the association between intraoperative
hypotension and postoperative complications in the field of
cardiac surgery. We strongly agree with the importance of
perfusion pressure during cardiac surgery with cardiopul-
monary bypass. However, considering hemodynamic con-
cepts and recent literature, we believe that the definition
of hypotension used could be discussed. The authors used
a mean arterial pressure (MAP) value of 65 mmHg as the
hypotension threshold for all patients. Although this value is
used as a threshold for organ perfusion in clinical situations
such as septic shock ? or the perioperative period,® random-
ized data showed that a higher threshold should be obtained
in hypertensive patients to avoid acute kidney injury in spe-
cific settings.* In the described cohort of cardiac surgery
patients, hypertensive patients represent 79% of the popula-
tion. The trend of individualizing the arterial pressure goal
to the reference baseline of each patient is inspired by the
pathophysiologic rightward shift of the perfusion autoreg-
ulation curve in hypertensive patients.” In cardiac surgery,
few randomized data using individualized MAP as a tar-
get exist, but a recent trial showed that adapting the MAP
to the autoregulation curve of the patient, determined by
cerebral Doppler monitoring, improved neurologic out-
come.® Given these elements, we are intrigued by the use of
an absolute hypotension threshold definition of 65 mmHg
in the specific setting of cardiac surgery. More randomized
trials are needed to further address the optimal MAP during
cardiac surgery, such as the Perioperative Individualized
Optimization of Mean Arterial Pressure in Cardiac Surgery
trial (ClinicalTrials.gov Identifier: NCT05403697).
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Hypotension and Cardiac
Surgical Outcomes: Reply

In Reply:

e read with interest the correspondence by

Descamps et al.' They discuss several well-known
studies concerning the need for a higher perioperative blood
pressure threshold in hypertensive patients to prevent acute
kidney injury. The primary outcome of our study was not
a single adverse event, rather a composite of three (acute
kidney injury, stroke, and mortality).> As previously reported
from retrospective observational studies, blood pressure harm
thresholds for different organs could differ.* Descamps et al.
mention that individualizing blood pressure threshold from
a patient’s baseline could improve outcomes. First, there is
no clear consensus regarding a blood pressure threshold that
could prevent adverse outcomes. Although some random-
ized studies in cardiac surgery did show that complications
are lower in groups with high mean arterial pressure (MAP)
compared with low-MAP groups,>® other studies could not
find any difference in adverse outcomes attributed to differ-
ent MAP thresholds.”” Descamps ef al. also state that they
are intrigued with the blood pressure threshold of MAP less
than 65 mmHg. MAP less than 65 mmHg is frequently used
to define intraoperative hypotension in both research and
clinical practice. Moreover, this threshold has been found to
be a population-based lower limit that could be associated
with adverse outcomes.” In a retrospective observational
study that included a large number of noncardiac surgical
patients, associations with relative blood pressure thresholds
from baseline (greater than 20% reduction) were no stron-
ger than absolute thresholds (MAP less than 65 mmHg).*
In our previous retrospective observational study, we found
no associations between baseline pulse pressure and adverse
outcomes.'! Our point is, at this time, that the randomized

Anesthesiology 2023; 138:335-9

data are limited. We need more prospective clinical trials to
define clinically meaningful blood pressure thresholds and
whether interventions to maintain blood pressure above
these thresholds will affect clinical outcomes.
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Alternative Sleep Apnea
Treatment: Comment

To the Editor:

he analysis, by Sakaguchi et al., of the role of high-flow

nasal oxygen administered postoperatively in those
diagnosed with obstructive sleep apnea (OSA) in lieu of
conventional continuous positive airway pressure therapy is
interesting.' We would welcome further commentary from
the authors on a few points, however.

First, although we agree that high-flow nasal oxygen
improves sleep time and oxygenation compared with sim-
ple oxygen therapy and overcomes upper airway obstruc-
tion in OSA via a continuous positive airway pressure—like
effect, the institution of 30-degree head-of-bed elevation
can also increase pulmonary functional residual capacity
and reduce pharyngeal critical closing pressure. These
are known to improve oxygenation and relieve upper
airway obstruction postoperatively.>® Surprisingly, this
was not observed here. Conversely, oxygenation in the
30-degree head-of-bed elevation group was inferior to
that in the supine position (table 2'). Curiously, although

the combination of high-flow nasal oxygen and 30-degree
head-of-bed elevation showed additive or even synergistic
effects, neither alone showed much impact on the apnea-
hypopnea index. This seems hard to understand, and we
would welcome the authors’ thoughts on the point.

