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Abstract

BACKGROUND: Providing analgesia and sedation is an essential component of caring for many 

mechanically ventilated patients. The selection of analgesic and sedative medications during the 

COVID-19 pandemic, and the impact of these sedation practices on patient outcomes, remain 

incompletely characterized.

RESEARCH QUESTION: What were the hospital patterns of analgesic and sedative use for 

patients with COVID-19 who received mechanical ventilation (MV), and what differences in 

clinical patient outcomes were observed across prevailing sedation practices?

STUDY DESIGN AND METHODS: We conducted an observational cohort study of 

hospitalized adults who received MV for COVID-19 from February 2020 through April 2021 

within the Society of Critical Care Medicine Discovery Viral Infection and Respiratory Illness 

Universal Study (VIRUS) COVID-19 Registry. To describe common sedation practices, we used 

hierarchical clustering to group hospitals based on the percentage of patients who received various 

analgesic and sedative medications. We then used multivariable regression models to evaluate the 

association between hospital analgesia and sedation cluster and duration of MV (with a placement 

of death [POD] approach to account for competing risks).

RESULTS: We identified 1,313 adults across 35 hospitals admitted with COVID-19 who 

received MV. Two clusters of analgesia and sedation practices were identified. Cluster 1 hospitals 

generally administered opioids and propofol with occasional use of additional sedatives (eg, 

benzodiazepines, alpha-agonists, and ketamine); cluster 2 hospitals predominantly used opioids 

and benzodiazepines without other sedatives. As compared with patients in cluster 2, patients 

admitted to cluster 1 hospitals underwent a shorter adjusted median duration of MV with POD 

(β-estimate, −5.9; 95% CI, −11.2 to −0.6; P = .03).

INTERPRETATION: Patients who received MV for COVID-19 in hospitals that prioritized 

opioids and propofol for analgesia and sedation experienced shorter adjusted median duration 
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of MV with POD as compared with patients who received MV in hospitals that primarily used 

opioids and benzodiazepines.

Keywords

acute respiratory failure; analgesia; COVID-19; mechanical ventilation; sedation

Analgesia and sedation are important elements of care for many patients receiving invasive 

mechanical ventilation (MV). Current practice guidelines emphasize the use of analgesics 

for mechanically ventilated patients, with administration of nonbenzodiazepine sedatives 

as needed to achieve a light level of sedation.1 This strategy seeks to minimize pain and 

discomfort while avoiding complications of oversedation, such as prolonged duration of 

MV and ICU stay, higher rates of tracheostomy placement, and increased occurrence of 

delirium.2–7

Prior reports suggest that mechanically ventilated patients with COVID-19 have received 

deeper than recommended levels of sedation,8,9 with high doses or more frequent 

administration of opioids and benzodiazepines.10–13 However, analgesia and sedation 

practices for mechanically ventilated patients with COVID-19 remain incompletely 

characterized. Selecting specific analgesics and sedatives throughout the COVID-19 

pandemic likely has been driven by a multitude of factors, including severity of respiratory 

failure, use of interventions such as prone positioning and neuromuscular blockade (NMB), 

elevated triglyceride levels among severely ill patients,14 and medication shortages. In this 

context, unsupervised clustering of hospitals by analgesic and sedative use is an appealing 

technique to classify sedation practice patterns without prior knowledge of how hospitals 

generally select from differing medication classes. Therefore, we sought to use hierarchical 

clustering to categorize hospital analgesic and sedative practices during the COVID-19 

pandemic and to compare patient outcomes across common hospital sedation practices.

Study Design and Methods

This study received approval from the Boston University Medical Center Institutional 

Review Board on April 16, 2021, as not human subjects research (Identifier: H-41486). This 

article adheres to the Strengthening the Reporting of Observational Studies in Epidemiology 

guidelines and checklist.

