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Abstract

Rationale: Ventilator-associated event (VAE) surveillance
provides an objective means to measure and compare
complications that develop during mechanical ventilation by
identifying patients with sustained increases in ventilator settings
after a period of stable or decreasing ventilator settings. The
impact of the coronavirus disease (COVID-19) pandemic on
VAE rates and characteristics is unknown.

Objectives: To compare the incidence, causes, and outcomes of
VAE during the COVID-19 pandemic year versus prepandemic
years and among ventilated patients with and without COVID-19.

Methods: In this retrospective cohort study of mechanically
ventilated adults at four academic and community hospitals in
Massachusetts, we compared VAE incidence rates between March 1
and August 31 for each year from 2017 to 2020 (corresponding to
the time frame of the pandemic first wave in 2020) and among
COVID-19-positive and COVID-19-negative patients in 2020. The
medical records of 200 randomly selected patients with VAEs in 2020
(100 with COVID-19 and 100 without COVID-19) were analyzed to
compare conditions precipitating VAEs in patients with versus
without COVID-19.

Results: VAEs per 100 episodes of mechanical ventilation were
more common in 2020 than in prior years (11.2 vs. 6.7; P < 0.01)

but the rate of VAEs per 1,000 ventilator-days was similar (14.2
vs. 12.7; P=0.08). VAEs were more frequent in COVID-
19-positive patients than in COVID-19-negative patients in 2020
(29.0 vs. 7.1 per 100 ventilator episodes [P < 0.01] and 17.2 vs.
12.2 per 1,000 ventilator-days [P < 0.01]). Compared with
patients without COVID-19 with VAEs, patients with COVID-19
and VAEs had similar rates of infection-related ventilator-
associated complications, longer median durations of mechanical
ventilation (22 vs. 14 d; P < 0.01), and similar in-hospital
mortality (30% vs. 38%; P=0.15). Progressive acute respiratory
distress syndrome (ARDS) accounted for 53% of VAEs in
patients with COVID-19, whereas it accounted for 14% of VAEs
among patients without COVID-19.

Conclusions: VAE rates per 100 episodes of mechanical
ventilation and per 1,000 ventilator-days were higher among
COVID-19-positive patients than among COVID-19-negative
patients. Over 50% of VAEs in patients with COVID-19 were
caused by progressive ARDS, whereas less than 15% of VAEs in
patients without COVID-19 were caused by progressive ARDS.
These findings provide insight into the natural history of
COVID-19 in ventilated patients and may inform targeted
strategies to mitigate complications in this population.
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ORIGINAL RESEARCH

The novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viral pandemic
has increased the global burden of patients
requiring mechanical ventilation. Between 5%
and 20% of patients hospitalized with
coronavirus disease (COVID-19) require
ICU-level of care, and many of these patients
require mechanical ventilation (1-6).
Mortality rates for those who require
mechanical ventilation have ranged from as
high as 90% early in the pandemic to 30-50%
in more recent cohorts (2, 3, 5, 7-13).

Little is known, however, about the
incidence and causes of pulmonary
complications in patients with COVID-19
who require mechanical ventilation. There
remains debate about whether COVID-19
causes novel mechanisms of lung injury,
leading to new clinical phenotypes of
pneumonia and/or acute respiratory distress
syndrome (ARDS) (14-17). There is also
concern that providers may be limiting some
aspects of care to minimize their exposure to
potentially contagious patients (e.g.,
bronchoscopy for pulmonary hygiene) and/
or to preserve personal protective equipment
and that less frequent bedside care may put
some patients at increased risk for ventilator-
associated complications (VACs) (18).
Patients with COVID-19 who require
invasive ventilation also tend to have long
courses of mechanical ventilation (median of
9-16 d), putting them at increased risk for
complications (6, 9, 10, 13, 19).

Quality improvement programs have
traditionally benchmarked care for ventilated
patients by tracking ventilator-associated
pneumonia (VAP) rates. VAP surveillance,
however, has been problematic because of
the subjectivity and lack of specificity of VAP
definitions. The risk of VAP misdiagnosis
may be accentuated in COVID-19 because
fever, hypoxemia, and parenchymal
infiltrates can all be caused by COVID-19
pneumonia and secondary ARDS in addition
to VAP (20). In addition, VAP surveillance
only captures one particular complication of
mechanical ventilation rather than the fuller
array of complications that can occur in
ventilated patients (21, 22).