Second, most patients in this study were not particularly
obese, and none were morbidly so. In severe obesity, airway
obstruction is a major problem. Although a greater num-
ber of patients in the second group had moderate OSA,
more in the first group had higher apnea-hypopnea indices
and more desaturation. This seems surprising. Most patients
with OSA have associated chronic obstructive pulmonary
disease. Thus, it seems counterintuitive to initiate postoper-
ative delivery of 40% oxygen in the high-flow nasal oxygen
group, itself a cause of hypopnea and apnea as is evident table
2. We wonder why the oxygen therapy was not titrated to
peripheral oxygen saturation or arterial blood gas analysis?

We thank the authors for their insightful study on com-
bined high-flow nasal oxygen and 30-degree head-of-bed
elevation in OSA. However, we would invite further com-
ment on the points mentioned earlier.
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Alternative Sleep Apnea
Treatment: Reply

In Reply:

‘ x 7 e thank Roy et al." for their relevant comments on

our article.” As Roy ef al. correctly pointed out,
head-of-bed elevation by 30degrees did not significantly
improve oxygenation variables such as mean nadir oxy-
gen saturation measured by pulse oximetry (Spo,), lowest
Spo,, and percent time Spo, < 90% in our study although,
Souza’s previous study demonstrated improvement of both
apnea hypopnea index (15.7 to 10.7 events/h) and low-
est Spo, (83.5 to 87%) in symptomatic obstructive sleep
apnea (OSA) patients with only 7.5-degree head-of-bed
elevation.® It would be easy to comment that different
patient populations and study design are the cause of the
difference. However, we consider that Roy’s question has
an important pathophysiologic background calling the
readers’ attention. First, Souza’s patients are more obese
than ours (body mass index: 29.6 £4.8 vs. 26.3+4.5kg/
m?), and, therefore, head-of-bed elevation is expected to
increase functional residual capacity and improve oxygen-
ation more effectively in such obese patients. Furthermore,
head-of-bed elevation improves pharyngeal airway col-
lapsibility as many previous studies have reported. Our
research group demonstrated approximately 6cm H,O
improvement of pharyngeal closing pressure by 60-degree
sitting position in anesthetized and paralyzed patients with
OSA.* Notably, the improvement of pharyngeal closing
pressure was indirectly associated with the severity of OSA.
Accordingly, apnea hypopnea index is expected to decrease
more effectively in Souza’s patients with less severe OSA
(15.7 vs. 59.6 events/h), and, in fact, application of only
7.5-degree head-of-bed elevation did achieve successful
improvement. Considering both Souza’s and our findings,
head-of-bed elevation does provide better nocturnal oxy-
genation and breathing pattern, but the optimal degree of
head-of-bed elevation may depend on the severity of obe-
sity and OSA.

Second, Roy et al. raised optimal oxygen therapy for
patients with the overlap syndrome, in which two diseases,
chronic obstructive pulmonary disease and OSA, coexist in
a single patient. In our study, four participants had both dis-
eases. Two of them did not improve apnea hypopnea index
with the combination therapy of head-of-bed elevation and
high-flow nasal cannula with 40% oxygen concentration.
Currently, the overlap syndrome receives special attention
in the fields of pulmonology and sleep medicine because
of its greater degrees of nocturnal oxygen desaturation and

Anesthesiology 2023; 138:335-9

cardiovascular consequences than those with either condi-
tion in isolation.> Although this is not the original scope of
our study, the overlap syndrome also needs to be paid more
attention by anesthesiologists because of the possible develop-
ment of severe sustained and episodic hypoxemia after surgery,
leading to poor postoperative outcome. To date, we do not
know whether continuous or bilevel positive airway pressure
therapy is effective and what level of oxygen concentration
is appropriate for postoperative respiratory management in
patients with the overlap syndrome. Optimal continuous
positive pressure for OSA may negate the auto—positive end-
expiratory pressure in the overlap syndrome patients with
emphysema phenotype. In contrast, bilevel positive pressure
ventilation may be advantageous in emphysema-predominant
patients because continuous positive pressure may exacerbate
mechanical disadvantage of the flattened diaphragm contrac-
tion leading to severe hypoventilation during sleep. We would
like to close our comments by sharing the most recent clin-
ical study demonstrating the effectiveness of high-flow nasal
oxygen therapy (30 to 60 1/min with oxygen concentration
titrated to increase awake Spo, by 3 to 4%) for treatment of
the overlap syndrome.® Yes, all issues raised by Roy ef al. are
clinically relevant and to be fully answered in the near future.
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REVIEWS OF EDUCATIONAL MATERIAL

Alan Jay Schwartz, M.D., M.S.Ed., Editor

We Are All Perfectly Fine: A Memoir of Love, Medicine and

By Jillian Horton, M.D. Toronto, HarperCollins Publisher Ltd., 2021. Pages: 290. Price: $18.99 (softcover); $15.99 (ebook).

