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Abstract

Background: Severe pneumonia (SP) comprises clinically diverse infections with variable
lung mechanics, host responses, and recruitability. Yet ventilatory settings and adjunctive
therapies are frequently guided by ARDS-derived evidence. We aimed to examine the
associations of serial ventilatory parameters, gas-exchange indices, and selected adjunctive
therapies with ICU mortality among patients with SP receiving invasive mechanical venti-
lation. Methods: This single-center retrospective cohort study included 2480 adults with
microbiologically confirmed SP who received invasive mechanical ventilation in the ICU
from 2015 to 2025. Daily ventilatory, gas-exchange, vital-sign, laboratory, and management
variables were collected during the early ventilation course. Multivariable time-dependent
Cox regression models were stratified by ventilation mode and adjusted for demographics,
non-pulmonary SOFA score, comorbidities, pathogen type, shock, gas exchange, inflamma-
tory markers, organ dysfunction, and time. Exploratory subgroup analyses were performed
according to viral or fungal infection, hypoxemia severity, and immunocompromised status.
Results: ICU mortality was 38.23%. In primary imputed models, higher PEEP, systemic
glucocorticoid use, and neuromuscular blocker use were each associated with higher ICU
mortality (HR 1.04, 1.40-1.41, and 1.53-1.56, respectively; all p < 0.001). Complete-case
sensitivity analyses attenuated the PEEP association, indicating sensitivity to missing-data
handling. Vr/kg and respiratory rate showed significant U/]J-shaped non-linear associ-
ations with mortality (p = 0.005 and p = 0.027), with the lowest mortality risk at VI /kg
6-8 mL/kg and respiratory rate 18-26 breaths/min. Driving pressure, ventilatory ratio,
minute ventilation, and [(4 x AP) + RR] were not significantly associated with mortality
in linear models, although [(4 x AP) + RR] showed a non-linear association in sensitivity
analyses. In severe hypoxemia, associations for PEEP, glucocorticoids, and neuromuscular
blockers were not statistically significant. Conclusions: In this large SP cohort, ventilatory
settings were generally within protective ranges. Mortality associations varied by parame-
ter and subgroup, suggesting that physiology-guided ventilation and individualized PEEP
titration may be reasonable approaches in light of the observed U-shaped (VT /kg) and
J-shaped (respiratory rate) non-linear relationships, as well as a non-linear pattern for
[(4 x AP) + RR], while adjunctive therapy signals require cautious interpretation given
residual confounding.
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1. Background

Severe pneumonia (SP) is a life-threatening lung infection complicated by acute res-
piratory failure, circulatory dysfunction, or multi-organ failure requiring ICU care. It
includes severe community-acquired pneumonia (SCAP), severe hospital-acquired pneu-
monia (HAP), and severe ventilator-associated pneumonia (VAP), but definitions are not
fully unified across these entities. SCAP is most commonly defined by the 2007 IDSA /ATS
major and minor criteria [1], whereas HAP/VAP severity is often assessed by analogy
with SCAP criteria or with general scores such as SOFA and APACHE II [2]. More recent
guidelines define SCAP pragmatically as CAP requiring ICU admission or use severity
scores such as A-DROP [3,4]. This variation complicates both clinical classification and the
interpretation of studies that enroll a broad, mechanically ventilated SP population.

The clinical burden of SP remains substantial. Lower respiratory tract infections are a
leading global cause of death [5]. In the United States, CAP causes more than 1.5 million
hospitalizations each year, and a considerable proportion of hospitalized patients require
ICU admission and invasive mechanical ventilation [6,7]. Severe CAP has high short- and
long-term mortality [8], while HAP and VAP are also associated with substantial mortal-
ity in China [2]. Invasive mechanical ventilation is therefore central to life support, but
injurious ventilation can contribute to ventilator-induced lung injury through volutrauma,
barotrauma, atelectrauma, and biotrauma [9]. Optimizing ventilation in SP requires ad-
equate gas exchange while minimizing mechanical stress. This balance is particularly
difficult because hypoxemia, hypercapnia, shock, sedation, and spontaneous breathing
effort can change rapidly during the first days of ICU treatment.