The Centers for Disease Control and
Prevention (CDC) developed ventilator-
associated event (VAE) surveillance as an
alternative to VAP surveillance to provide a
more objective and broader measure of the
potential complications of mechanical
ventilation (23-27). VAEs are defined by =2
days of sustained increases in ventilator

settings (rise in positive end-expiratory
pressure [PEEP] of =3 cm H,O and/or rise
in the absolute fraction of inspired oxygen of
=20%) after =2 days of stable or decreasing
ventilator settings (28). Prior studies suggest
that most VAEs are caused by VAP,
pulmonary edema, atelectasis, and ARDS
and that conditions with VAEs are associated
with higher mortality rates and longer
episodes of mechanical ventilation than
similar conditions without VAEs (24-26, 29).
Given the ongoing burden of COVID-19,
the high number of patients with COVID-19
requiring mechanical ventilation, and their
risk for ventilator-associated harm, we
sought to characterize and compare the
incidence, causes, and outcomes of VAEs
among all ventilated patients during the
pandemic versus the prepandemic years
and specifically among patients with and
without COVID-19 during the initial
pandemic surge.

Methods

Data Source and Definitions
We retrospectively identified all adult patients
requiring mechanical ventilation in four
hospitals in eastern Massachusetts from 2017
to 2020, including two academic (Brigham
and Women’s Hospital and Massachusetts
General Hospital) and two community
hospitals (Faulkner Hospital and Newton-
Wellesley Hospital). We limited our cohort to
episodes of mechanical ventilation that began
between March 1 and August 31 in each year
to correspond to the time frame of the initial
pandemic surge in Massachusetts in 2020.
We identified VAEs by using data extracted
from the hospitals’ electronic health record
systems and by applying CDC VAE criteria
(28). VAE definitions are nested: the subset of
VAEs that are potentially infections are called
“infection-related VACs” (IVACs), and the
subset of IVACs that are potentially
pneumonia are called “possible VAP”
(PVAP). “IVAC-plus” refers to the count of
IVAC:s that includes PVAPs (whereas
“IVAC-alone” is IVAC excluding PVAPs).
Ventilator-days and episodes of mechanical
ventilation included all patients who spent a
portion of a calendar day on mechanical
ventilation, which we ascertained by
identifying patients on the ventilator at either
the start or end of each calendar day.

Patient age, sex, date of hospital
admission, start and stop dates of mechanical
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ventilation, VAE dates, and mortality during
hospitalization were also obtained from the
electronic health record. Patients on
extracorporeal membrane oxygenation were
excluded as per the CDC’s VAE criteria. We
derived patients’ comorbidities from
diagnosis and diagnosis-related-group codes
by using the method of Elixhauser and
colleagues (30). Patient race was identified
from self-reported data within the medical
record; instances of a reported race of
“other” were manually reviewed and
corrected if race was documented elsewhere
in the medical record. Patients were
considered COVID-19-positive if they had
received a positive SARS-COV-2 nucleic acid
amplification test result from any site
(nasopharyngeal, oropharyngeal, sputum/
endotracheal) within 3 weeks of the onset of
mechanical ventilation. The study was
approved by the Mass General Brigham
Institutional Review Board.

Comparison of VAE Rates in the
Pandemic versus Prepandemic Years
We calculated the incidence of VAEs per 100
episodes of mechanical ventilation and per
1,000 ventilator-days for each year from 2017
to 2020 for the months of March through
August. VAE incidence rates were calculated
for each calendar month as the number of
events per 100 episodes of mechanical
ventilation and as the number of events per
1,000 ventilator-days. We included multiple
VAE:s per episode of mechanical ventilation
for determining rates if their start dates were
=14 days apart, as per CDC VAE criteria.

