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Abstract
Background:

The evolution of compliance and driving pressure in acute respiratory distress syndrome (ARDS) and the
effects of time spent on noninvasive respiratory support prior to intubation has not been well studied. We
conducted this study to assess the effect of the duration of noninvasive respiratory support prior to
intubation (i.e., Noninvasive ventilation (NIV), High �ow nasal cannula (HFNC), or a combination of NIV
and HFNC) on static compliance and driving pressure and retrospectively describe its trajectory over time
for COVID-19 and non-COVID-19 ARDS while on mechanical ventilation.

Methods:

Retrospective analysis of prospectively collected data from one university-a�liated academic medical
center, one a rural magnet hospital, and three suburban community facilities. A total of 589 patients were
included: 55 COVID-19 positive, 137 culture positive, and 397 culture negative patients. Static compliance
and driving pressure were calculated at each 8-hour ventilator check.

Results:

Days of pre-intubation noninvasive respiratory support was associated with worse compliance and
driving pressure but did not moderate any trajectory. COVID-19 positive patients showed non-statistically
signi�cant worsening compliance by 0.08-units per ventilator check (p = .241), whereas COVID-19
negative patients who were either culture positive or negative patients showed statistically signi�cant
improvement (0.12 and 0.18, respectively; both p < .05); a statistically similar but inverse pattern was
observed for driving pressure.

Conclusion

In contrast to non-COVID-19 ARDS, COVID-19 ARDS was associated with a more ominous trajectory with
no improvement in static lung compliance or driving pressures. Though there was no association
between days of pre-intubation noninvasive respiratory support and mortality, its use was associated with
worse overall compliance and driving pressure.

Introduction
ARDS has been a clinical challenge since its original description in 19671. Current management of ARDS
patients involve supportive mechanical ventilation strategies to correct the underlying hypoxemia2,3.
Reduced compliance is a hallmark of ARDS, largely re�ecting the degree of volume loss of the lung but is
not part of the current de�nition of ARDS as it was not clearly associated with mortality1,4,5. However,
driving pressure, expressed as tidal volume adjusted for compliance, is strongly associated with mortality
in ARDS6,7.
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COVID-19-induced pneumonia leads to an ARDS-like state with variable in�ltrates and profound hypoxia
which is typically treated with ARDS mechanical ventilation strategies (e.g., low tidal volumes, high FiO2,
high positive end expiratory pressure [PEEP], prone positioning)3,8. This has increased interest in lung
compliance with studies attempting to elucidate the pathophysiology and heterogeneity of the respiratory
failure caused by COVID-19. Although early studies suggested COVID-19-induced pneumonia had
preserved static lung compliance, unlike conventional ARDS9–11, recent reports have challenged this12.

Although lung compliance and driving pressure may predict outcomes in non-COVID ARDS, the
relationship between these variables and outcomes in COVID-19 ARDS is unknown13. Further, the
relationship between compliance, driving pressure, and time spent on NIV prior to intubation has not been
studied. Similarly, the evolution of static lung compliance and driving pressure while on invasive
mechanical ventilation has not been well described in COVID-19 ARDS.

The lack of large clinical trials and/or evidence-based guidelines has led to an empiric approach to most
aspects of COVID-19 ARDS management14. This includes observational and retrospective data which
have used NIV as a �rst line therapy15–18. The use of Noninvasive respiratory support in the COVID-19 era
has also been driven by practical limitations including personnel shortages, lack of equipment,
availability of intensive care unit [ICU] beds, etc. Moreover, the cohort of so-called ‘happy hypoxemic’
patients – those with high oxygen needs but no signs of respiratory distress – may have lured us into a
false sense of security regarding delayed intubation19,20. There is also observational evidence supporting
the cautious use of NIV to delay mechanical ventilatory support in non-COVID-19 ARDS21–25.

Given these fragmented and sometimes con�icting data, this study was conducted to assess the effect
of the duration of noninvasive respiratory support prior to intubation (i.e., NIV, HFNC, or a combination of
NIV and HFNC) on static compliance and driving pressure and retrospectively describe its trajectory over
time for COVID-19 and non-COVID-19 ARDS while on mechanical ventilation. Finally, we assessed
differences in mortality and length of stay relative to ARDS etiology, duration of noninvasive respiratory
support, baseline compliance, and baseline driving pressure.

