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Abstract

Rationale: In acute respiratory distress syndrome (ARDS), the
effect of positive end-expiratory pressure (PEEP) may depend on
the extent to which multiorgan dysfunction contributes to risk of
death, and the precision with which PEEP is titrated to attenuate
atelectrauma without exacerbating overdistension.

Objectives: To evaluate whether multiorgan dysfunction and
lung mechanics modified treatment effect in the EPVent-2
(Esophageal Pressure-guided Ventilation 2) trial, a multicenter
trial of esophageal pressure (Pes)-guided PEEP versus empirical
high PEEP in moderate to severe ARDS.

Methods: This post hoc reanalysis of the EPVent-2 trial evaluated
for heterogeneity of treatment effect on mortality by baseline
multiorgan dysfunction, determined via Acute Physiology and
Chronic Health Evaluation IT (APACHE-II). It also evaluated
whether PEEP titrated to end-expiratory transpulmonary pressure
near 0 cm H,O was associated with survival.

Measurements and Main Results: All 200 trial participants
were included. Treatment effect on 60-day mortality differed by

multiorgan dysfunction severity (P=0.03 for interaction). Pes-
guided PEEP was associated with lower mortality among
patients with APACHE-II less than the median value (hazard
ratio, 0.43; 95% confidence interval, 0.20-0.92) and may have
had the opposite effect in patients with higher APACHE-II
(hazard ratio, 1.69; 95% confidence interval, 0.93-3.05).
Independent of treatment group or multiorgan dysfunction
severity, mortality was lowest when PEEP titration

achieved end-expiratory transpulmonary pressure

near 0 cm H,O.

Conclusions: The effect on survival of Pes-guided PEEP,
compared with empirical high PEEP, differed by multiorgan
dysfunction severity. Independent of multiorgan dysfunction,
PEEP titrated to end-expiratory transpulmonary pressure closer
to 0 cm H,O was associated with greater survival than more
positive or negative values. These findings warrant prospective
testing in a future trial.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Previous multicenter
randomized trials evaluating positive
end-expiratory pressure (PEEP) strategy
in acute respiratory distress syndrome
(ARDS) have either failed to
demonstrate a significant treatment
effect on mortality or have demonstrated
increased mortality with an experimental
(less conventional) PEEP strategy.
Measuring esophageal pressure (Pes), an
estimate of pleural pressure, may permit
more precise PEEP titration that
minimizes both atelectrauma and
overdistension. However, the EPVent-2
(Esophageal Pressure-guided Ventilation
2) trial, the only multicenter randomized
trial of Pes-guided PEEP, did not
demonstrate a significant effect on
mortality compared with an empirical
high-PEEP strategy.

What This Study Adds to the Field:
This post hoc reanalysis of EPVent-2
found the effect of PEEP strategy on
mortality depended on pre-intervention
severity of multiorgan dysfunction. Pes-
guided PEEP was associated with lower
mortality among patients with less severe
multiorgan dysfunction and may have
had the opposite effect in patients with
more severe multiorgan dysfunction.
Independent of baseline illness severity,
mortality was lowest when PEEP
titration achieved an end-expiratory
transpulmonary pressure

(PL=airway — pleural pressure) near 0
cm H,0, consistent with mechanistic
understanding of biophysical lung injury
pathogenesis. Higher end-inspiratory Pr,
a marker of tidal overdistension, was
independently correlated with risk of
circulatory shock. A future clinical trial,
designed to account for baseline
heterogeneity of multiorgan dysfunction,
should evaluate PEEP titration to an
end-expiratory PL near 0 cm H,O with
inspiratory support individually tailored
to minimize overdistension.

Titration of positive end-expiratory pressure
(PEEP) in acute respiratory distress
syndrome (ARDS) ideally should balance
potential benefits of lung recruitment

1154

(preventing atelectrauma, attenuating
heterogeneous regional strain, and
facilitating gas exchange) against risks of
overdistension (biophysical trauma and
hemodynamic instability) (1). Esophageal
manometry, when used to estimate pleural
pressure, may facilitate more precise PEEP
titration by enabling measures of global lung
stress (transpulmonary pressure,

PL =airway — pleural pressure), identifying
the propensity for tidal recruitment and
derecruitment and distinguishing lung from
chest wall mechanics (2-5). How best to
incorporate these measurements to guide
PEEP titration in ARDS is not well
established.