Comparison of VAE Causes in
COVID-19-Positive versus
COVID-19-Negative Patients

We reviewed the medical records of 200
randomly selected patients with VAEs
during the period of March to August 2020
(100 with COVID-19 and 100 without
COVID-19) to determine their reasons for
intubation and the conditions precipitating
VAEs. Clinical notes, vital signs, laboratory
values, and radiologic results were all
reviewed to determine the primary etiology
for PEEP and/or fraction of inspired oxygen
being increased. Eligible reasons for
intubation and precipitating conditions were
based on the prior work by Kerlin and
colleagues (31) with modifications made for
COVID-19. VAP and aspiration were
grouped together as one precipitating
condition, given the overlap in the two
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processes and difficulty distinguishing
between them. All 200 records were reviewed
by one intensivist (J.W.); a random subset of
20 charts were also reviewed by a second
intensivist (C.R.) to assess interrater
reliability for the reason for intubation and
the clinical event leading to the VAE. Early
VAEs were defined as events occurring <7
days after the onset of mechanical
ventilation, and late VAEs were defined as
those occurring after 7 days.

Statistical Analysis

Patients’ demographics and characteristics
were summarized by using standard
descriptive statistics. We reported means and
standard deviations for normally distributed
continuous variables and compared them by
using a Student’s ¢ test. We reported medians
and interquartile ranges for non-normally
distributed continuous variables and
compared them by using the Wilcoxon rank-
sum test. Categorical variables were
compared by using a Fisher exact test. We
compared VAE rates during the pandemic
year (2020) versus the prepandemic years
(2017-2019) by using two-sample tests of
proportions. An a level of 0.05 was used for
determining statistical significance.
Interobserver agreements for intubation
diagnoses and clinical events leading to
VAEs were reported as the percent
agreement and were measured by using
Krippendorff's a (K-o) (32). All other
statistical analyses were performed by using
R version 4.0.2 (R Foundation for Statistical
Computing) (33).

Sensitivity Analyses

We performed two sensitivity analyses to
better discern if causes for VAEs differed
between patients with COVID-19 and
patients without COVID-19 because a
disproportionate fraction of those without
COVID-19 with VAEs were intubated for
surgery or for altered mental status rather
than for respiratory failure. For the first

sensitivity analysis, we compared
characteristics and outcomes of VAEs in
patients with COVID-19 with prepandemic
patients in medical ICUs alone. For the
second sensitivity analysis, we restricted the
population without COVID-19 to patients
intubated for respiratory failure as per
medical record review.

Results

Study Population

There were 11,502 patients initiated on
mechanical ventilation between each March
through August of 2017-2020, including
13,270 episodes of mechanical ventilation,
79,423 ventilator-days, and 1,048 VAEs. The
numbers of ventilated patients, ventilator
episodes, ventilator-days, and VAEs per
year are shown in Table 1. Patients’
demographics, comorbidities, durations of
mechanical ventilation, and in-hospital
mortality rates stratified by the presence
versus the absence of VAEs, the study time
period (pandemic vs. prepandemic), and
COVID-19 status are shown in Table 2.

VAE Rates and Subtypes in the
Pandemic Period versus
Prepandemic Years

The VAE rate per 100 episodes of
mechanical ventilation and VAE rate per
1,000 ventilator-days by month are shown in
Figure 1. The rate of VAEs per 100 episodes
of mechanical ventilation was higher in 2020
than in prior years (11.2 vs. 6.7; P < 0.01),
but the rate of VAEs per 1,000 ventilator-
days was similar (14.2 vs. 12.7; P=0.08). The
percentages of noninfectious VAEs (VAC-
alone) and potentially infectious VAEs
(IVAC-plus) were similar in 2020 as
compared with other years (VAC-alone,
51.9% in 2020 vs. 58.3% in other years
[P=0.12]; IVAC-plus, 48.1% in 2020 vs.
41.7% in other years [P =0.12]).

Outcomes of Patients with VAEs in
the Pandemic Period versus
Prepandemic Years

The durations and outcomes of mechanical
ventilation among patients with VAEs were
compared between the pandemic (2020) and
prepandemic (2017-2019) periods. The
median duration of mechanical ventilation
among patients with VAEs was longer
during the pandemic than during
prepandemic period (18 d vs. 14 d; P < 0.01).
The median interval from initiation of
mechanical ventilation to a VAE was similar
between the two time periods (5 d vs. 4;
P=0.28). Unadjusted mortality was lower
among patients with VAEs during the
pandemic period than during the
prepandemic period (34% vs. 42%; P=0.01).