Burnout is such a hot topic that one wonders whether
physicians have become burned out hearing about
burnout. The syndrome is hardly new; the psychologist
Herbert Freudenberger coined the term “burnout” in the
1970s to describe the plight of child mental health work-
ers in free clinics in New York City." (Interestingly, a wide
range of professions that are intensely involved with peo-
ple—including medicine, nursing, and education—appear
to be particularly vulnerable to burnout.) Resulting from
work-related stress, the phenomenon is characterized by
emotional exhaustion, feelings of cynicism and detach-
ment from patients (depersonalization), and a low sense
of personal accomplishment. These dimensions can coex-
ist in different degrees, rendering burnout a continuous,
heterogeneous construct rather than a dichotomous one.
Burnout differs from depression in that burnout exclusively
involves a person’s relationship to his or her work, whereas
depression is a more global experience, affecting virtually
every aspect of an individual’s life. The high prevalence of
physicians with symptoms of burnout (typically cited at
approximately 60%), which increased during the pandemic,
is extremely concerning because burnout can erode pro-
fessionalism, contribute to medical errors, lead to attrition,
trigger suicidal ideation, and be a contributing factor to
substance abuse and relationship difficulties.

When Christina Maslach, Ph.D., published the Maslach
Burnout Inventory in 1981,% initial efforts to mitigate
burnout focused mainly on the individual practitioner
rather than the healthcare system. Although educating phy-
siclans about stress management, resiliency, and mindful
meditation has an important mollifying role, if these are
the exclusive approaches to remediating the issue, we risk
sending the message that “you are the problem and you
need to toughen up.”

We Are All Perfectly Fine: A Memoir of Love, Medicine and
Healing chronicles the experiences of Dr. Jillian Horton, a
40-something-yr-old Canadian internist and medical edu-
cator who struggled with burnout. Dr. Horton, the recip-
ient of the 2020 Association of Faculties of Medicine of
Canada Gold Humanism Award, is currently associate chair
of the Department of Internal Medicine at the University
of Manitoba Max Rady College of Medicine in Winnipeg.
Hers is a compelling story. An accomplished clinician, musi-
cian, and writer, she decided at a young age to become a
physician largely because medical mistakes and callousness

destroyed the lives of her older sister, who developed debil-
itating postoperative meningitis after resection of a brain
tumor, and her brother, who died of undetermined cause(s)
in a psychiatric hospital during the COVID-19 pandemic.
Dr. Horton became resolute that she would not be one
of those doctors and developed into a caring, compassion-
ate, and highly competent medical leader. Nonetheless, she
was on the verge of personal and professional collapse a
few years ago, struggling with an amorphous discontent
that has become medicine’s not-so-secret ailment, when
she attended a 5-day retreat for burned-out physicians at
Chapin Mill, a Zen center in upstate New York.

During the Chapin Mill retreat, she bonded with sim-
ilarly afflicted colleagues who shared stories about secret
guilt and grief. Many of them harbored a deep-rooted sense
of culpability about some of their patients who had poor
outcomes despite excellent care. They described feelings of
marginalization and isolation, being overwhelmed by work
compression,and experiencing a lack of respect and an ener-
vating sense of lack of control over their lives. The attendees
were especially troubled by administrative burdens, often
exacerbated by the cumbersome and much-criticized elec-
tronic health record, and by not being allowed to work at
the top of their license, functioning as cogs in a wheel rather
than as valued professionals. Others grappled with a sense of
moral injury when they were unable to deliver optimal care
to their patients owing to a lack of critical resources, such as
adequate staffing or necessary equipment.