Methods

Study Design and Patient Cohort
We retrospectively identi�ed all mechanically ventilated patients within eCareManager v. 4.1.1 (Philips
Healthcare) from January 2019 through September 2020 who had an ARDS diagnosis within any of �ve
Catholic Health Initiative-a�liated hospitals (four in Nebraska; one in Iowa). One Nebraska hospital is a
university-a�liated academic medical center, one Nebraska hospital is a rural magnet hospital, whereas
the remaining three hospitals are suburban community facilities. Prior to data abstraction, we limited the
2019 data to January through September to have identical study periods in 2019 and 2020. All included
patients were age of majority for their respective state (19 years of age in Nebraska; 18 years of age in
Iowa) and only the �rst hospitalization per patient was included; patients who were transferred between
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facilities were included as one continuous hospitalization. All required ventilator data was abstracted
manually. Included patients were divided into three groups: (1) all COVID-19 positive patients, (2) COVID-
19 negative but culture positive patients, and (3) COVID-19 negative and culture negative patients (see
supplemental materials). Patients were considered culture positive if their blood and/or sputum bacterial
cultures and/or their viral respiratory panel was positive. The study was approved as exempt research by
the Institutional Review Board at Creighton University (InfoEd record number: 2001570).

Outcomes
The primary outcomes were static lung compliance and driving pressure. Static compliance was
calculated as tidal volume [TV] divided by the difference between airway plateau pressure [PPL] and
PEEP, whereas driving pressure was calculated as PPL minus PEEP. These values were derived from
mandatory ventilator checks by respiratory therapists at 0700, 1500, and 2300 hours over the entirety of
the intubation window. Secondary outcomes included in-hospital morality and hospital length of stay.

Statistical Analysis
Descriptive statistics were strati�ed by COVID-19 and culture positive/negative status. Depending on data
distribution, continuous variables are presented as mean and standard deviation or median and
interquartile range, with group differences evaluated using one-way analysis of variance or Kruskal-Wallis
test, respectively. Categorical variables are presented as percent and compared using the chi-square test
or Fisher's exact test. Static compliance and driving pressure were modeled using linear mixed effects
models to account for the correlation inherent to the repeated measurements from the same patient.
Between-patient differences in change across ventilator checks was estimated via random slope
variance; bias in standard errors resulting from remaining residual heteroscedasticity was accounted for
using a likelihood-based empirical estimator. Adjusted models controlled for APACHE IV score on
admission to the ICU, body mass index [BMI], and biological sex. The functional form of �xed effects
across ventilator checks and days of noninvasive respiratory support prior to intubation were evaluated
using restricted cubic splines with pre-speci�ed knot point at the 5th, 35th, 65th, and 95th percentiles. The
need for random effects and nonlinear �xed effects were determined using the likelihood ratio test.
Between-group differences in change in compliance across ventilator checks was estimated by a �xed
group-by-ventilator check cross-level interaction effect. Time-to-in-hospital mortality and risk of in-
hospital mortality were modeled using Kaplan-Meier curves and Cox proportional hazards model.
Proportional hazards were assessed using log-negative-log survival curves and Schoenfeld residuals. To
account for censoring due to in-hospital mortality, length of stay was evaluated as probability of
discharge using the Kaplan-Meier method and log-rank test. All analyses were conducted using SAS v. 9.4
with p < .05 used to indicate statistical signi�cance.
Funding Source

No funding was used for this study

Results
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A total of 589 patients met inclusion criteria, of whom 55 (9.3%) were COVID-19 positive, 137 (23.3%)
were COVID-19 negative but culture positive, and 397 (67.4%) were COVID-19 negative but culture
negative. Of the 55 COVID-19 positive patients, 24 (43.6%) were also culture positive. All outcomes were
statistically similar between COVID-19 patients who were culture positive or culture negative; as such, we
collapsed COVID-19 positive patients into a single COVID-19 positive group (see supplemental materials
for outcomes strati�ed by culture positive and negative in COVID-19 positive patients). Of the COVID-19
negative but culture positive patients, 11 (8.0%) had two or more positive cultures.

Demographic and clinical characteristics of each group are provided in Table 1. Compared to COVID-19
negative patients, COVID-19 patients averaged greater APACHE IV scores, BMI, and had a higher rate of
steroid use, whereas culture positive patients had greater rate of dialysis compared to COVID-19 or culture
negative patients; all other characteristics were statistically similar between groups.