SP is clinically heterogeneous at both clinically important pathogen and host levels.
Bacterial, viral, and fungal pneumonia can produce different inflammatory pathways,
respiratory mechanics, and trajectories of host injury [10-12]. Immunocompromised hosts
have higher rates of opportunistic and mixed infections, atypical presentation, and ad-
verse outcomes [13,14]. ARDS is defined by physiologic and radiographic criteria [15],
but SP includes a broader range of infectious and host phenotypes; responses to PEEP,
corticosteroids, neuromuscular blockers, and ventilatory settings may therefore vary [16].
We conducted this retrospective cohort study to evaluate associations between daily ven-
tilatory parameters, adjunctive therapies, and ICU mortality in invasively ventilated SP
patients and to explore effect modification by pathogen type, hypoxemia severity, and
immunocompromised status.

2. Methods
2.1. Study Design and Participants

This retrospective cohort study was conducted at West China Hospital, Sichuan Uni-
versity. Adult patients with SP who received invasive mechanical ventilation in the ICU
between 1 January 2015 and 30 December 2025 were screened. The study was approved
by the Biomedical Research Ethics Committee of West China Hospital, Sichuan University
(No. 2024-317), with informed consent waived because of the retrospective and non-
interventional design.

Patients were included when they were 18-84 years old, admitted to the ICU with SP
requiring invasive ventilation, and had a pulmonary pathogen identified within 48 h of ICU
admission and initiation of invasive ventilation by sputum culture, targeted next-generation
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sequencing, or multiplex respiratory viral panel testing. Mixed infections were defined as
detection of two or more pathogen types from the same or different specimens within the
48 h window. For baseline description (Table 1), each pathogen type was coded as a binary
indicator of detection; for survival analyses, patients were grouped into mutually exclusive
categories according to the specific combination of pathogens detected; for subgroup analy-
ses, patients were grouped by the presence versus absence of each pathogen type, regardless
of co-infection. SP was defined according to the 2007 IDSA /ATS SCAP criteria, namely one
major criterion (invasive mechanical ventilation or septic shock requiring vasopressors)
or at least three minor criteria, including tachypnea, PaO, /FiO, < 250 mmHg, multilobar
infiltrates, confusion, elevated blood urea nitrogen, leukopenia, thrombocytopenia, hy-
pothermia, or hypotension requiring aggressive fluid resuscitation [1]. We did not further
classify patients into CAP, HAP, or VAP subgroups, as our inclusion criterion was “severe
pneumonia requiring ICU admission and invasive mechanical ventilation” regardless of
the site of pneumonia acquisition. The 2007 IDSA / ATS criteria were used as the severity
framework for all patients because no equivalent consensus definition of “severe” exists
for HAP or VAP. Exclusion criteria were ventilation < 48 h, COVID-19, pregnancy, ECMO
at ICU admission, moribund or end-stage disease, pre-existing neuromuscular disease,
negative or missing pathogen results, or missing ventilatory parameter data within the first
48 h of invasive ventilation.

Table 1. Baseline characteristics, clinical management, and laboratory parameters in ICU survivors

Versus non-survivors.

Grou
Variables Total (n = 2480) ICU Survivors ICS Non-Survivors Tes(:/itzjti;tic p-Value
(n=1532) (n=948)
Demographic characteristics
Sex, 1 (%) 0.32 0.571
Male 1710 (68.95) 1050 (68.54) 660 (69.62)
Female 770 (31.05) 482 (31.46) 288 (30.38)

Age (years), mean (SD) 63.28 (16.98) 61.67 (17.3) 65.88 (16.14) —6.14 <0.001
Body weight (kg), mean (SD) 60.31 (12.88) 60.75 (13.33) 59.56 (12.06) 1.83 0.068
Body height (cm), mean (SD) 164.13 (7.87) 164.09 (7.67) 164.19 (8.21) —0.26 0.792
Admission department, 1 (%) 0.305 0.859

