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oxygenation improvement as a valuable
predictor of survival in patients with acute
respiratory distress syndrome: a retrospective
observational study

Hanwen Liang"?', Qiuxue Deng'?', Weiyan Ye'?, Zhenijie Jiang'?, Baozhu Zhang'?, Jiesen Zhang'?,
Mei Jiang'” and Yuanda Xu'?"

Abstract

Background In patients with severe acute respiratory distress syndrome (ARDS), prolonged and inappropriate use
of prone position ventilation (PPV) is a known risk factor for mortality. Hence, it is critical to monitor patients'response
to PPV and accurately differentiate responders from non-responders at an early stage. The study aimed to investigate
the relationship between oxygenation improvement after three rounds of PPV and survival rate in patients with pul-
monary ARDS. Additionally, we sought to identify the earliest turning point for escalation from PPV to extracorporeal
membrane oxygenation.

Methods We performed a retrospective observational study from 2015 to 2023. We included adult patients
who received invasive mechanical ventilation, underwent at least three periods of at least 6 h of PPV after admis-
sion to the Intensive Care Unit, and meet the ARDS criteria. The study collected data on each PPV session, includ-
ing changes in PaCO,, PaO,, pH, FiO,, PaO,:FiO, ratio, and clinical outcomes.

Results A total of 104 patients were enrolled in the study. The change in PaCO, from baseline to the third PPV session
(P3) had the highest area under the receiver operating characteristic curve (AUC) of 0.70 (95% Cl 0.60-0.80; p <0.001)
for predicting hospital mortality, with an optimal cut-off point of 3.15 (sensitivity 75.9%, specificity 56.0%). The per-
centage change in PaO,:FiO, ratio from baseline to P3 also had significant AUC of 0.71 (95% CI 0.61-0.81; p<0.001)

for predicting hospital mortality, with an optimal cut-off value of 99.465 (sensitivity 79.6%, specificity 62.0%).

PaCO, responders were defined as those with an increase in PaCO, of <3.15% from baseline to P3, while PaO,:FiO,
responders were defined as those with an increase in PaO,:FiO, ratio of > 99.465% from baseline to P3. In the multi-
variable Cox analysis, PaO:FiO, responders had a significantly lower 60-day mortality risk (hazard ratio 0.369; 95% Cl
0.171-0.798; p=0.011).
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Conclusions The percentage change in PaO,:FiO, ratio from baseline to P3 was a significant predictor of outcomes.
The model fit and prediction accuracy were improved by including the variable of PaCO, responders.

Keywords Acute respiratory distress syndrome, Oxygenation, Prone position, Responders, Ventilation

Introduction

The overall mortality for patients with severe acute res-
piratory distress syndrome (ARDS) remains approxi-
mately 45% [1-3]. Moreover, over 15% of hospitalized
patients with COVID-19 develop pulmonary ARDS,
which is the primary cause of death in these patients
[4-11]. Prone position ventilation (PPV) has been
evaluated as a key strategy in managing severe ARDS
patients [12, 13]. Studies have shown that 32.9% of
patients with severe ARDS were treated with PPV [14],
and this proportion was even higher in COVID-19
patients (77%) [15]. Early (within 36 h) and prolonged
PPV can improve lung homogeneity, ventilation/per-
fusion ratios, and outcomes in patients with moderate
to severe ARDS by reducing ventilator-associated lung
injury (VALI) [16-18].