Data Source and Study Population

The Society of Critical Care Medicine Discovery Viral Infection and Respiratory 

Illness Universal Study (VIRUS) COVID-19 Registry (ClinicalTrials.gov Identifier: 

NCT04323787) is an observational, international database of patients hospitalized with 

COVID-19 at 300 participating sites across 27 countries.15,16 The de-identified patient data 

in this registry were collected from hospital admission until discharge or death using the 

Research Electronic Data Capture platform.17,18

The study cohort included adult patients (aged ≥ 18 years) with COVID-19 as documented 

by positive results on a reverse-transcriptase polymerase chain reaction assay who received 

invasive MV from February 15, 2020, through April 12, 2021. To focus on institutions 
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with higher-quality data reporting, we evaluated only hospitals that completed outcomes 

data forms for ≥ 80% of patients.19 We then applied patient-level exclusions by removing 

individual patients with nonresponses in data fields identifying analgesic or sedative use 

or in the necessary outcome response fields. To improve the reliability of analgesic and 

sedative measurement, we applied a hospital-level exclusion to remove hospitals that 

reported use of opioids in less than 5% of patients (because it would be atypical for such a 

small percentage of patients mechanically ventilated with COVID-19 to be managed without 

any opioid analgesia8). After the above criteria were applied, we removed any hospitals 

with fewer than 10 total patients to increase the likelihood that our models yielded stable 

hospital-level practice estimates.

Exposures

From the daily summary of the analgesic and sedative medications administered to each 

patient in the VIRUS database, we calculated the percent of patients at each hospital who 

received each medication of interest. We used hierarchical clustering to group hospitals 

based on patterns of analgesic and sedative administration (details in Statistical Analysis); 

the cluster assignment was the primary exposure of interest. Use of clustering allowed us 

to distill the diverse use of multiple sedatives and analgesics into interpretable practice 

patterns. We then could describe common sedation strategies and compare the association 

of prevailing hospital sedation practices with clinical outcomes. Additionally, we used a 

hospital-level exposure variable to minimize the risk of confounding by indication.20 This 

type of bias occurs when a patient’s indication for treatment is associated with both the 

treatment and the outcome. For example, when a mechanically ventilated patient with 

COVID-19 has concurrent refractory shock, this may be an indication for specific sedative 

practices (eg, avoidance of propofol), but the shock also is associated with longer duration of 

MV. Use of an ecologic exposure can mitigate this type of bias because aggregate hospital 

practices (eg, the proportion of patients in a hospital receiving specific analgesic or sedative 

medications) are less likely to be driven by patient-specific indications.20

Given the wide variety of clustering approaches, we compared internal validity and stability 

across clustering methods and determined that hierarchical clustering demonstrated best 

performance in our data.21 The hierarchical clustering approach begins with each hospital as 

a unique observation and pairs it with another hospital that has the most similar analgesia 

and sedation strategy. This process continues iteratively until all observations have been 

clustered.22

Outcomes

The primary outcome of interest was the duration of MV. Secondary outcomes included ICU 

length of stay (LOS), hospital LOS, and in-hospital mortality. All outcomes were defined 

and established a priori. We considered using ventilator-free days by day 28 as the primary 

outcome. High mortality in our cohort resulted in a distribution of this potential outcome 

variable with excessive zeros, because death results in assignment of 0 ventilator-free 

days. Modeling strategies exist to account for excess zeros in count data (eg, zero-inflated 

Poisson, zero-inflated negative binomial). However, these models were less appropriate 

for this cohort because they typically fit data that has excess zeros and is right skewed, 
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whereas ventilator-free days in this cohort demonstrated excess zeros, but otherwise was 

highly left skewed (e-Fig 1). The main benefit of a ventilator-free day outcome in critical 

care research is to account for the competing risk of death that can bias assessment of 

duration outcomes,23 so we applied an alternative analytic strategy (detailed herein) that also 

accounts for competing risk of death.

Covariates

Because hospital cluster (the primary exposure) was assigned based on a hospital’s 

selection of specific analgesic and sedative agents, we adjusted for variables that may 

confound the association between analgesic or sedative choice and duration of MV. These 

included patient factors such as demographics (age, sex, race or ethnicity, BMI), preexisting 

conditions (Charlson comorbidities,24 smoking status, and alcohol and substance misuse 

disorders), severity of acute respiratory failure (use of NMB, use of prone positioning, 

use of inhaled pulmonary vasodilators, initial ventilator mode, and highest Sequential 

Organ Failure Assessment score25), and timing in the pandemic (early [2/2020–6/2020] 

vs later [7/2020–4/2021] based on prior reports that hospital practice patterns in COVID-19 

medication use became more standardized after 7/202019). We also included hospital-level 

covariates of geographic location, a database response field indicating that the hospital was 

experiencing resource limitations during the patient’s hospitalization (yes vs no; degree 

or type of resource limitation otherwise unspecified), ICU type (medical, surgical, mixed 

medical-surgical), ICU nurse to patient ratio (1:1 vs 2:1), total ICU beds in the hospital, and 

presence of residents or fellows in the ICU (as a surrogate for academic status).