Realizing that she was not alone, that she was one of
many physicians who love their profession but have been
brought to their knees by it, Dr. Horton had an epiphany
that she wanted to live differently and reconfigure the parts
of her psyche that were causing unnecessary pain. She began
to appreciate the life-altering benefits of simple restorative
practices such as mindfulness and deep breathing. She fur-
ther realized, however, that mindfulness alone—although it
can help us see things more clearly—is insufficient to fix
the systemic and organizational problems that are driving
medicine’s burnout crisis. She and her colleagues at Chapin
Mill spoke often about the “toxic” culture of medicine,
about the fact that their training was “an apprenticeship in

H

the art of self~immolation,” and that physicians have the
highest suicide rate of any white-collar profession.
Although Dr. Horton successfully delivers a full-hearted

and powerfully intimate account of the overdetermined

Copyright © 2023, the American Society of Anesthesiologists. All Rights Reserved. Anesthesiology 2023; 138:340-1. DOI: 10.1097/ALN.0000000000004464
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phenomenon of burnout, I suspect many readers would
have welcomed, in addition, a deeper and more compre-
hensive exploration of potential solutions to the systemic
and organizational root causes of this critical problem. Dr.
Tait Shanafelt™ and others, for example, have argued that
workload expectations should be realistically established,
and physician well-being should be measured, tracked, and
benchmarked as a strategic imperative necessary to the
provision of high-quality care. Rather than being victims
in a broken system, physicians should be valued partners
working with institutional leadership to change the clinical
environment for the better. Restoring meaning to physi-
cians’ time commitment, facilitating supportive social inter-
actions, and promoting the separation of work and home
life may be challenging but could pay dividends in terms of
physician well-being.

If burnout is not adequately addressed, the already
serious shortage of physicians will become devastating.
Consider that while the number of U.S. medical schools
has increased dramatically during the past few decades,
graduate medical education slots have not expanded com-
mensurately. Moreover, the recent “great resignation” in our
profession saw 4 yr worth of retirements in 1 yr!® Owing to
workplace disruption caused by the COVD-19 pandemic,
approximately 38 million healthcare workers quit their jobs,
and retirements among baby boomers doubled. Before the
pandemic, the physician shortage in the United States was
projected to reach 90,000 by 2025. Current predictions
suggest a deficit of 122,000 physicians by 2032.

Ponder the adage that culture will eat strategy for break-
fast, lunch, and dinner and realize that potential solutions
must be anchored in a nurturing work culture. Moreover,
the new generation of physicians will likely want to work
differently than baby boomers, and this will aftect the sup-
ply of fulltime equivalents. Hence, one of the healthcare sys-
tem’s many challenges will be to offer scheduling patterns
that align with younger physicians’ cultural imperatives.

In summary, burnout is a critical contemporary problem
that has serious consequences for physicians, the healthcare

REVIEWS OF EDUCATIONAL MATERIAL

system, and patients. R ecently, there has been a welcome par-
adigm shift from viewing burnout as a sign of weakness in
individual physicians to an indication of a flawed healthcare
system, rooted in issues related to the clinical learning environ-
ment and organizational culture. Such a shift is necessary if we
are to effectively remediate this ongoing public health crisis.
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ERRATUM

Ketamine Psychedelic and Antinociceptive Effects Are Connected: Erratum

In the Materials and Methods section under Data Collection (page 793), the sentence: “Data were collected before and
during racemic ketamine infusion[,]” should be changed to: “Data were collected before and during both the racemic
ketamine and S-ketamine infusions.”

The authors regret this error. The online version and PDF of the article have been corrected.

DOI: 10.1097/ALN.0000000000004281

Reference

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

202 IMdy 61 uo }sanb Aq g/g¢ | /enssi/ABojoisayisaue; woly papeojumoq

342 MARCH 2023 ANESTHESIOLOGY,V 138 e NO 3



RETRACTION

Preoperative Plasmapheresis in Patients Undergoing Cardiac Surgery Procedures: Retraction

The article by Boldt et al., entitled “Preoperative plasmapheresis in patients undergoing cardiac surgery procedures” by J
Boldt, B von Bormann, D Kling, M Jacobi, R Moosdorf, G Hempelmann, published in ANESTHESIOLOGY 1990; 72:282-8,
has been retracted in its entirety by the Journal Editor-in-Chief, Evan Kharasch, M.D., Ph.D.

This article is being retracted following an investigation at Justus Liebig University, Giessen, Germany concerning allega-
tions that Dr. Boldt manipulated and falsified data in several published articles, and which “recommends that journal editors
retract all papers where Dr. Boldt is the responsible author even if there is no obvious indication of falsification.”!

DOI: 10.1097/ALN.0000000000004373
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