The EPVent-2 (Esophageal Pressure-
guided Ventilation 2) trial, the largest
multicenter randomized trial to date utilizing
esophageal manometry, compared
esophageal pressure (Pes)-guided PEEP
versus empirical high PEEP in patients with
moderate to severe ARDS. In the Pes-guided
PEEP group, PEEP was adjusted to achieve
end-expiratory PL between 0 and 6 cm H,O
according to a PL-Fig, table (see the online
supplement) (4, 6). In the comparator group,
PEEP was adjusted according to an empirical
high PEEP- Fi, table (online supplement),
and Pes and PL were measured (though not
acted on) to permit mechanistic comparison
between groups. The overall trial result
found no significant difference in mortality
or key morbidity endpoints (7).

This study reanalyzes EPVent-2 to
evaluate the impact of 1) multiorgan
dysfunction and 2) lung mechanics on
treatment effect. First, we hypothesized
that the effect of Pes-guided PEEP may
depend on baseline attributable risk of
death, reasoning that patients with
severe multiorgan dysfunction and
comorbidities at baseline may be less
likely to benefit if their outcomes are
determined largely by other factors
(8-10). Second, we hypothesized that,
independent of treatment group, PEEP
titrated to end-expiratory PL near 0 cm
H,0 would be associated with greater
survival, reasoning that this value
balances the competing risks of
atelectrauma (from negative PL) and
overdistension (from overly positive Pr)
(7, 11, 12). This reanalysis was not
prespecified in the trial’s statistical
analysis plan, and findings should be
considered hypothesis-generating.

Some of the results of this study have
been presented previously at Critical Care

Canada Forum and to the Pleural Pressure
Working Group of the European Society of
Intensive Care Medicine.

Methods

Study Participants

All patients enrolled in EPVent-2
(NCTO01681225) were included (7). Patients
were eligible for the trial if aged 16 years or
older and undergoing invasive mechanical
ventilation for early moderate or severe
ARDS (Pag :Fip, < 200 mm Hg).

EPVent-2 Trial Procedures

Trial participants were randomly assigned to
one of two PEEP titration strategies (online
supplement). In the Pes-guided PEEP group,
Pes was measured at least once daily, and
PEEP was adjusted to achieve end-expiratory
PL between 0 and 6 cm H,O according to a
PL-Fig, table until gas exchange improved
sufficiently to initiate PEEP and Fip, weaning
(4, 6). End-inspiratory PL was not to exceed
20 cm H,O0.

In the empirical high-PEEP group,
PEEP was set according to a PEEP-Fi table,
and plateau airway pressure was not to
exceed 35 cm H,O. Although not acted on in
the empirical high-PEEP group, Pes and PL
were measured for the first 7 days to permit
mechanistic comparison between groups.

In both groups, VT of 6 (range, 4-8)
ml/kg predicted body weight and ventilator
weaning were determined by protocol.
Protocol-directed ventilator titration
continued through Day 28 or until successful
extubation, discharge, or study withdrawal.

Multiorgan Dysfunction Assessment
The Acute Physiology and Chronic Health
Evaluation IT (APACHE-II) score was used
to quantify baseline risk of death from
multiorgan dysfunction and chronic
morbidities (13). Predicted 60-day survival
was calculated from APACHE-II via logistic
regression. Analyses were repeated using a
modified APACHE-II computed without the
oxygenation subscore to reflect only
extrapulmonary illness. Other baseline
characteristics were compared according to
APACHE-II, dichotomized by the median
value (27.5) to facilitate data visualization.

Heterogeneity of Treatment Effect by
Multiorgan Dysfunction

The primary analysis tested whether
treatment effect on 60-day mortality differed
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by baseline APACHE-II. Cox proportional
hazards models were used entering
APACHE-II (as a continuous variable),
treatment group, and their interaction.
Kaplan-Meier plots for mortality treatment
effect by dichotomized APACHE-II were
compared using the log-rank test.