Rates and Characteristics of
Pandemic Period VAEs in
COVID-19-Positive versus
COVID-19-Negative Patients

A total of 3,105 patients initiated mechanical
ventilation (628 with COVID-19 and 2,477
without COVID-19) during the period from
March to August of 2020. These patients
underwent 3,559 episodes of mechanical
ventilation (661 in patients with COVID-19
and 2,898 in patients without COVID-19)
and developed 398 VAEs (192 in patients
with COVID-19 and 206 in patients without
COVID-19). Of these, 29 patients (17 with
COVID-19 and 12 without COVID-19) had
an episode of ventilation with two VAEs, and
3 patients had an episode of ventilation with
three VAEs. Patients with COVID-19 had
higher rates of VAEs per 100 episodes of
mechanical ventilation (29.0 vs. 7.1;

P <0.01) and per 1,000 ventilator-days (17.2
vs. 12.2; P < 0.01) than did COVID-
19-negative patients during 2020. VAE rates
among patients with COVID-19 were similar
in academic and community hospitals (see
Table E1 in the online supplement).

Table 1. Ventilator episodes, ventilator-days, and VAEs by year
Ventilated Patients Ventilator Episodes Ventilator-Days VAE-Positive

2017 2,820 3,283 17,712 201
2018 2,752 3,179 16,246 192
2019 2,825 3,249 17,382 257
2020 3,105 3,559 28,083 398
COVID-19—positive 628 661 11,178 192
COVID-19-negative 2,477 2,898 16,905 206

Definition of abbreviations: COVID-19 = coronavirus disease; VAE = ventilator-associated event.
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Table 2. Demographics and characteristics of study patients stratified by VAE, study period, and COVID-19 status

VAE-Positive VAE-Negative
Pandemic Pandemic
COVID-19- COVID-19- COVID-19- COVID-19-
Negative Positive Prepandemic  Negative Positive Prepandemic
(n=194) (n=172) (n=616) (n=2,704) (n=489) (n=9,095)

Age, yr, mean (SD) 58.5 (16) 59.7 (14) 60.2 (15) 60.0 (16.4) 61.6 (16) 61.4 (16)
Sex, Male, n (%) 117 (60) 123 (72) 367 (60) 1,651 (61) 300 (61) 5,597 (62)
Racial group, n (%)

White 127 (65) 65 (38) 448 (73) 1,936 (72) 162 (33) 6,923 (76)

Black 19 (10) 28 (16) 53 (9) 236 (9) 90 (18) 676 (7)

Asian 10 (5) 5(3) 24 (4) (3) 22 (4) 284 (3)

Hispanic/Latino 21 (11) 55 (32) 42 (7) 213 (8) 156 (32) 588 (6)

Other 6 (3) 8 (5) 17 (3) ) 22 (4) 163 (2)

No response 11 (6) 11 (6) 32 (5) 160 (6) 37 (8) 461 (5)
Hypertension, n (%) 122 (63) 117 (68) 414 (67) 1,747 (65) 324 (66) 6,170 (68)
Diabetes, n (%) 54 (28) 93 (54) 179 (29) 814 (30) 229 (47) 2,627
Elixhauser score, mean (SD) 6.3 (2) 5.8 (2) 6.4 (2) 7 (2) 5.3 (2) 5.4 (3)
Duration of MV, d, median (IQR) 14 (17) 22 (19) 14 (14) 3) 11 (13) 2 (3)
Time to a VAE from initiation of 4 (6) 5(9) 4 (5) N/A N/A N/A

MV, d, median (IQR)
In-hospital mortality, n (%) 73 (38) 52 (30) 261 (42) 641 (24) 158 (32) 2,151 (24)

Definition of abbreviations: COVID-19 = coronavirus disease; |IQR = interquartile range; MV = mechanical ventilation; N/A = not applicable;
SD = standard deviation; VAE = ventilator-associated event.
Nis equal to the number of distinct ventilator episodes for each subgroup. For ventilator episodes with multiple VAEs, only the first VAE is

included for analysis.