However, irrationally prolonged PPV has been iden-
tified as a risk factor for mortality in severe ARDS
patients, as it may delay the initiation of extracorporeal
membrane oxygenation (ECMO) [16, 19, 20]. There-
fore, it is essential to monitor patients’ responses to
PPV treatment and accurately distinguish responders
from non-responders early on. However, there are vari-
ous definitions for prone positioning responders. Some
studies have defined PPV responders as patients whose
PaO,/FiO, (P/F) improved by 20% or 53.5% after PPV,
while others defined PPV responders as those with a
decrease in PaCO, of > 1 mmHg [21-27]. Existing stud-
ies have defined PPV responders and non-responders
based solely on the changes in arterial blood gas after a
single prone-positioning session. However, treatments
targeting the etiology of ARDS may not take effect after
the first PPV session. Therefore, predicting outcomes
based solely on changes between baseline and the first
PPV treatment may have limited clinical value. Fur-
thermore, in clinical practice, PPV is often performed
multiple times [28-30], even if oxygenation does not
improve after previous sessions, as demonstrated in the
PROSEVA trial [16]. Additionally, under the framework
of lung-protective ventilation, PPV is often performed
with low tidal volume ventilation, which can result in
hypercapnia [31].

Therefore, it is desirable to use a composite measure
of PPV efficacy and identify an early turning point for
escalating from PPV to ECMO. The objective of our
study was to explore the relationship between oxy-
genation improvement after three rounds of PPV and

survival in patients with pulmonary ARDS, in order to
support clinical decision-making on PPV during the
COVID-19 pandemic.

Methods

Study design

We performed a retrospective observational study in the
Intensive Care Unit (ICU) of the First Affiliated Hospi-
tal of Guangzhou Medical University, a tertiary-care
referral hospital in China, between November 2015 and
March 2023. The institution’s Medical Ethics Commit-
tee waived the requirement for written informed consent
and approved the study (ES-2023-K006-01). The study
was reported adhering to the STROBE (Strengthening
the Reporting of Observational Studies in Epidemiology)
statement guidelines [32].

Participants

To be eligible for inclusion in the study, patients had to be
adults (> 18 years), receiving invasive mechanical ventila-
tion, undergoing at least three PPV sessions after admis-
sion to the ICU, and meeting the criteria for ARDS as
per the Berlin definition [33]. Exclusion criteria included
patients who received PPV for less than 6 h each time,
patients who underwent ECMO before or during the first
three PPV attempts, patients with severe immunosup-
pression due to drug-induced immunosuppression for
solid-organ transplantation or human immunodeficiency
virus infection, pregnant women, and those with multiple
organ failure.

Procedures and definitions

Lung-protective ventilation was applied to all ARDS
patients throughout the study period following the guide-
lines [12, 34]. All other ventilator variable settings and
the use of PPV were left to the discretion of the physi-
cians, who adhered to the guidelines and the Berlin defi-
nition. Patients were placed in PPV for at least 6 h daily.
Sedation, neuromuscular blocking agents, and analgesia
were provided as required.

Arterial blood gas (ABG) analyses were performed at
admission to the ICU. For patients requiring PPV, ABG
analyses were performed at least 2 h after each PPV ses-
sion. ABG (PaCO,, PaO,, pH) analyses were measured
using a point-of-care blood gas analyzer (ABL800 FLEX,
Radiometer, Denmark), and FiO, was recorded from
the ventilator at the time of blood sampling for ABG
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analyses. The P/F ratio was calculated using variables
obtained after the completion of each PPV session.

Data collection and evaluation

Data were obtained from the nursing records and hos-
pital electronic database records, and all individual data
were anonymized. All medical records were indepen-
dently reviewed by two researchers to determine the
patients’ demographics (age and gender), time from
admission to ICU to the first PPV, Acute Physiology and
Chronic Health Evaluation (APACHE) II, Sequential
Organ Failure Assessment (SOFA), Richmond Agitation
Sedation Scale (RASS), comorbidities, neuromuscular
blocking agents use, arterial blood gases (PaCO,, PaO,,
pH), FiO,, P/F ratio, and clinical outcomes (ventilator-
free days at 28 days, length of in-hospital stay, length of
ICU stay, 28-day mortality, 60-day mortality, and hospital
mortality). The primary outcome was all-cause hospital
mortality. Secondary outcomes included 28-day hospital
mortality and 60-day hospital mortality. Patients were
followed until hospital discharge or death. We recorded
each PPV section and subsequent changes in PaCO,,
PaO,, pH, FiO,, and P/F ratio. If these data were miss-
ing, we used data closest time point but never more than
16 h after the PPV session. Only the earlier ABG result
remained in the final analysis if the patient had multiple
ABG results at the same PPV section interval.