Patient data were missing for variables of Sequential Organ Failure Assessment score 

and pandemic timing in the final cohort (percent missing shown in Table 1), whereas 

hospital data were missing for variables of ICU type, ICU nurse to patient ratio, total 

ICU beds, and presence of residents or fellows (percent missing shown in Table 2). Our 

primary model included all patient covariates. Notable differential missingness was present 

in hospital factors (with most data missing from cluster 2 hospitals), so we included only 

geographic location and lack of hospital resources in our primary model. We then performed 

a sensitivity analysis including all patient and hospital covariates.

We used multiple imputation with chained equations to impute missing data.26 We generated 

20 imputed data sets, built regression models in each data set, and pooled effect estimates 

with the MIANALYZE procedure in SAS (SAS Institute Inc.) to yield primary findings. 

We conducted a sensitivity analysis using only patients with complete data to evaluate the 

robustness of findings to assumptions about missingness.

Statistical Analysis

Patient and hospital characteristics were summarized using median (interquartile range 

[IQR]) for continuous variables and No. (%) for categorical variables. For each hospital, 

we identified the percentage of patients who ever received propofol, ketamine, opioids 

(ie, fentanyl, hydromorphone, morphine, or remifentanil), benzodiazepines (ie, lorazepam 

or midazolam), alpha-agonists (ie, dexmedetomidine or clonidine), and any other sedative 

or analgesic agent (ie, a combination of pentobarbital plus a response field designated as 
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“other sedative/analgesic”) during the period of MV. We used agglomerative hierarchical 

clustering with a complete-linkage criterion to cluster hospitals based on the percentage 

of patients receiving each analgesic and sedative medication or class.22 Optimal number 

of clusters was determined by a statistical package that evaluates 30 indexes to identify 

the best scheme across varying combinations of number of clusters, distance measures, 

and clustering methods.27 After clustering, we described practice patterns of analgesic and 

sedative use across groups.

We performed multivariable regression analyses to determine the association between 

sedation-cluster assignment and patient-level outcomes while adjusting for patient-level 

and facility-level covariates. Because shorter durations of MV and LOS are considered 

more desirable outcomes, but death shortens observed durations of MV and LOS through 

an undesirable outcome, we used a placement of death (POD) approach28,29 that assigns 

patients who die a duration of MV, hospital LOS, and ICU LOS equal to the 99th 

percentile of each outcome in the cohort. Median regression analysis was used to 

evaluate the association between sedation cluster and POD duration outcomes, and logistic 

regression analysis was used to evaluate the association between cluster and mortality. The 

β-coefficients from median regression represent the expected change in the median of each 

outcome when comparing a cluster to the reference group, with deaths considered a specific 

undesirable duration or LOS. We calculated E-values for each outcome, which quantify 

the strength of association between a theoretical unmeasured confounder, sedation cluster 

assignment, and outcome that would be needed to move effect estimates to the null.30

Although median regression represented a preferred analytic approach based on the 

distribution of the duration outcomes, procedures that allow for inclusion of random 

intercepts within median regression are not developed fully. To evaluate the potential impact 

of not including hospital of admission as a random intercept, we performed a sensitivity 

analysis in which we modeled the primary outcome in two distinct linear regression models 

that did and did not include hospital of admission as a random intercept. We then compared 

effect estimates and calculated the intraclass correlation coefficient to demonstrate the 

amount of total variation in the model attributable to the random intercept.

Separately, to explore the relative contribution of mortality and duration of MV when 

using a POD approach, we conducted additional analyses including (1) logistic regression 

with hospital of admission as a random intercept and mortality as the outcome and (2) 

median regression analysis among survivors only with duration of MV as the outcome. 

Cluster analysis was performed in R version 4.1.2 software (R Foundation for Statistical 

Computing). All other analyses were completed in SAS version 9.4 software (SAS Institute 

Inc.).

Results

Study Population

We identified 5,156 adults with SARS-CoV-2 infection who received invasive MV at 

database hospitals without systemic reporting inefficiencies. After applying exclusion 

criteria, the final cohort included 1,313 patients across 35 hospitals (Fig 1). Patients 
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had a median age of 63 years (IQR, 54–72 years), 451 patients (34%) were female, 52 

patients (4%) had preexisting alcohol misuse disorder, and 26 patients (2%) had preexisting 

substance misuse disorder. The number of patients each hospital contributed to the analysis 

ranged from 11 to 179, with most hospitals contributing 15 to 40 patients (e-Table 1).