Several sensitivity analyses were
performed to confirm heterogeneity findings
were robust to varying model specifications
(online supplement), Logistic regression
models for 28-day, 60-day, and 1-year
mortality were built to confirm findings did
not depend on regression technique. Models
were rerun replacing APACHE-II with the
Sequential Organ Failure Assessment (SOFA)
score to determine if findings were robust to
different measures of multiorgan dysfunction.
In a post hoc analysis, to determine if shock
severity alone might explain observed
findings, additional Cox models tested for an
interaction between treatment group and
baseline SOFA-cardiovascular (SOFA-CV)
subscore. SOFA-CV is an ordinal score
ranging from 0, signifying no hypotension or
vasopressor requirement, to 4, signifying
shock requiring high-dose vasopressors (14).
Given baseline differences in body mass
index (BMI) by APACHE-II score, an
additional Cox model was developed post hoc
entering BMI, treatment group, and their
interaction to test for heterogeneity of
treatment effect according to BML

In evaluation of secondary outcomes,
Poisson regression models evaluated for effect
modification with ventilator-free days and
shock-free days (online supplement), entering
treatment group, APACHE-II, and their
interaction as covariates. Post hoc sensitivity
analyses of secondary outcomes are described
in the online supplement. Models also were
rerun replacing APACHE-II with SOFA-CV
to determine whether shock severity alone
might explain observed findings.

Mechanistic Analysis by
Transpulmonary Pressure

In the primary mechanistic analysis, Cox
models for 60-day mortality were developed
entering the average of the absolute value of
end-expiratory PL from baseline through Day
3 as the predictor of interest. This time
interval for averaging end-expiratory PL was
chosen a priori to minimize bias from
extubation, death, or empirical lowering of
PEEP during weaning. The absolute value of
end-expiratory PL (distance from 0 cm H,0)
was used to represent quantitatively the
mechanistic hypothesis that maintaining
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end-expiratory PL near 0 cm H,O might
mitigate both atelectrauma (from negative
P1) and overdistension (from overly positive
PL), thereby improving outcomes.

Several sensitivity analyses were
performed to challenge the hypothesis that
end-expiratory PL near 0 cm H,O was
associated with favorable clinical outcomes.
Average end-expiratory Pt through Day 3
was reentered in models dichotomized as
within protective range (end-expiratory PL
within =2 cm H,0) or nonprotective range
(end-expiratory PL of <—2 cm H,O or >2
cm H,0), a range selected a priori to
approximate the change in cardiac
oscillation pressure often seen with
esophageal manometry. To evaluate
whether a simpler linear relationship would
sufficiently explain the data, additional Cox
models evaluated average end-expiratory PL
as an untransformed variable without
taking the absolute value. Models were
developed without adjustment for
covariates, and separately with APACHE-II
and randomly assigned treatment group
entered as covariates. An interaction
between the absolute value of end-
expiratory PL and APACHE-II was tested in
a Cox model entering each term and their
multiplicative interaction to determine if
effect of PL depended on APACHE-II.
Kaplan-Meier plots for the relationship
between average PL (<—2 cm H,O, within
+2 c¢cm H,O, or >2 ¢cm H,0) and survival
through Day 60 were compared using the
log-rank test for equality across strata.

Given the concern for overdistension
injury, additional models were developed
entering end-inspiratory PL (peak global lung
stress) as a covariate of interest. An
unadjusted Cox model for 60-day mortality
was constructed to determine if end-
inspiratory PL correlated with mortality.
Then, to determine if the effects of end-
expiratory PL distance from 0 cm H,O were
explained in part by overdistension,
additional models entered both end-
expiratory PL and end-inspiratory PL,
adjusting for APACHE-II.

The possibility that ventilatory strategy
might contribute to hemodynamic
instability was explored via generalized
linear mixed models with logit link function
and random intercept to evaluate the
association of PL with occurrence of
vasopressor-dependent shock over time
(online supplement). The first set of models
entered end-expiratory Pr, day, and their
interaction as covariates. Considering tidal

overdistension a potential alternative
explanatory factor, a second set of models
instead entered end-inspiratory P1, day, and
their interaction as independent variables.
Finally, a third set of models entered as
independent variables end-expiratory Pr,
end-inspiratory P1, and the interaction of
each of them with time. In all models, the
comparison of interest was whether Pr
influenced odds of shock on successive study
days (i.e., the interaction of Pr with time).

Common Statistical Procedures

Patient characteristics were compared using
Fisher’s exact test, Wilcoxon rank-sum test, or
t test as appropriate. Final Cox models met
the proportional hazards assumption, assessed
via Schoenfeld residuals and evaluation for
time dependence of model covariates (online
supplement). For all analyses, P < 0.05 was
considered statistically significant without
adjustment for multiple comparisons. For
models evaluating differential response to
treatment, a statistically significant interaction
term was considered evidence of
heterogeneity of treatment effect. SAS 9.4 was
used for all analyses.