Demographics, baseline characteristics,
and comorbidities stratified by COVID-19
status are shown in Table 2. The mean age
(59.7 vs. 58.5; P = 0.46) was similar and the
Elixhauser score was lower (5.8 vs. 6.3;
P=0.03) in patients with COVID-19 with
VAEs than in patients without COVID-19
with VAEs, but male sex (72% vs. 60%;
P=0.03), Hispanic/Latino and Black racial
groups (P < 0.01), and diabetes (54% vs.
28%; P < 0.01) were more common among
those with COVID-19. There was no
significant association between COVID-19
status and the VAE subtype (P =0.32), with
similar distributions of VAC (55% vs. 49%),
IVAC (30% vs. 33%), and PVAP (15% vs.
18%) among patients with COVID-19
compared with those without COVID-19.
Patients with COVID-19 with VAEs were
ventilated for longer than ventilated patients
with COVID-19 without VAEs (median,
22dvs. 11 d; P<<0.01) but had similar
in-hospital mortality rates (30% vs. 32%;
P=0.64).

Outcomes of Pandemic Period VAEs
in COVID-19-Positive versus
COVID-19-Negative Patients

The median duration of mechanical
ventilation was longer among patients with
COVID-19 and VAEs than among patients

without COVID-19 with VAEs (22 d vs.
14 d; P < 0.01), the time to a VAE was
longer (5 d vs. 4 d; P < 0.01), and in-hospital

mortality was similar (30% vs. 38%; P=0.15).

Reasons for Intubation and Pulmonary
Events Leading to VAEs among
COVID-19-Positive versus COVID-19—
Negative Patients during the Pan-
demic Period

Agreement between the two physician
reviewers was good for both the reasons for
intubation (80% agreement; K-, 0.73) and
the triggers for VAEs (95% agreement, K-,
0.93). Table 3 shows the primary clinical
diagnoses leading to intubation. Among
patients with COVID-19, 91 out of 100 were
intubated for COVID-19 pneumonia. The
most frequent reasons for intubation among
patients without COVID-19 were surgery
(27%) and airway protection (25%).

The distribution of clinical events that
triggered VAE:s in patients with versus
without COVID-19 are shown in Figure 2A.
ARDS (53%) and VAP (22%) were the most
common events leading to VAEs among
patients with COVID-19. By contrast, VAP
(30%), pulmonary edema (23%), and
atelectasis (21%) were the most common
events leading to VAEs among patients
without COVID-19 (ARDS was the
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precipitant in only 14%). Of the 100 VAEs in
patients with COVID-19, 48 occurred within
7 days of intubation (Figure 2B). Most VAEs
within 7 days of intubation were caused by
progressive ARDS (81%), whereas those
occurring after Day 7 were primarily caused
by VAP (35%), ARDS (27%), atelectasis
(17%), and extrapulmonary infections (13%).

Sensitivity Analyses

Sensitivity analyses were designed to increase
comparability between non-COVID-
19-related VAEs, both before and during the
pandemic, and COVID-19-related VAEs. In
the first sensitivity analysis, we restricted our
analysis to medical ICU patients alone. In the
prepandemic period, there were 158 VAEs in
dedicated medical ICUs at the two academic
medical centers. The ventilator-associated
length of stay (15 d vs. 14 d) and the time
from intubation to a VAE (4 d each) were
similar for medical ICU patients with

VAEs during the prepandemic period and
COVID-19 period. In-hospital mortality
rates were higher (63% vs. 42%) (see Table
E2 in the online supplement).

For the second sensitivity analysis, we
focused on patients intubated for respiratory
failure alone as per medical record review.
Of the 100 patients without COVID-19 who
experienced a VAE during the pandemic,
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VAE Rate per 100 Episodes of
Mechanical Ventilation
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Figure 1. Ventilator-associated event rate per 100 episodes of mechanical ventilation and per
1,000 ventilator-days by month from 2017 to 2020. VAE = ventilator-associated event.

52 were intubated for surgery or an altered
mental status. Among the remaining 48
(with intubation for pneumonia, cardiac
arrest, non-COVID-19 ARDS, pulmonary
edema, asthma/chronic obstructive
pulmonary disease, and unknown reasons),
the duration of mechanical ventilation was
shorter (11 d vs. 14 d), the time to a VAE was
similar (4 d each), and the in-hospital
mortality rate was higher (50% vs. 38%)
compared with the larger group without
COVID-19 who experienced VAEs during
the pandemic (see Table E2 in the online
supplement). Among patients without
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COVID-19 with VAEs, both before and
during the pandemic, there was a higher
percentage of oncologic diagnoses than
among patients with COVID-19 with VAEs.