Sedation Practices by Cluster

The optimal number of hospital clusters based on assessment of hospital-level sedative 

and analgesic use rates was two (e-Tables 2, 3). After applying hierarchical clustering, 27 

hospitals were in cluster 1 and eight hospitals were in cluster 2. Visual representations of the 

clustering are shown in e-Figure 2.

Tables 1 and 2 show patient and facility characteristics stratified by sedation strategy. 

As compared with patients in cluster 2 hospitals, patients in cluster 1 more often were 

identified as Asian or multiracial; were more likely to receive prone positioning, NMB, or 

inhaled pulmonary vasodilators; and were more likely to be cared for early in the pandemic. 

Cluster 1 hospitals more often were located in the United States, were more likely to have 

medical-specific ICUs and experience resource limitations, had fewer ICU beds overall, and 

were less likely to have trainees present as compared with cluster 2 hospitals. Characteristics 

were otherwise similar across clusters.

Most patients in both hospital clusters (n = 986 [93%] in cluster 1 vs n = 213 [84%] 

in cluster 2) received at least one analgesic or sedative agent during the period of MV. 

Comparable rates of opioid administration were found, with 915 patients (86%) in cluster 

1 and 180 patients (71%) in cluster 2 receiving opioids. Rates of specific sedatives and 

sedative classes are shown in Table 3. For patients admitted to cluster 1 hospitals, propofol 

was the most commonly used sedative (82% of patients), followed by benzodiazepines 

(48%), alpha-agonists (34%), and ketamine (23%). Conversely, in cluster 2, benzodiazepines 

(68%) were the predominant sedative class, followed by propofol (40%). Alpha-agonists 

(4%) and ketamine (1%) were administered rarely to cluster 2 patients. Hospitals within 

each cluster showed similar medication use rates (e-Table 4).

Patient Outcomes

The median duration of MV for all patients analyzed was 10 days (IQR, 5–18 days). Patients 

were hospitalized for a median of 18 days (IQR, 11–30 days) and were cared for in the 

ICU for a median of 13 days (IQR, 7–22 days). In the primary adjusted model (Table 4), 

admission to a hospital in sedation cluster 1 was associated with a decrease in median 

duration of MV with POD (β-estimate, −5.9 days; 95% CI, −11.2 to −0.6 days; P = .03; 

E-value, 2.1). Also, significantly shorter hospital LOS with POD (b-estimate, −8.5 days; 

95% CI, −16 to −1 days; P = .03; E-value, 2.2) and ICU LOS with POD (β-estimate, −7.1 

days; 95% CI, −12.4 to −1.7 days; P = .01; E-value, 2.4) were found. Mortality was lower 

in cluster 1 (50%) as compared with cluster 2 (56%; OR, 0.4; 95% CI, 0.2–0.9; P = .03; 

E-value, 2.5).

Findings from the sensitivity analyses (1) using complete case data and (2) including all 

hospital-level covariates using multiple imputation to address missingness were comparable 

with those from the primary analysis (Table 5). In sensitivity analyses using a linear 
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regression model to evaluate the potential impact of including hospital of admission as a 

random effect, we found an intraclass correlation coefficient of 0.02, demonstrating that the 

random effect of the hospital accounts for only 2% of the total variation seen in the model. 

Additionally, when building the same model without the random intercept, minimal change 

in magnitude and direction of effect estimates was found (e-Table 5), although SEs were 

expectedly larger in models with hospital random intercepts. In sensitivity analysis among 

only survivors without a POD approach, no statistically significant association was found 

between sedation cluster assignment and duration of MV (β-estimate, −0.6 days; 95% CI, 

−3.6 to 2.4 days; P = .7).

Discussion

In this study of analgesia and sedation practice patterns for adult patients with COVID-19 

receiving invasive MV, we found that hospital medication preferences fell broadly into 

categories of (1) opioids plus propofol, with smaller percentages of patients receiving 

benzodiazepines, alpha-agonists, and ketamine; or (2) opioids plus benzodiazepines, with 

smaller percentages of patients receiving propofol and very rare use of any additional 

agents. This variation in practice was associated with clinical outcomes, with hospitals that 

predominantly administered opioids plus propofol achieving shorter median duration of MV 

with POD, shorter median hospital and ICU LOS with POD, and lower mortality.