Statistical analysis

Given the retrospective exploratory nature of the study,
formal sample size or power calculations were not
conducted. Missing or questionable data values were
interpolated or verified by cross-referencing with data
extracted from original medical records.

Quantitative variables were presented as the
mean * standard deviation (SD) or median with inter-
quartile range (IQR), depending on the normality of the
distribution. Qualitative variables were expressed as
frequencies (%), and compared using the Chi-square or
Fisher exact test, as appropriate. Statistical significance
among groups was determined by the ANOVA test when
data met assumptions of normal distribution and equal
variance. Otherwise, the Mann—Whitney U tests were
applied.

Repeated blood sample results (PaCO,, PaO,, pH,
FiO,, and P/F ratio) from the baseline to each prone posi-
tion were analyzed using linear mixed-effects models to
account for the repeated measures structure of the data-
set. Satterthwaite’s method was used to estimate p val-
ues for the mixed-effects models, and the fixed effects
parameters (times of prone position) were estimated
using maximum likelihood estimation.
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Receiver operating characteristic (ROC) curves were
generated to determine the predictive value of the per-
centage PPV-induced changes in the P/F ratio and
PaCO, between baseline and each PPV session for hos-
pital mortality. The optimal cutoff values of ROC curves
were identified through Youden’s index, which maximizes
the sum of sensitivity and specificity. The area under the
curves (AUC), a quantitative measure of the model per-
formance, was presented with 95% CI. A value of AUC
close to 1 indicates better model performance.

The association between different variables and hospi-
tal mortality in patients who received PPV for ARDS was
analyzed using multivariate logistic regression models.
Variance inflation factors (VIFs) were assessed to test for
the presence of multicollinearity. A stepwise forward—
backward selection procedure was used with a stopping
rule based on the minimum Bayesian Information Crite-
rion (BIC). The goodness of fit was evaluated using the
Hosmer—Lemeshow test. A nomogram plot was gener-
ated based on the multivariate logistic regression models.
The model was internally validated using bootstrap resa-
mpling for 1000 iterations and bias-corrected.

We verified the proportional hazards assumption that
risk functions for different values of covariates were pro-
portional. Time-to-event data were analyzed using the
Kaplan—Meier method and survival curves between two
groups were compared via a Log-rank test. Hazard ratios
(HRs) with 95% Cls were calculated using Cox propor-
tional hazards models. Multivariate Cox regression also
applies a stepwise forward—backward selection proce-
dure for variable screening.

Statistical analyses were performed using R and the
R-studio interface by independent statisticians (R version
4.3.1). If not specified, a two-sided P value < 0.05 was con-
sidered statistically significant.

Results

Patient characteristics

During the study period, 12,495 patients were admitted
to our ICU. Of these, 893 (7.15%) met the Berlin criteria
for ARDS and required invasive mechanical ventilation
(IMV). After excluding patients who did not meet the
inclusion criteria, 104 patients (79 male and 25 female)
remained in the analysis. The median age of the included
patients was 60 (IQR, 51-72) years and the mean
APACHE II score of 22 +7. (Fig. 1) Fifty patients survived
the hospital stay, and the overall 28-day mortality rate
was 24.0%.

The characteristics of the patients were grouped by
prognosis status and are presented in Table 1. There were
no statistically significant differences among the groups
in demographic characteristics, time from admission to
ICU to the first PPV, sedation scores, or severity scores
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12495 patients were admitted
to our ICU between
November 2015 and March 2023

12391 Excluded:

697 did not required PPV

13 less than 6 hours of PPV

or PPV initiated after ECMO

11602 did not met the Berlin criteria for ARDS

16 received ECMO during the first three periods of PPV

63 less than three periods of PPV

104 Patients included

!

l

54 Patients died in hospital

50 Patients survived
the hospital stay
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Fig. 1 Flow Diagram of the study population. ICU intensive care unit. ARDS acute respiratory distress syndrome. PPV prone position ventilation.