Discussion

We report on how the incidence, causes, and

outcomes of VAEs in four hospitals were
affected by the COVID-19 pandemic. We
found an increase in the incidence of VAEs

per 100 episodes of mechanical ventilation in

2020 compared with similar time periods in

prior years but found no change in the
incidence per 1,000 ventilator-days,
suggesting that higher VAE rates in 2020
may in part be a reflection of the fact that
patients with COVID-19 typically require
mechanical ventilation for longer periods
than patients without COVID-19. The rate of
VAEs was higher among patients with
COVID-19 than among most patients
without COVID-19. Most VAEs in patients
with COVID-19, however, were caused by
ARDS and pneumonia, whereas those in
patients without COVID-19 were caused by
pneumonia, pulmonary edema, and
atelectasis.

COVID-19-positive patients with VAEs
remained on mechanical ventilation for
much longer than COVID-19-negative
patients with VAEs. This may reflect a
predilection to intubate patients with
escalating oxygen requirements early in the
course of their illness during the early
months of the pandemic, coupled with the
limited use of intubation-sparing modalities
(high-flow nasal cannula, bilevel positive
airway pressure) for fear of generating
aerosols. This may have both extended these
patients’ duration of mechanical ventilation
and increased their risk for VAEs. It is also
possible that ARDS in COVID-19 may be
associated with a distinct pathobiology that
leads to more severe and sustained disease
than does ARDS in patients without
COVID-19 (19). For example, although there
are shared pathologic findings of diffuse
alveolar damage between COVID-19 and
HINT1 influenza-induced ARDS, COVID-19
lung specimens are notable for more marked
endothelial inflammation and pulmonary
capillary microthrombi (14, 34).

Despite the longer duration of
mechanical ventilation among patients with
COVID-19 with VAEs than among patients
without COVID-19 with VAEs, in-hospital
mortality rates were similar. Patients with
COVID-19 with respiratory failure and
ARDS often require prolonged mechanical
ventilation, but a certain fraction of these
patients, particularly those who were
previously healthy, go on to recover. Patients
without COVID-19 with VAEs in our cohort
were more likely to have cancer and other
comorbidities associated with progression
and death rather than with prolonged
ventilation and recovery.

Patients with COVID-19 with VAEs
were more likely to be Black or Hispanic
and to have diabetes than patients
without COVID-19 with VAEs. The
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Table 3. Diagnosis leading to intubation among patients with VAEs during the
pandemic period stratified by COVID-19 status

COVID-19-Negative COVID-19-Positive
(n=100) (n=100)

Surgery 27 3
AMS/airway protection 25 3
Pneumonia

CAP 8 0

HAP 5 0

Viral 0 91
Cardiac arrest 9 1
Non-COVID-19 ARDS 8 0
Other/unknown 8 1
Pulmonary edema 8 1
Asthma/COPD 2 0

Definition of abbreviations: AMS = altered mental status; ARDS = acute respiratory distress
syndrome; CAP = community-acquired pneumonia; COPD = chronic obstructive pulmonary
disease; COVID-19 = coronavirus disease; HAP = hospital-acquired pneumonia;

VAEs = ventilator-associated events.
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0 m 0 wm.
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o
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ARDS VAP / Atelectasis  Pulmonary Non-pulmonary  Other
Aspiration Edema infection

Early VAE m Late VAE

Figure 2. Clinical events leading to pandemic period ventilator-associated events (VAEs)
stratified by (A) COVID-19 status and (B) early versus late VAEs. ARDS = acute respiratory
distress syndrome; COVID-19 = coronavirus disease; VAP = ventilator-associated pneumonia.
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overrepresentation of people of color mirrors
prior investigations that have found that
COVID-19 disproportionately affects Black
and Hispanic people (8, 35-38) and that
members of these groups with COVID-19
tend to have worse outcomes than other
groups (9, 39, 40).