Results

Patient Characteristics
In total, 200 patients were enrolled in
EPVent-2 and included in this analysis. P
data were missing in one patient, in whom the
esophageal balloon catheter could not be
inserted successfully; that patient was included
in all analyses except those requiring P data.
Baseline characteristics by APACHE-II
are presented in Tables 1 and E1. Patients
with lower APACHE-II had higher BMI,
higher pH, and decreased need for
vasopressors at baseline. ARDS risk factors
and respiratory mechanics did not differ
significantly by APACHE-II. Treatment
assignment was evenly distributed as
expected from randomization.

Baseline lliness Severity and Risk

of Death

APACHE II was normally distributed
within each treatment group and evenly
distributed between groups (Pes-guided vs.
empirical high PEEP: 27.0 £ 7.7 vs.

27.7 £ 7.4; P=0.35). The corresponding
baseline risk of death by Day 60 was
median 36.6% (interquartile range,
29.0-43.0%) in the Pes-guided PEEP group
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Table 1. Characteristics of Trial Participants by APACHE-II

Variable

Age
Sex, F, n (%)
Weight, kg
Body mass index, kg/m?
Time intubated prior to enroliment, h
APACHE-II at enrollment
Acute physiology subscore
Chronic health subscore
SOFA at enroliment
ARDS risk factor, n (%)
Sepsis
Pneumonia
Aspiration
Multiple transfusions
Acute pancreatitis
Trauma
Any pulmonary risk factor
Respiratory characteristics at enrollment
pH
Paco,, mm Hg
Pao,:Fio,
V1, mi/kg PBW
Respiratory rate, breaths/min
VE, L/min
Ventilatory ratio*
Set PEEP, cm H,0O
Plateau airway pressure, cm H,O
Driving airway pressure, cm H,O
Pes, cm H,O
At end-expiration
At end-inspiration
Transpulmonary pressure, cm H,O
At end-expiration
At end-inspiration
Cointerventions at enrollment, n (%)
Vasopressors
Neuromuscular blockade
Systemic corticosteroids
Treatment assignment, n (%)
Pes-guided PEEP
Empirical PEEP
Outcomes
28-d mortality, n (%)
60-d mortality, n (%)
Ventilator-free days through Day 28
Shock-free days through Day 28
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Definition of abbreviations: APACHE-II = Acute Physiology and Chronic Health Evaluation Il; ARDS = acute respiratory distress syndrome; Cl = confidence
interval; PBW = predicted body weight; PEEP = positive end-expiratory pressure; Pes = esophageal pressure; SOFA = sequential organ failure assessment.
Data are shown as median (interquartile range) unless otherwise indicated.

*Low and high APACHE-II refer to patients with values less or greater than the median APACHE-II score, which was 27.5.

THodges-Lehmann estimation was used to determine unbiased median differences and 95% Cls for variables reported as median (interquartile
range). The result represents the median difference among all possible pairs formed by one patient from each group and thus does not

necessarily equal the crude difference between group medians.
+Ventilatory ratio is a surrogate for dead-space fraction calculated as [VE (ml/min) x Paco, (mm Hg)l/(predicted body weight X 100 X 37.5).

and 37.6% (31.9-44.3%) in the empirical
high-PEEP group (P=0.34).

A modified APACHE-II computed
without the oxygenation subscore did not
appreciably change the distribution of overall
illness severity or baseline risk of death
(Figure E1). Modified APACHE-II and

associated mortality risk remained evenly
distributed between treatment groups.

Heterogeneity of Treatment Effect
on Mortality
The effect of Pes-guided PEEP on 60-day

mortality differed by baseline overall illness

severity (P=0.03 for interaction of

treatment group with APACHE-II as a
continuous variable). Pes-guided PEEP was

associated with a 57% decrease in the

hazard for death among patients with a

low APACHE-II score (less than median
value) and appeared to have the opposite
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A Low APACHE-II

Pes-guided PEEP

Empirical high PEEP

20 30 40 50 60
Time (Days)

44 42 41 41 40

36 35 32 31 29

Empirical high PEEP

Pes-guided PEEP

1.0
0.8
s
%
8 0.6
<
o
S 0.4
I
@
0.2
0 Log-rank p =0.03
0 10
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o
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0 Log-rank p =0.08
0 10
No. at Risk
Pes-guided PEEP 51 38
Empirical high PEEP 50 40