ECMO Extracorporeal Membrane Oxygenation

Table 1 Characteristics of the patients at baseline

Characteristic Total (n=104) Survivors Non-survivors p value
(n=50) (n=54)
Age, years 60.00 [51.00, 72.25] 60.00 [49.00, 72.00] 62.50 [53.25,72.75] 0376
Gender, male 79 (76.0) 38(76.0) 41 (75.9) >0.999
Bacterial infection 60 (57.7) 32 (64) 28(51.9) 0.238
APACHE Il score (mean (SD)) 21.88(7.15) 21.98 (7.50) 21.80 (6.89) 0.897
SOFA score 9.00[7.00, 11.00] 9.00 [6.25, 11.00] 8.00[7.00, 11.00] 0.541
RASS (mean (SD)) -3.83(0.53) -3.80 (0.61) -3.85(045) 0.62
Neuromuscular blockade 67 (64.4) 31 (62.0) 36 (66.7) 0.684
Time from admission to ICU to the first ~ 1.00 [0.00, 3.00] 1.00 [0.00, 3.00] 1.00 [0.00, 2.00] 0.962
PP
Comorbidities
Septic shock 65 (62.5) 26 (52.0) 39(72.2) 0.043
Immunocompromised 54 (51.9) 17 (34.0) 37 (68.5) 0.001
Barotrauma 12(11.5) 5(10.0) 7(13.0) 0.763
Severe pneumonia 101 (97.1) 47 (94) 54 (100) 0.108
COVID-19 23(22.1) 11 (22.0) 12(22.2) >0.999
Pre-prone ventilation parameters
FiO, 0.90[0.70, 1.00] 0.90[0.70, 1.00] 0.98[0.71, 1.00] 0.444
Pre-prone blood gases
pH 7.3717.32,742] 7.3717.29,742] 7.38[7.34,743] 0177
PaCO,, mm Hg 4145 [36.50, 50.17] 42.85[37.33,53.63] 39.90 [35.65,47.72] 0.161
Pa0O,, mm Hg 79.85 [66.00, 102.00] 83.65 [66.12, 103.75] 77.50[66.32, 100.12] 0711
P/F ratio, mm Hg 93.93[73.85, 141.75] 97.83[83.48, 142.25] 89.67 [71.03,136.92] 0.347

Data are reported as n (%), mean (SD), or median [1st-3rd quartile]

APACHE acute physiology and chronic health evaluation, COVID-19 Coronavirus disease 2019, FiO, fraction of inspired oxygen, PaCO, arterial partial pressure of
carbon dioxide, Pa0, arterial partial pressure of oxygen, P/F ratio PaO,:FiO,, PP prone position, SD standard deviation, SOFA sequential organ failure assessment, RASS

Richmond Agitation Sedation Scale

at ICU admission. Barotrauma, bacterial infection, and  higher percentage of immunocompromised patients (17

severe pneumonia were similar between the groups.
However, the non-survival group had a significantly

(34.0%)] vs 37 [68.5%]; p=0.001).
The results of arterial blood gas analysis and ventilator

settings at baseline did not show statistically significant
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Fig. 2 Mean values of PaO,:FiO, ratio at baseline and after each prone position ventilation session. Error bars indicate standard deviation. PaO,:FiO,
ratio was obtained at the following time points: ICU admission (baseline), after the first prone position ventilation session (time P1), after the second
prone position ventilation session (time P2), and after the third prone position ventilation session (time P3)

differences between hospital survivors and non-sur-
vivors. At baseline, the median length of ICU stay and
hospital stay were 28 days (17—43 days) and 35 days (23—
57 days), respectively. The median P/F ratio was 93.9 mm
Hg (73.9-141.8 mm Hg) and PaCO, was 41.5 mm Hg
(36.5-50.2 mm Hg).