The finding that most VAEs in patients
with COVID-19 were attributable to ARDS,
particularly during the first week of illness, is
a distinctive finding relative to the usual
causes of VAEs. Historically, most VAEs
have been due to pneumonia, pulmonary
edema, and atelectasis (41, 42). It is possible
that the higher rate of ARDS-triggered VAEs
in patients with COVID-19, particularly early
after intubation, reflects a weakness of VAE
definitions as they pertain to COVID-19,
insofar as VAE criteria may be being
triggered by the natural progression of
COVID-19 ARDS rather than by a distinct
and superimposed complication. The
requirement for 2 days of stable oxygenation
before VAEs can be considered a possibility
in patients should mitigate this potential
weakness, but VAE criteria could still be
triggered by patients undergoing a stuttering
progression of ARDS. Patients with COVID-
19 on mechanical ventilation may also be
more susceptible to ventilator-induced lung
injury, or there may be an interaction
between some corollary aspects of care, such
as blood transfusions or deep sedation, that
contribute to clinical deterioration after a
period of stability. Alternatively, the
empbhasis on conservative fluid management
in patients with COVID-19 may shift the
epidemiology of VAE triggers away from
pulmonary edema toward other causes.

Among patients with COVID-19, those
with VAEs were ventilated for longer periods
than those without VAEs. Surprisingly,
however, we found that the in-hospital
mortality rates were similar for patients with
COVID-19 with and without VAEs. The
high mortality rate in patients with COVID-
19 without VAEs may be due to steadily
progressive ARDS, without periods of
stability or improving oxygen, and
subsequent death.

Strengths and Limitations

Strengths of our study include the use of
VAE criteria as an objective and consistent
means of measuring complications across
time and between hospitals, the large
number of mechanical ventilation episodes
evaluated, and the use of detailed chart
reviews to determine the clinical events
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precipitating VAEs. Limitations of our

study include the restriction of the analysis
to the first wave of the pandemic in a single
region of the country, which may limit
generalizability to other regions and to more
recent management patterns for COVID-19.
In particular, it is unclear whether and how
advances in treatment, including deferring
intubation whenever possible and
prescribing corticosteroids, remdesivir, and
tocilizumab, will affect the incidence and
outcomes of VAEs in patients with COVID-
19. One might speculate, for example, that
the increased use of high-flow nasal cannula
treatment and noninvasive ventilation after
the initial wave of the pandemic may
decrease VAE rates among COVID-
19-positive patients and that those who went
on to require intubation might have had
more traditional causes for VAEs than early
progressive ARDS. This is an important topic
for future research. Our analyses of reasons
for intubation and causes of VAEs were done
by a small number of reviewers and may
have been colored by their subjective
judgments. We were able to demonstrate,

however, a very high level of agreement
between observers, and clinical insight into
VAE triggers can only reliably be gathered
through manual review. A potential concern
of VAE surveillance is that a VAE may be
triggered by events that do not represent
clinical deterioration. Among the 200 chart
reviews, however, we were able to identify
clinical reasons for the PEEP or fraction of
inspired oxygen increase that triggered each
VAE. We did not attempt to determine
whether the longer periods of mechanical
ventilation and differential mortality in
COVID-19-positive versus COVID-
19-negative patients with VAEs were due
to COVID-19 itself or if they better
reflected the kinds of patients who
developed COVID-19. A more granular
accounting of comorbidities would help
differentiate this, although we were able to
show that patients without COVID-19 with
VAEs were more likely to have cancer than
those with COVID-19. Our purpose,
however, was not to determine the
attributable morbidity and mortality of
COVID-19 but rather to describe at a

population level how COVID-19 has
affected VAE incidence, causes, and
outcomes.

Conclusions

In conclusion, we found that VAEs were
more frequent on a per-episode basis
during the pandemic period than during
prior years but that the rates per 1,000
ventilator-days were similar, reflecting the
longer duration of mechanical ventilation in
patients with COVID-19. Patients with
COVID-19 had a higher rate of VAEs than
patients without COVID-19. Progressive
ARDS accounted for over half of VAEs in
patients with COVID-19, whereas
pulmonary edema, atelectasis, and
pneumonia were the most common triggers
in patients without COVID-19. These
findings provide insight into the natural
history of COVID-19 in ventilated patients
and may inform strategies to mitigate
complications in this population. H

Author disclosures are available with the
text of this article at www.atsjournals.org.
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