20 30 40 50 60
Time (Days)

31 26 26 23 23
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Figure 1. Kaplan-Meier survival analysis by randomly assigned treatment group, stratified by

APACHE-II score. Low and high APACHE-II scores refer to patients with values less or greater
than the median APACHE-II score, respectively. Median APACHE-II score was 27.5. APACHE-
Il = Acute Physiology and Chronic Health Evaluation Il; PEEP = positive end-expiratory pressure;

Pes = esophageal pressure.

effect in patients with a high APACHE-II
score (hazard ratio [HR] for a low
APACHE-II score, 0.43, 95% confidence
interval [CI], 0.20-0.92; HR for high
APACHE-II score, 1.69; 95% CI 0.93-3.05;
P <0.01 for interaction with dichotomized
APACHE-II) (Figure 1).

In sensitivity analyses, separate Cox
proportional hazards models
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demonstrated a significant interaction
between treatment group and modified
APACHE-II with the pulmonary subscore
removed (P = 0.04), and when APACHE-II
was replaced by SOFA in the model
(P=0.04) (Table E2). Logistic regression
confirmed the significant
treatment-APACHE-II interaction was
independent of modeling technique

(Table E2) and consistent across 28-day,
60-day, and 1-year mortality (Figure 2).
Across analyses, the interaction
consistently indicated Pes-guided PEEP
was associated with more favorable
outcomes among patients with less
multiorgan dysfunction, and less favorable
outcomes among patients with more
multiorgan dysfunction.

Although BMI was higher in patients
with a low APACHE-II score (Table 1), there
was no evidence for heterogeneity of
treatment effect on 60-day mortality by BMI
(P=0.74 for interaction of BMI with
treatment group). The interaction between
treatment group and APACHE-II score
remained significant in multivariable models
adjusting for BMI (Table E2).

Heterogeneity of Treatment Effect on
Secondary Endpoints

The effect of Pes-guided PEEP on both
ventilator-free days and shock-free days was
dependent on baseline overall illness severity
(P < 0.01 for interaction of treatment group
with APACHE-II score in Poisson regression
models).

The directionality of treatment effect on
both ventilator-free days and shock-free days
mirrored that for mortality (Figure 2).
Among patients with lower APACHE-II
scores (less than median value), assignment
to Pes-guided PEEP was associated with
more ventilator-free days and shock-free
days, whereas the opposite effect was seen
among patients with higher APACHE-II
scores (Figure 3).

However, APACHE-II-dependent
treatment effects on ventilator-free days
and shock-free days were not robust to
post hoc sensitivity analyses. Neither the
zero-inflated negative binomial model nor
the stratified rank-sum van Elteren test
provided evidence to suggest the effect of
treatment group on either ventilator-free
days or shock-free days was dependent on
APACHE-II score.

Effects of Baseline Shock Severity on
Mortality and Secondary Endpoints
The effect of Pes-guided PEEP on 60-day
mortality did not depend on baseline
hemodynamic instability, assessed via
SOFA-CV score (P=0.12 for interaction of
SOFA-CV with treatment group in Cox
model) (Table E3). However, baseline
SOFA-CV score did modify the effect of
Pes-guided PEEP on both shock-free days
and ventilator-free days (P < 0.01 for
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g:gzc::)n:pand Pesp;ggi;led hEi;nhng:glla Treatment Effect Estimate (95% CI) P value
No. (%) No. (%)
Mortality at day 28
Overall 33/102 (32.4) 30/98 (30.6) —— 1.08 (0.60-1.97)  0.79
Low APACHE-II 8/51 (15.7) 13/48 (27.1) —— 0.50 (0.19-1.34) X
High APACHE-II 25/51 (49.0) 17/50 (34.0) - 1.87 (0.84-4.16) ‘ 004
Mortality at day 60
Overall 38/101 (37.6) 37/98 (37.8) —i— 0.99 (0.56-1.77)  0.98
Low APACHE-II 10/50 (20.0) 19/48 (39.6) — 0.38 (0.16-0.94) X
High APACHE-II 28/51 (54.9) 18/50 (36.0) — 2.16 (0.97-4.81) <001
Mortality at 1 year
Overall 44/100 (44.0) 44/96 (45.8) —— 0.93 (0.53-1.63)  0.80
Low APACHE-II 14/50 (28.0) 22/48 (45.8) —— 0.46 (0.20-1.06) .
High APACHE-II 30/50 (60.0) 22/48 (45.8) - 1.77 (0.80-3.95) ‘ 002
T T TorrTTTT T |
0.1 1 10
B Odds Ratio _
- Favors Pes- Favors empiric;
guided PEEP high PEEP
Median (IQR) Median (IQR)
Ventilator-free days
Overall 15.5 (0-23) 17.5 (0-23) - 0.98 (0.90-1.06)  0.57
Low APACHE-II 21 (6-24) 17.5 (0-24) —a— 1.25 (1.13-1.38) X
High APACHE-II 0 (0-21) 17.5 (0-22) —— 0.69 (0.61-0.77) <001
Shock-free days
Overall 14 (0-21) 17 (0-21) R = 0.90 (0.84-0.98)  0.01
Low APACHE-II 20 (11-23) 18 (0-22) — 1.10 (0.99-1.22)
High APACHE-II 3(0-18) 16 (0—20) —— 0.67 (0.59-0.76) <001
015' 12I