Static Compliance

COVID-19 patients required invasive ventilation for the longest period during their hospital stay and
therefore had the largest number of ventilator checks (Table 2). When modeling change in static
compliance across ventilator checks, a statistically signi�cant ventilator check-by-group �xed interaction
effect was observed (p = .011) indicating that change in static compliance across ventilator checks
differed between groups (Figure 1). Static compliance of COVID-19 patients decreased nonsigni�cantly
by an average of 0.08-units per ventilator check (95% CI: –0.21 to 0.05, p = .241), whereas statistically
signi�cant increases in static compliance per ventilator check were observed in both culture positive
patients (slope: 0.12, 95% CI: 0.01-0.24, p = .042) and culture negative patients (slope: 0.18, 95% CI: 0.05-
0.32, p = .007). The between-group difference in change was statistically signi�cant for COVID-19
patients compared to both culture positive patients (difference = 0.20, 95% CI: 0.03-0.37, p = .022) and
culture negative patients (0.26, 95% CI: 0.08-0.44, p = .005), whereas no difference was observed between
culture positive and culture negative patients (difference = 0.06, 95% CI: –0.11 to 0.34, p = .481). These
results were maintained after adjusting for APACHE IV score, BMI, and biological sex (Figure 1), with
group-speci�c change in static compliance being constant across APACHE IV scores (ventilator check-by-
group-by-APACHE IV interaction p = .625), BMI (ventilator check-by-group-by-BMI interaction p = .562),
and biological sex (ventilator check-by-group-by-sex interaction p = .840).

Use of noninvasive respiratory support was highest in COVID-19 patients compared to both culture
positive and culture negative patients (Table 2). Each additional day of pre-intubation noninvasive
respiratory support was associated with overall static compliance being lower by an average of 0.60-units
(95% CI: 0.09 to 1.12, p = .022); this effect did not differ across patient groups (days of noninvasive
respiratory support-by-group interaction p = .357) nor did it differ across ventilator checks (days of
noninvasive respiratory support-by-ventilator check interaction p = .637).

Driving Pressure
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When modeling driving pressure across ventilator checks, a statistically signi�cant ventilator check-by-
group interaction was observed (p = .014) indicating that change in driving pressure differed between
groups (Figure 1). Speci�cally, there was a statistically signi�cant difference in linear change in driving
pressure between the COVID-19 and the Culture Negative groups (0.04 vs. –0.03, respectively; difference =
0.07, 95% CI: 0.02-0.13, p = .011) and between the COVID-19 group and the Culture Positive group (0.04
vs. –0.03, respectively; difference = 0.07, 95% CI: 0.02-0.12, p = .005). There was no difference in change
between the Culture Negative and Culture Positive groups (difference = 0.00, 95% CI: –0.03 to 0.04, p =
.918). A similar set of results were observed after adjusting for APACHE IV score, BMI, and biological sex
(Figure 1). Further, each additional day of pre-intubation noninvasive respiratory support was associated
with overall driving pressure being higher by an average of 0.17-units (95% CI: 0.05 to 0.29, p = .006); this
effect did not differ across patient groups (days of noninvasive respiratory support-by-group interaction p
= .438) nor did it differ across ventilator checks (days of noninvasive respiratory support-by-ventilator
check interaction p = .333).

In-hospital Mortality and Length of Stay

The overall in-hospital mortality rate was 29.5% (95% CI: 26.0% to 33.4%). Statistically higher mortality
rates were observed in COVID-19 patients compared to culture positive patients (47.3% vs. 29.2%, p =
.017) and culture negative patients (47.3% vs. 27.2%, p = .002); no difference was observed between
culture positive and culture negative patients (p = .653; see supplemental materials). On average, time-to-
death differed between groups (log-rank p = .029), with statistically signi�cant differences between
COVID-19 patients and culture positive patients (median: 24 days vs. 44 days, p = .049) and between
culture positive patients and culture negative patients (median: 44 days vs. 29 days, p = .009); no
difference in time-to-death was observed between COVID-19 patients and culture negative patients (p =
.149; see supplemental materials). Divergence in survival probability occurred at hospital day 20,
particularly in COVID-19 patients; therefore, we modeled risk of death using a heaviside function at day
20. As shown in Table 3, prior to hospital day 20, culture positive patients had 44% lower risk of death
compared to culture negative patients (95% CI: 16% to 63%, p = .005), with no other differences between
groups; beginning with hospital day 20, COVID-19 patients averaged 3.2-times higher risk of death
compared to culture negative patients (95% CI: 1.2-8.8, p = .025) and 2.5-times higher risk of death
compared to culture positive patients (95% CI: 1.0-6.1; p = .049). Finally, hospital length of stay was
statistically shorter for culture negative patients compared to both COVID-19 patients (median: 9 days vs.
26 days, p < .001) and culture positive patients (median: 9 days vs. 19 days, p < .001); no difference in
length of stay was observed between COVID-19 patients and culture positive patients (p = .664; see
supplemental materials).