Findings should be considered in the context of evidence-based guidelines for analgesia 

and sedation. The Society of Critical Care Medicine Clinical Practice Guidelines for the 

Prevention and Management of Pain, Agitation/Sedation, Delirium, Immobility and Sleep 

Disruption in Adult Patients in the ICU state that “pain should be treated before a sedative 

agent is considered.”1 Hospitals seem to incorporate analgesia regularly into the care of 

mechanically ventilated patients with COVID-19; our exclusion of hospitals in which < 5% 

of patients received opioids (out of concern for unreliable data entry) removed only three of 

38 hospitals, and 83% of all patients in the final cohort received opioids. Additionally, the 

Pain, Agitation/Sedation, Delirium, Immobility and Sleep Disruption guidelines recommend 

the use of either propofol or dexmedetomidine over benzodiazepines for sedation of 

critically ill mechanically ventilated adults. Our findings align with prior data demonstrating 

that use of nonbenzodiazepine sedation strategies optimizes patient outcomes.31,32

While redemonstrating the benefits of nonbenzodiazepine sedation, our study 

simultaneously found that nearly one-quarter of hospitals used primarily benzodiazepines 

for sedation. Uptake for many evidence-based practices in the ICU remains low,33,34 

and findings of this study could be indicative of widespread evidence-to-practice gaps in 

sedation of mechanically ventilated patients. Multiple elements of the COVID-19 pandemic 

may have impacted decisions to use particular analgesics and sedatives, including high rates 

of patient-ventilator dyssynchrony, frequent use of prone positioning and NMB elevated 

triglyceride levels,14 staffing shortages, and medication shortages. Reviewing facility-level 

characteristics across clusters in this study suggests that hospitals with medical ICUs (as 

opposed to mixed or COVID-specific ICUs), fewer total ICU beds, and absence of trainees 

in the ICU tend to apply the preferred nonbenzodiazepine strategy. Geographic practice 

trends also may be present, because a higher percentage of cluster 2 (benzodiazepine-
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predominant) hospitals were located internationally. Future studies examining how these 

factors—among other hospital-level characteristics—may promote differing analgesia and 

sedation strategies ultimately could inform implementation efforts seeking to standardize 

sedation care around evidence-based practices.

Because of the high overall mortality in this cohort (51%), use of a POD approach in 

our analyses resulted in most patients being assigned the 99th percentile duration of MV, 

hospital LOS, and ICU LOS. This methodologic approach mitigates the competing risk of 

death that often hampers the reliability of so-called duration of outcomes35 and is akin to 

a composite outcome that incorporates mortality and duration of MV. In the context of this 

composite outcome, we sought to characterize further the relative contribution of mortality 

to our primary findings. We conducted a multivariable logistic regression analysis that 

showed decreased risk of mortality among patients treated in cluster 1 hospitals, as well as a 

sensitivity analysis among only survivors that demonstrated no association between sedation 

cluster and duration of MV. Acknowledging the limitation of the latter analysis (a notably 

smaller sample size because of high mortality rates resulting in lower statistical power, as 

well as possible selection bias), the findings from these two additional analyses suggest that 

our primary findings likely are driven primarily by differences in mortality between groups.

Notable strengths of this study included a large cohort of mechanically ventilated patients 

with laboratory-confirmed COVID-19 across a range of hospitals based in the United States 

and internationally. Sedative practices and patient outcomes during the COVID-19 pandemic 

likely were impacted by the severity of respiratory failure and supply chain issues, and we 

addressed these factors by controlling for patient covariates related to acuity of illness and 

concurrent interventions to treat refractory hypoxemia, as well as facility covariates related 

to lack of resources at the admitting hospital, pandemic timing at time of admission, and 

geographic location. The use of a POD approach for duration outcomes mitigates the risk 

of the competing risk of death, a frequent challenge in observational studies evaluating 

critical care outcomes. Multiple sensitivity analyses evaluating a priori decisions regarding 

the primary modeling approach and handling of missing data demonstrated comparable 

findings to our primary outcome.