Oxygenation response to PPV sessions
During the three PPV sessions, neuromuscular block-
ades were used in 67 (64.4%) of the patients, showing no
statistically significant differences between hospital sur-
vivors and non-survivors. The first PPV session resulted
in a rise in the P/F ratio that persisted after the patient
was repositioned back in the supine position in 87.5% of
the cases. Following the first PPV session, the P/F ratio
increased in 47 (94%) of survivors and 44 (81.5%) of
non-survivors.

Among survivors, the P/F ratio increased from
117+52 mm Hg at baseline to 192+66 mm Hg at
the first PPV (P1), to 220+ 64 mm Hg at the second

PPV (P2), and to 232+68 mm Hg at the third PPV
(P3). In non-survivors, the P/F ratio stepped up from
111+49 mm Hg at baseline to 164+60 mm Hg at
P1, to 169+60 mm Hg at P2, and then declined to
165+ 63 mm Hg at P3.

The PaCO, among survivors increased from 45+ 11 mm
Hg at baseline to 48+12 mm Hg at P1. However, three
rounds of PPV yielded similar results (P2: 46+8 mm Hg;
P3:47 +8 mm Hg). In non-survivors, PaCO, kept increas-
ing from baseline (42+10 mm Hg), reaching 54+ 12 mm
Hg at P3. (Fig. 2 and Table 2).

No significant differences were found in PaCO,
through the first PPV period between the survival and
non-survival groups. However, PaCO, was found to be
significantly different at P2 (»p=0.004) and P3 (»<0.001).
Between-group differences were significant in the
P/F ratio for all PPV rounds (pp;=0.025; pp,<0.001;
Pp3<0.001). (Table 2) The results of analyzing repeated
blood samples (PaCO, and P/F ratio) between each PPV
group are presented in e-Table 1 and e-Table 2.
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Table 2 Blood gases in survivors and non-survivors

Survivors (n=50) Non-survivors (1=54) p value

pH
|ICU admission  7.35 (0.09) 7.38 (0.07) 0.084
PPV times 1 7.35 (0.08) 7.35(0.07) 0916
PPV times 2 7.39 (0.06) 7.37 (0.06) 0.03
PPV times 3 741 (0.06) 7.36 (0.07) 0.001
PaCO,
ICU admission 5(10.56) 4246 (10.03) 0.186
PPV times 1 3(12.15) 51.32(11.27) 0.168
PPV times 2 46.28 (8. 24) 51.56 (9.98) 0.004
PPV times 3 46.52 (7.80) 5442 (12.12) <0.001
Pao,
ICU admission  89.60 (32.68) 89.75 (36.73) 0.983
PPV times 1 120.49 (30.60) 116.08 (34.87) 0.496
PPV times 2 122.48 (31.35) 108.56 (28.27) 0.019
PPV times 3 117.87 (26.24) 101.38 (23.90) 0.001
FiO,
ICU admission  0.83 (0.20) 0.86 (0.18) 0438
PPV times 1 0.66 (0.15) 0.75(0.17) 0.008
PPV times 2 0.58 (0.13) 0.68 (0.14) <0.001
PPV times 3 0.53(0.11) 0.66 (0.15) <0.001
P/F ratio
ICU admission  116.50 (52.10) 110.55 (49.29) 0.55
PPV times 1 191.58 (65.66) 163.51 (60.46) 0.025
PPV times 2 219.57 (64.14) 168.68 (60.32) <0.001
PPV times 3 231.97 (68.17) 164.66 (62.87) <0.001

Data are reported as mean (SD)

PPV times 1: after the first prone position ventilation session; PPV times 2: after
the second prone position ventilation session; PPV times 3: after the third prone
position ventilation session