Discussion
In this retrospective analysis of mechanically ventilated patients with ARDS, we found declining static
pulmonary compliance and increasing driving pressures in patients with COVID-19 whereas non-COVID-
19 patients demonstrated improving compliance and decreasing driving pressure. Consistent with other
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investigations, COVID-19 patients had higher mortality and longer length of stay26. Lower static lung
compliance and higher driving pressure at baseline were associated with increased mortality regardless
of COVID status and/or positive culture status.  Longer duration of non-invasive respiratory support prior
to intubation was associated with lower static lung compliance and higher driving pressures over the �rst
24 hours of mechanical ventilation regardless of etiology (COVID-19 vs. non-COVID-19) or positive culture
status. However, days of pre-mechanical ventilation noninvasive respiratory support was not associated
with mortality, nor did it moderate any association between patient group and mortality or
compliance/driving pressure and mortality.

The relationship between compliance and driving pressure in this study is intuitive (reduced compliance
requires increased driving pressure to provide a given TV) and is consistent with prior observations6.
Similarly, the baseline compliance values in our study were consistent with those seen by others for
COVID-19 ARDS and for non-COVID-19 ARDS27,5. However, this study was unique in demonstrating that
while compliance gradually improved in non-COVID-19 ARDS patients, compliance steadily worsened in
COVID-19 ARDS patients.

Our data also a�rm that compliance and driving pressure are associated with mortality in COVID-19
ARDS and in non-COVID-19 ARDS28. This is physiologically plausible as higher driving pressures result in
more cyclical alveolar stretch, increased transpulmonary pressures, and higher circulating cytokine
burden – factors associated with increased mortality in ARDS10. However, prospective studies are needed
to delineate how static compliance and/or driving pressure might be used proactively to guide
adjustments in TV and/or PEEP to improve outcomes7,29.

Previous studies have questioned the utility of aggressive noninvasive respiratory support in ARDS
30,31. These authors cite concerns that NIV and HFNC might improve oxygenation parameters and reduce
work of breathing – thereby masking ongoing deterioration in pulmonary physiology – resulting in
potentiation of lung injury and/or delayed intubation32. Our data similarly calls into question the strategy
of using noninvasive respiratory support in ARDS patients. Patients who received noninvasive supportive
measures subsequently had lower compliance and higher driving pressures when mechanical ventilation
was initiated – as well as increased length of stay. Our results are consistent with prior reports of worse
outcomes among patients with severe ARDS treated with noninvasive respiratory support compared to
mechanical ventilation33-35.

In addition to the limitations inherent to our study’s retrospective and observational design, we were
unable to delineate compliance into pulmonary and chest wall components. However, when we adjusted
our �ndings for obesity, we found no difference. We were also unable to precisely quantify the duration of
time patients spent on noninvasive ventilation (Continuous positive airway pressure, Bilevel positive
airway pressure) or HFNC as documentation in the electronic medical record was fragmented across
health care systems. Although there was inherent between-provider practice variability, all patients were
managed by a single group of academic intensivists with similar practice standards and adherence to
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evidence-based medicine. However, variations in nursing and patient and family preference and changes
in code status could have altered the time course of care.

Conclusions
In COVID-19 and non-COVID-19 ARDS, static compliance and driving pressure are associated with patient
outcome. As such, understanding these factors along with their trajectory across the disease course is
crucial.  Our study showed that compared to non-COVID-19 ARDS, COVID-19 ARDS patients appear to
have a more ominous trajectory, presumably due to progressive lung injury from the underlying
pathologic process and mechanical ventilator-induced injury.  Furthermore, additional prospective
research is needed regarding the role and effect of non-invasive respiratory support in ARDS as our study
suggests that though there is no direct association between the use of non-invasive respiratory support
and mortality, its use may be associated with worsening compliance once a patient progresses to
needing invasive mechanical ventilation. 
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Tables
Table 1. Demographic and clinical characteristics

COVID-19

(n = 55)

Culture Positive

(n = 137)