The study has potential limitations. Data did not allow us to evaluate the total dose of 

analgesics and sedatives administered to patients, nor the dosing frequency (eg, continuous 

infusion vs intermittent bolus), and therefore we cannot completely characterize approaches 

to analgesic and sedative use. A substantial number of patients were removed from the 

cohort because of lack of responses in data fields for the primary exposure or outcome. 

Removal of these patients could have impacted results and may limit generalizability of 

findings, but patients excluded from the final analytic cohort showed similar demographics, 

comorbidities, and severity of illness as those included (e-Table 6). Separately, exclusion of 

hospitals for limited site-level data reporting and fewer than 10 patients meeting inclusion 

criteria may have affected hospital clustering, primary findings, or both, although these 

approaches have been applied in prior work within the VIRUS database.19,36 We removed 

hospitals with very low percentage (< 5%) of mechanically ventilated patients receiving 

any opioid, which could affect our characterization of sedation practices. However, prior 

studies among patients with COVID-19 receiving MV demonstrated that opioid analgesia 
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is administered widely (80% of patients received opioid infusions),8 suggesting that such 

a low percentage of opioid use could represent a limitation in data collection, rather 

than a description of true practice. Also heterogenous sedation practices may be in place 

among hospitals outside of the United States, labeled together as international, that could 

impact findings. The multiple imputation process used to handle missingness is built on 

the assumption that data are missing at random, which may not be the case in our data. 

However, multiple imputation is a commonly used technique,26,37–39 and primary findings 

were comparable across alternative methods of addressing missingness. Different methods 

of clustering hospitals potentially could affect findings, but we selected the approach that 

optimized internal validity and stability when clustering our data. Although we accounted 

for factors at the patient and hospital level that may confound the association between 

hospital sedation practices and patient outcomes, we were unable to assess other potential 

confounders (eg, triglyceride measurements, depth of sedation measured by Richmond 

Agitation Sedation Scale,40,41 or other validated sedation scoring system). However, E-

values demonstrated that any theoretical unmeasured confounders would need β-coefficients 

of 2.1 to 2.4 for duration outcomes or an OR of 2.5 for mortality to move primary effect 

estimates to the null.

Interpretation

Among mechanically ventilated patients with COVID-19, treatment in hospitals that 

predominantly used opioids and propofol for analgesia and sedation was associated with 

a shorter median duration of MV with POD as compared with treatment in hospitals that 

used primarily opioids and benzodiazepines.
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LOS length of stay

MV mechanical ventilation

NMB neuromuscular blockade

POD placement of death
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Take-home Points

Study Question:

What analgesic and sedative medications were administered to mechanically ventilated 

patients with COVID-19, and how did these sedation practices impact patient outcomes?

Results:

Among mechanically ventilated adults with COVID-19, treatment in hospitals that 

administer predominantly opioids and propofol for analgesia and sedation resulted in 

shorter duration of mechanical ventilation as opposed to treatment in hospitals using 

predominantly opioids and benzodiazepines.

Interpretations:

Use of benzodiazepine-predominant sedation strategies persists at some hospitals despite 

consistent evidence for nonbenzodiazepine approaches; further studies should continue to 

characterize factors influencing sedation practice ultimately to design interventions that 

promote evidence-based sedation care.
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Figure 1. 
Study flow diagram showing cohort assembly of adult patients with a diagnosis of 

COVID-19 who received invasive mechanical ventilation.
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TABLE 4

Association Between Admission to Hospitals Using Predominantly Opioids and Propofol for Analgesia and 

Sedation (vs Hospitals Using Opioids and Benzodiazepines) and Outcomes in Primary Analysis

Outcome Adjusted β-Coefficient (95% CI)a P Value

Duration of MV with POD, d −5.9 (−11.2 to −0.6) .03

Hospital LOS with POD, d −8.5 (−16 to −1) .03

ICU LOS with POD, d −7.1 (−12.4 to −1.7) .01

Adjusted OR (95% CI)a

Mortality 0.4 (0.2–0.9) .03

LOS = length of stay; MV = mechanical ventilation; POD = placement of death.

a
Adjusted for demographics (age, sex, race or ethnicity), BMI, preexisting comorbidities (Charlson comorbidity score, alcohol misuse 

disorder, substance misuse disorder), maximum Sequential Organ Failure Assessment score, initial ventilator mode, additional therapies (use of 
neuromuscular blockade, prone positioning, inhaled pulmonary vasodilators), pandemic timing during hospitalization, and facility factors (hospital 
site location, lack of hospital resources during hospitalization).
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