Abbreviations: FiO, fraction of inspired oxygen, PaCO, arterial partial pressure of
carbon dioxide, Pa0, arterial partial pressure of oxygen, P/F ratio PaO,:FiO,, PPV
prone position ventilation, SD standard deviation

Predictive value of the changes in P/F ratio and PaCO,
response

The AUC value for the percentage changes in the P/F
ratio between baseline and the P3 round was significant
for predicting the probability of hospital mortality (AUC
0.71, 95% CI 0.61-0.81; p<0.001). (e-Table 3) The opti-
mal cut-off value for this was 99.465, with a sensitivity of
79.6%, a specificity of 62.0%, a positive predictive value of
69.4%, and a negative predictive value of 73.8%, as deter-
mined by using the maximum value of the Youden index.
(e-Fig. 1) Patients were considered as P/F ratio respond-
ers if they had an increase in the P/F ratio of greater than
or equal to 99.465% from baseline to the P3 round.

All AUC values for the changes in the PaCO, between
baseline and different PPV times for predicting hospi-
tal mortality were significant (p,;=0.021; p,,=0.003;
Pp3<0.001). The ROC analysis of the change in the PaCO,
between baseline and time P3 had the highest AUC curve
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(AUC 0.70, 95% CI 0.60—0.80; p <0.001). (e-Table 3) The
optimal cut-off point to predict hospital mortality was
3.15, with a sensitivity of 75.9%, a specificity of 56.0%, a
positive predictive value of 65.8%, and a negative predic-
tive value of 68.3%. (e-Fig. 2) Similarly, patients were con-
sidered as PaCO, responders if they had an increase in
PaCO, of less than or equal to 3.15% from the baseline to
time P3. A detailed description of the characteristics of
patients in the different responder groups at baseline is
provided in e-Table 4 and e-Table 5.

Clinical outcomes and predictors of mortality
All variables without multicollinearity were included in
the multivariate logistic regression analysis. The step-
wise regression analysis identified P/F ratio respond-
ers (OR, 0.207; 95% CI, 0.071-0.56), PaCO, responders
(OR, 0.219; 95% CI, 0.073-0.61), age (OR, 1.047; 95%
CI, 1.011-1.092), immunocompromised (OR, 6.49; 95%
CI, 2.268-21.084), and septic shock (OR, 3.35; 95% CI,
1.196-10.19) as significantly associated with hospital
mortality. (Table 3) We further constructed a nomo-
gram incorporating these predictors in e-Fig. 3. Internal
validation using bootstrapping with 1000 samples dem-
onstrated the robustness of the predictive model (Brier
value =0.183; concordance index=0.822).

During the 60-day follow-up, 48 patients (46.2%) died.
Survival analysis comparing the P/F ratio of responders

Table 3 Regression analysis to evaluate the association between
survival and covariates

Variables and parameters aOR/ aHR 95% CI p value
Multivariate logistic regression®
P/F ratio responders 0.207 0.071-0.56 0.003
PaCO, responders 0.219 0.073-0.61 0.005
Age 1.047 1.011-1.092 0.018
Immunocompromised 6.49 2.268-21.084 0.001
Septic shock 335 1.196-10.19 0.025
Multivariate cox regression
Model 1 (28 days)
P/F ratio responders 0.229 0.076-0.686 0.009
Age 1.03 0.997-1.064 0.074
Model 2 (60 days)
P/F ratio responders 0.369 0.171-0.798 0.011
Immunocompromised 2.005 1.058-3.799 0.033
age 1.017 0.994-1.042 0.156
Septic shock 1.693 0.867-3.305 0.123

Abbreviations: aOR adjusted odds ratio, aHR adjusted hazard ratio, C/ confidence
interval, PaCO, arterial partial pressure of carbon dioxide, P/F PaO,:FiO,

@ Hosmer-Lemeshow goodness-of-fit test, p=0.235; Brier value =0.183;
concordance index=0.822

The assumptions of proportional hazards were satisfied (p,;,oqe11 =0.75;
pmodel2:0'326)
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and non-responders groups revealed a significantly dif-
ference in 60-day mortality (p=0.001 by log-rank test).
In contrast, PaCO, responders did not show a statisti-
cally significant difference in 60-day mortality compared
to the non-responders group (p=0.052 by log-rank test,
Fig. 3). The survival analysis of 28-day mortality is pre-
sented in e-Fig. 4.