Culture Negative

(n = 397)

p

Age 61.4 ± 13.7 60.4 ± 15.4 58.7 ± 18.4 0.392

Biological Sex      

Female 47.3 42.3 41.7 0.733

Male 52.7 57.7 58.3

Height 166.5 ± 9.3 170.6 ± 11.4 171.1 ± 11.5 0.223

Weight 92.1 ± 24.8 88.7 ± 25.4 89.4 ± 26.0 0.446

BMI 33.3 ± 8.9 30.5 ± 8.4 29.8 ± 8.3 0.021

APACHE 102 [75-117] 93 [73-118] 85 [65-107] 0.017

Comorbidities      

Asthma 5.9 8.3 9.9 0.598

CHF 7.8 21.8 17.7 0.085

CKD 15.7 24.1 22.9 0.454

COPD 11.8 22.6 20.4 0.256

DM 45.1 31.6 29.6 0.082

Dialysis 5.9 12.8 5.6 0.022

HTN 62.8 63.4 56.3 0.288

OSA 23.5 18.1 14.2 0.173

Steroids 25.5 5.2 0.5 <.001
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Note. Data presented as mean ± SD, median [IQR], or percent. Note that the COVID-19 group represents all
COVID-19 positive patients, the Culture Positive group represents COVID-19 negative patients with
positive blood, sputum, and/or other viral culture, and the Culture Negative group represents COVID-19
negative patients with negative blood, sputum, and other viral culture.

Table 2. Invasive and noninvasive respiratory support

 COVID-19

(n = 55)

Culture Positive

(n = 137)

Culture Negative

(n = 397)

p

Invasive Ventilation        

Total Ventilator Checks 26 [16-52] 16 [7-33] 7 [4-13] <.001

Total Days 9 [6-18] 6 [3-11] 3 [2-5] <.001

Noninvasive Respiratory Support       

No 60.0 84.7 88.9 <.001

Yes 40.0 15.3 11.1

NIPPV 27.3 55.0 60.5 0.031

HFNC 27.3 35.0 23.3

NIPPV + HFNC 45.5 10.0 16.3

Total Days 2 [1-4] 1 [1-2] 1 [1-2] 0.040

Note. Data presented as median [interquartile range] or percent. Note that the COVID-19 group represents
all COVID-19 positive patients, the Culture Positive group represents COVID-19 negative patients with
positive blood, sputum, and/or other viral culture, and the Culture Negative group represents COVID-19
negative patients with negative blood, sputum, and other viral culture.

Table 3. Hazard ratios (HR) for risk of in-hospital death comparing groups < 20 days and ≥ 20 days

 LOS < 20 Days  LOS ≥20 Days  Difference

 HR (95% CI)  p  HR (95% CI)  p  p

COVID-19 vs. Negative 0.65 (0.38-1.10) 0.110  3.20 (1.16-8.83) 0.025  0.006

COVID-19 vs. Positive 1.16 (0.64-2.12) 0.626  2.47 (1.00-6.10) 0.049  0.172

Positive vs. Negative 0.56 (0.37-0.84) 0.005  1.29 (0.46-3.64) 0.626  0.138

HR = hazard ratio.
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Note. The group after the "vs." is the reference. So, a HR > 1 implies greater risk of death compared to the
reference. For example, in those with LOS ≥ 20 days, COVID-19 patients averaged 3.2-times greater risk of
death relative to culture negative patients. The "Difference" column compares the risk of death < 20
compared to ≥ 20 days. Note that the COVID-19 group represents all COVID-19 positive patients, the
Positive group represents COVID-19 negative patients with positive blood, sputum, and/or other viral
culture, and the Negative group represents COVID-19 negative patients with negative blood, sputum, and
other viral culture.
 

Figures

Figure 1

Unadjusted (left column) and adjusted (right column) estimated static compliance (top row) and driving
pressure (bottom row) across ventilator checks; estimates were adjusted for BMI and biological sex.
Although the statistical models were estimated using static compliance or driving pressure at all
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available ventilator checks, in these �gures, the number of ventilator checks was truncated at 40 given
that 95% of culture negative patients had ≤42 ventilator checks. Shaded areas represent 95% con�dence
intervals. Note that the COVID-19 group represents all COVID-19 positive patients, the Culture Positive
group represents COVID-19 negative patients with positive blood, sputum, and/or other viral culture, and
the Culture Negative group represents COVID-19 negative patients with negative blood, sputum, and other
viral culture.
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