Incidence Rate Ratio

< -

Favors empirical Favors Pes-
guided PEEP

high PEEP

Figure 2. Treatment effects by APACHE-II score. Odds ratio for mortality <1 indicates treatment effect favors Pes-guided PEEP. Incidence rate
ratio >1 indicates treatment effect favors Pes-guided PEEP. Effect estimates are reported from the overall study population or unadjusted
subgroup logistic or Poisson models as indicated. *P value for interaction term. APACHE-II = Acute Physiology and Chronic Health Evaluation II;
IQR =interquartile range; PEEP = positive end-expiratory pressure; Pes = esophageal pressure.

shock-free days and ventilator-free days
(Figure E2).

than half of patients (45.5%) had end-
expiratory PL within the hypothesized
protective range of 2 cm H,O (Figure 4).
End-expiratory P did not differ significantly
between treatment groups at baseline.

Upon initiating study-directed PEEP,
end-expiratory PL was maintained nearer
to 0 cm H,O through the majority of

interaction in Poisson models). In patients
without shock or hypotension at baseline
(SOFA-CV score of 0), Pes-guided PEEP
was associated with more shock-free days
and ventilator-free days. By contrast, in
patients with vasopressor-dependent shock
at baseline (SOFA-CV score of 3 or 4),
Pes-guided PEEP was associated with fewer

Distribution of End-Expiratory PL
End-expiratory PL values were reported in
191 of 200 patients at baseline, and 199 of
200 patients on protocol. At baseline, 57.1%
of patients had a negative P value, and fewer
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study days over the first week in patients
assigned to Pes-guided PEEP irrespective of
APACHE-II score (Figures 4 and E3).
Patients assigned to Pes-guided PEEP also
were substantially more likely to have
end-expiratory PL within the protective
range of £2 cm H,O through Study Day 7
(Figure 4 and Table E4).

Association of End-Expiratory PL

with Mortality

Greater distance of end-expiratory PL from 0
cm H,O through Day 3 was associated with
increased 60-day mortality (HR 1.10, 95% CI
1.01-1.21 per 1-cm H,O increase in absolute
value of Pr; P=0.04). End-expiratory PL
distance from 0 cm H,O remained
significantly associated with mortality in
separate models adjusting for APACHE-II
score and treatment group (Table E5). The
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association between PL distance from 0 cm
H,O (absolute value of Pr) and 60-day
mortality was not dependent on APACHE-II
(P=0.91 for interaction).

Additional models were developed
recoding end-expiratory Pr according to
whether values were within the hypothesized
protective range of =2 cm H,O. Patients
within the protective range on average
through Study Day 3 had significantly lower
mortality (HR 0.48, 95% CI 0.29-0.79;

P < 0.01). In exploratory pairwise
comparisons, patients with end-expiratory PL
within the protective range had lower
mortality compared with either those with Pr
less than —2 cm H,O (log-rank P =0.04) or
separately with PL greater than 2 cm H,O
(log-rank P=0.02) (Figure 5). The
association between protective-range end-
expiratory PL and lower mortality remained

statistically significant in additional models
adjusting for APACHE-II score and
treatment group (Figure E4 and Table E5)
and was not dependent on APACHE-II score
(P=0.68 for interaction with APACHE-II
score) (Figure E5).