After adjusting for potential confounders in the mul-
tivariable Cox analysis, P/F ratio responders remained
associated with a significantly lower 60-day mortality risk
(adjusted hazard ratio (aHR) 0.369; 95% CI 0.171-0.798;
p=0.011). (Table 3).

Discussion

Given that lung-protective ventilation strategies such as
lung recruitment, PEEP titration, and prone ventilation
have demonstrated differing effects on pulmonary ARDS
compared to extrapulmonary ARDS [35], we included
only patients with pulmonary ARDS in our study popula-
tion. All patients were ventilated using a low tidal volume
ventilation (LTVV) strategy and were actively stabilized
hemodynamically. This study included only patients who
received at least three consecutive sessions of PPV, with
PPV being carried out approximately 36 h after meet-
ing the criteria for moderate-to-severe ARDS. To our
knowledge, this is the first study to investigate the impact
of improved oxygenation after each PPV on clinical out-
comes in patients with pulmonary ARDS who received at
least three PPV sessions.

The key findings of this study were as follows: First,
there was a significant difference in the P/F ratio between
survivors and non-survivors during the first three PPV
sessions. Second, a cut-off value of a 99.465% increase in
P/F ratio from baseline to after the third PPV session was
more effective in predicting ICU outcomes (AUC: 0.713)
compared to the first and second PPV sessions. Similarly,
a cut-off value of a 3.15% increase in PaCO, from base-
line to after the third PPV session was also predictive
of ICU outcomes (AUC: 0.703). Third, Survival analysis
revealed that non-responders to the P/F ratio had higher
28-day and 60-day mortality rates.

Among the first three PPV sessions, the changes of
both the P/F ratio and PaCO, between the baseline and
the third PPV session demonstrated the best discrimina-
tion in predicting in-hospital mortality.

Previously, P/F ratio responders were defined as
patients who experienced a 20% or 53.5% improvement
in P/F ratio after the first PPV session [15, 23], or even
based on the subjective judgments of caregivers. In our
cohort, using the cut-off value of 99.465% for the change
in oxygenation as a predictor of hospital mortality out-
performed the two previously reported cut-off values for
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the change in oxygenation (based on Youden’s index).
(e-Table 7).

Consistent with prior studies, PPV increases oxygena-
tion in most patients with ARDS [36-38]. The effect of
PPV’s improving oxygenation persists even after patients
are returned to the supine position [39, 40]. Additionally,
multiple PPV sessions can further improve oxygenation
[41, 42]. However, improved oxygenation alone does not
always translate to improved survival [26, 27]. In pul-
monary ARDS, the mechanisms underlying oxygena-
tion improvement after PPV treatment are diverse, with
improved lung homogeneity like playing the most impor-
tant role. Although oxygenation may improve after the
first PPV session, the etiological treatment for ARDS may
not begin to work at the same time. Therefore, evaluating
the patients’ response to PPV treatment based solely on
the status of oxygenation after the first PPV session may
be risky. Implementing substantial changes in manage-
ment strategies of ARDS patients, such as escalating to
ECMO support or prolonging the PPV, based solely on
the status of oxygenation after the first PPV session may
introduce a high risk of complications.

Theoretically, monitoring changes in PaCO, may be
more relevant than monitoring changes in P/F ratio for
predicting the response to prone position (PP) in patients
with ARDS [43]. Patients with ARDS have a better prog-
nosis with decreased PaCO, after the PP, suggesting an
improvement in the efficiency of alveolar ventilation
[27]. Additionally, this study demonstrated that PaCO,
responders predict improved outcomes in patients
with ARDS. Pelosi et al. suggested that during PPV, the
bed surface impedes the expansion of the anterior and
abdominal chest walls, resulting in a decrease in chest
wall compliance. In contrast, lung compliance and res-
piratory system compliance increase when the patient is
transferred to the supine position [44, 45]. Langer et al.
observed a significant increase in respiratory rate set-
tings after prone positioning and a tendency to lead to
an increase in minute ventilation. Therefore, a variation
in the ventilatory ratio must be chosen to differentiate
between CO, responders and non-responders and thus
reflect changes in dead space [15]. Petit et al. observed
through CT that patients with more normal ventilation
lung tissue in ventral and medial-ventral regions and a
lower dorsal tidal volume/overall tidal volume ratio were
more likely to have improved static lung compliance after
prone positioning [46, 47].

Elevated PaCO, after PPV might lead to further aggra-
vated hypercapnia. Severe hypercapnia or a rapid rise in
PaCO, could cause myocardial depression, increase pul-
monary vascular resistance leading to increased right
heart insufficiency [48], increase the risk of inpatient
death in patients with cerebral injury [49], as well as
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aggravate kidney injury and lung injury, which is detri-
mental to the patient’s prognosis [31, 50, 51].

If the improvement in lung compliance counteracts the
adverse factors that lead to increased chest wall compli-
ance after PP, PaCO, may not continue to rise. Although
the study did not monitor changes in the patients’ chest
wall elastic resistance, during which ventilatory param-
eters such as tidal volume, respiratory rate, inspiratory
time, and PEEP do not make adjustments, we observed
varying degrees of elevated PaCO, in both groups after
PPV. After the third PP, PaCO, was significantly higher
in the non-survivor group than in the survival group,
reflecting the failure of PPV to increase alveolar ventila-
tion as well as improve intrapulmonary heterogeneity.
This indirectly suggests to clinicians that the etiology
of the patient’s lungs may be poorly reversible and that
poorly controlled hypercapnia affects the patient’s
prognosis.

Certainly, elevated PaCO, after PPV might be associ-
ated with maintaining the same LTVV ventilation param-
eters, alternatively associated with not retitrating the
optimal PEEP [52] and retaining deep sedation leading to
reduced respiratory drive [53].

This study has several notable strengths. We investi-
gated the improvement in oxygenation after three PPV
sessions and its association with the survival of patients
with pulmonary ARDS, which differs from previous stud-
ies. Using the optimal cut-off value, a nomogram model
was constructed that incorporated five variables to pre-
dict the effect of PPV and all-cause in-hospital mortality
with high efficiency and practical bedside application.
This may serve to rationalize clinical decision-mak-
ing regarding assisted ventilation strategies and avoid
delays in escalating the therapeutic approach from PPV
to ECMO. Our models for the third PPV achieved high
predictive accuracy (AUC: 0.85). Substituting the data of
the first or second PPV into the model also demonstrated
high predictive accuracy (AUCp;: 0.79; AUCp,: 0.80), sug-
gesting that our model had better generalization ability
(e-Fig. 5).

Study limitations

Some limitations were present in this study. First, we only
evaluated 104 patients due to a high quantity of unsuit-
able samples. Second, this was a single-center study, but
the robustness of our final model was demonstrated by
extensive internal validation. In addition, although the
imputed data only accounted for 13.9%, it cannot be
denied that it may have affected the outcome to some
extent, which is a common limitation in studies based on
retrospective data. Furthermore, the indicators included
in the study were all blood gas indicators and were not
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combined with lung imaging and respiratory mechanics
to evaluate the dynamic changes in lung recruitment.

Conclusion

Significant differences were observed in the P/F ratio
during all periods of PPV between the survival and non-
survival groups in patients with pulmonary ARDS in
the ICU. The percentage changes in the P/F ratio from
baseline to the third PPV session were significant predic-
tors of the outcome. The inclusion of the variable PaCO,
responders improved the model’s fit and prediction
accuracy.
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