By contrast, average end-expiratory PL
through Day 3 as a continuous
nontransformed variable (not transformed as
absolute value) was not associated with
60-day mortality (HR 1.02, 95% CI
0.94-1.10; P=0.70). There was no evidence
to suggest nontransformed end-expiratory PL
had a differential effect on mortality
dependent on APACHE-II (P =0.82 for
interaction).

The relationship between end-
expiratory PL distance from 0 cm H,O and
both ventilator-free and shock-free days is
presented in Figure 6.
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Distribution of End-Inspiratory PL
Baseline end-inspiratory PL values were
reported in 190 of 200 patients and did not
differ substantially between treatment groups
or by APACHE-II score at baseline (Tables 1
and E1). In both treatment groups, end-
inspiratory Pr increased by 2 cm H,O on
average once protocol ventilator settings
were introduced. Overall, there was no
significant difference in end-inspiratory PL
through Day 7. However, among the
subgroup of patients with high APACHE-II
scores, end-inspiratory PL was significantly
higher in patients assigned to Pes-guided
PEEP during 2 of the first 3 days on study
protocol (Figure 4). No significant difference
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in end-inspiratory PL was observed among
the subgroup with low APACHE-II scores
on any study day.

Association of End-Inspiratory PL,
End-Expiratory PL, and Outcomes
End-inspiratory PL averaged through Day 3
was not significantly associated with 60-day
mortality in unadjusted analysis (HR 1.03,
95% CI0.98-1.09; P=0.28).

In the multivariable model including
end-inspiratory PL and APACHE-II score,
the association between greater distance of
end-expiratory PL and higher mortality
remained statistically significant (HR 1.13,
95% CI 1.02-1.24 per 1-cm H,O increase in

absolute value of end-expiratory Pr;
P=0.02). In this model, higher end-
inspiratory PL also appeared associated with
higher mortality, although the relationship
did not quite achieve statistical significance
(HR 1.05, 95% CI 1.00-1.11 per 1-cm H,O
increase in end-inspiratory Pr; P=0.07).

In generalized linear mixed models, the
risk over time of vasopressor-dependent
shock was increased with either higher end-
expiratory Pr or higher end-inspiratory PL
when entered separately into models
(Table E6). When both end-expiratory and
end-inspiratory PL were entered together
into the model, higher end-inspiratory Pr
remained significantly associated with
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greater risk of shock over time, whereas end-
expiratory PL was no longer associated with
daily risk of shock (Table E6).

Discussion

In this post hoc reanalysis of the EPVent-2
trial, the effect on survival of Pes-guided
PEEP compared with empirical high PEEP
differed by baseline severity of multiorgan
dysfunction. Pes-guided PEEP was associated
with greater survival in patients with less
multiorgan dysfunction and may have had
the opposite effect in patients with severe
baseline multiorgan dysfunction. Differences
in end-expiratory PL and hemodynamic
instability influenced by tidal overdistension
may explain these findings. Independent of
treatment group and multiorgan
dysfunction, PEEP titration that achieved
end-expiratory PL close to 0 cm H,O was
associated with greater survival than more
positive or negative end-expiratory PL values.
The probability that a given
intervention may improve chances of
survival in the patient with ARDS depends
on several factors: 1) the patient’s overall risk
of death; 2) the extent to which risk of death
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is driven by ARDS versus other factors
(disease-attributable risk); 3) the extent to
which risk of death from ARDS is driven by
the mechanism targeted by the intervention
(mechanism-attributable risk); 4) efficacy of
the intervention to modify the mechanism-
attributable risk; and 5) risk of off-target
effects from the intervention.

In patients with severe ARDS without
extensive extrapulmonary multiorgan
dysfunction, risk of death is attributable
primarily to lung injury, and precise PEEP
titration might be likelier to improve
outcomes. In patients with severe multiorgan
failure, heightened risk of adverse
hemodynamic effects with higher PEEP and/
or resulting tidal overdistension may exceed
any lung-protective benefit. Differences in
disease-attributable risk and susceptibility to
off-target effects thus might explain the
heterogeneity of treatment effect by
APACHE-II score in EPVent-2.

The mechanistic analysis by Pr suggests
another potential explanation. Higher
end-inspiratory P1, indicative of tidal
hyperinflation, was associated with increased
risk of shock. Among patients with high
APACHE-II scores, end-inspiratory PL was
significantly higher in the Pes-guided PEEP

group on 2 of the first 3 days on protocol,
suggesting tidal hyperinflation could have
contributed to poorer outcomes in the
subgroup of patients with high APACHE-II
scores. No meaningful difference in
end-inspiratory PL was noted on protocol
among patients with low APACHE-II scores.

Independent of APACHE-II score or
treatment group, risk of death was less the
closer end-expiratory PL was to 0 cm H,O,
consistent with preclinical data and
pathophysiological understanding of the
competing goals to mitigate both
atelectrauma and hyperinflation with PEEP
titration (12, 15-18). Although not strictly
targeted in the Pes-guided strategy, end-
expiratory PL was nearer to 0 cm H,O in the
Pes-guided PEEP group, suggesting a
treatment-driven protective effect.

Whether concomitantly reducing Vr
when increasing PEEP might mitigate risk
and maximize patient benefit warrants
consideration in future studies. Until then,
high PEEP should be used with caution in
patients with severe shock, particularly if the
chosen PEEP generates end-expiratory PL far
exceeding 0 cm H,O.

Limitations

This analysis was not prespecified in the trial
protocol. Post hoc subgroup analyses are
often viewed with skepticism (19). Still,
analyzing trial results for risk-based
treatment effect heterogeneity is essential to
interpreting findings (8, 20) and weighing
whether they apply to a given patient in
clinical practice (21).

The trial’s modest sample size of 200
participants may underpower to detect other
clinically important differences and lessen
precision of effect estimates. Statistical
analyses did not correct for multiple testing,
risking type I error inflation. All statistical
procedures conducted after the primary
analyses were sensitivity analyses to evaluate
robustness of findings and guide
interpretation of main results.

Findings of APACHE-II-dependent
heterogeneity of treatment effect on
secondary outcomes ventilator-free and
shock-free days should be interpreted
cautiously. Poisson regression was chosen a
priori for modeling ventilator-free and
shock-free days to preserve interpretability
and facilitate tests of interaction. However,
there is no consensus on how best to model
“failure-free days” outcomes (22), and
treatment effects on ventilator-free and
shock-free days were not robust to sensitivity
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analyses using alternative analytic
approaches. As with other analyses, findings
should be considered hypothesis-generating
and warrant prospective testing in a

future trial.

The trial’s Pes-guided PEEP strategy
allowed end-expiratory PL up to 6 cm H,O
with submaximal Fip , but the present
findings suggest end-expiratory PL nearer 0
cm H,0O might be more protective (1). The
Pes-guided PEEP strategy also allowed end-
inspiratory PL as high as 20 cm H,0, a value
comparable to that observed at total lung
capacity in healthy individuals and which
might exceed the safe limit in patients at
risk of biophysical lung injury (3). Adopting
a lower limit before reducing V' to
attenuate overdistension might enhance
lung protection with Pes-guided PEEP.

Positive end-expiratory PL could be a
marker of lung injury severity without causal
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relation to outcome, as higher PEEP and
end-expiratory PL were targeted per protocol
when higher Fi, was needed to maintain
oxygenation. However, end-expiratory PL
was not linearly associated with outcome.
Rather, mortality increased the further end-
expiratory Pr deviated from 0 cm H,O in the
positive or negative direction.

APACHE-II includes factors that are
not direct markers of multiorgan
dysfunction (e.g., age, temperature),
although similar heterogeneity of
treatment effect was observed by baseline
SOFA score, another measure of
multiorgan dysfunction. Still, differences
in illness severity scores could underlie
other occult subpopulation differences
(e.g., ARDS precipitant, immune response
to lung injury, or regional strain
distribution) that might be the main
drivers of differential treatment effects.

Conclusions

Treatment effects in the EPVent-2 trial
depended on baseline severity of multiorgan
dysfunction. Pes-guided PEEP was associated
with greater survival among patients with less
severe baseline extrapulmonary organ
dysfunction. Pes-guided PEEP also may have
exacerbated hemodynamic instability in those
with baseline severe shock via tidal
hyperinflation. Independent of treatment
assignment and multiorgan dysfunction,
lower risk of death was observed among
patients for whom PEEP achieved an end-
expiratory PL near 0 cm H,O. This post hoc
analysis was conceived after trial completion,
and results should be interpreted as
hypothesis-generating. These findings
warrant further examination prospectively in
a clinical trial designed to account for
baseline heterogeneity of multiorgan
dysfunction, in which the intervention sets
PEEP to achieve end-expiratory PL near 0 cm
H,O while titrating inspiratory support to
attenuate overdistension.
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