Emergency 866 (34.92) 535 (34.92) 331 (34.92)
Internal Medicine 1513 (61.01) 932 (60.84) 581 (61.29)
Surgery 101 (4.07) 65 (4.24) 36 (3.8)
Comorbidities
Chronic pulmonary disease, 1 (%) 8.94 0.003
No 1600 (64.52) 1023 (66.78) 577 (60.86)
Yes 880 (35.48) 509 (33.22) 371 (39.14)
Hypertension, 1 (%) 0.71 0.398
No 1512 (60.97) 944 (61.62) 568 (59.92)
Yes 968 (39.03) 588 (38.38) 380 (40.08)
Cardiac disease, 1 (%) 2.12 0.145
No 2029 (81.81) 1267 (82.7) 762 (80.38)
Yes 451 (18.19) 265 (17.3) 186 (19.62)
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Group .
Variables Total (n = 2480) ICU Survivors  ICU Non-Survivors Tesi:/itza;?;tlc p-Value
(n =1532) (n =948)
Neurological disease, 1 (%) 1.72 0.189
No 2024 (81.61) 1238 (80.81) 786 (82.91)
Yes 456 (18.39) 294 (19.19) 162 (17.09)
Liver disease, 1 (%) 248 0.115
No 2396 (96.61) 1487 (97.06) 909 (95.89)
Yes 84 (3.39) 45 (2.94) 39 (4.11)
Chronic kidney disease (CKD), 1 (%) 3.06 0.080
No 2211 (89.15) 1379 (90.01) 832 (87.76)
Yes 269 (10.85) 153 (9.99) 116 (12.24)
Diabetes mellitus, 7 (%) 0.16 0.692
No 1807 (72.86) 1112 (72.58) 695 (73.31)
Yes 673 (27.14) 420 (27.42) 253 (26.69)
Immunocompromised status, 1 (%) 33.36 <0.001
No 1510 (60.89) 1001 (65.34) 509 (53.69)
Yes 970 (39.11) 531 (34.66) 439 (46.31)
Pneumonia pathogen
Bacterial infection, n (%) 7.12 0.008
No 250 (10.08) 135 (8.81) 115 (12.13)
Yes 2230 (89.92) 1397 (91.19) 833 (87.87)
Viral infection, 1 (%) 7.06 0.008
No 1794 (72.34) 1137 (74.22) 657 (69.3)
Yes 686 (27.66) 395 (25.78) 291 (30.7)
Fungal infection, n (%) 40.22 <0.001
No 1255 (50.6) 852 (55.61) 403 (42.51)
Yes 1225 (49.4) 680 (44.39) 545 (57.49)
Clinical management
Systemic glucocorticoid, 1 (%) 65.71 <0.001
No 828 (33.39) 604 (39.43) 224 (23.63)
Yes 1652 (66.61) 928 (60.57) 724 (76.37)
Neuromuscular blocker, 1 (%) 77.05 <0.001
No 1853 (74.72) 1237 (80.74) 616 (64.98)
Yes 627 (25.28) 295 (19.26) 332 (35.02)
Ventilator settings on admission
Initial ventilator mode, n (%) 15.69 0.003
vCv 1787 (72.52) 1100 (72.32) 687 (72.85)
PCV 513 (20.82) 299 (19.66) 214 (22.69)
SIMV 112 (4.55) 85 (5.59) 27 (2.86)
PSV 41 (1.66) 31 (2.04) 10 (1.06)
Other 11 (0.45) 6(0.39) 5(0.53)
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Table 1. Cont.
Group Test Statisti
. est Statistic
Variables Total (n = 2480) ICU Survivors  ICU Non-Survivors (t/x2/U) p-Value
(n =1532) (n =948)
Initial respiratory rate (RR, 21.75 (6.28) 21.39 (6.19) 22.33 (6.39) 364 <0.001
breaths/min), mean (SD) ’ ’ ’ ' ’ ’ ’ ’
Initial PEEP (cmH,0), median (IQR) 6.00 (5.00, 8.00) 5.00 (5.00, 8.00) 8.00 (5.00, 10.00) 594,074.00 <0.001
Initial FiO, (%), mean (SD) 67.44 (23.89) 63.92 (23) 73.14 (24.22) —9.38 <0.001
Initial tidal volume per body weight
(VT/kg, mL/kg), mean (SD) 6.98 (1.20) 7.02 (1.18) 6.91 (1.24) 1.69 0.091
Initial driving pressure (AP, cmH,0), 13.43 (3.26) 13.20 (2.82) 13.80 (3.84) —2.12 0.034
mean (SD)
Initial (4 X AP) + RR, mean (SD) 75.94 (15.02) 74.85 (12.88) 77.71 (17.85) —2.18 0.030
Initial minute ventilation (VE,
L/min), mean (SD) 9.32 (2.97) 9.16 (2.89) 9.58 (3.07) -3.01 0.003
Initial ventilatory ratio (VR),
mean (SD) 1.86 (0.76) 1.79 (0.71) 1.99 (0.82) —4.67 <0.001
Severity of illness
Total SOFA score, mean (SD) 10.39 (3.25) 9.65 (2.93) 11.58 (3.39) —14.49 <0.001
Non-pulmonary SOFA score,
median (IQR) 7.00 (5.00, 9.00) 6.00 (5.00, 8.00) 8.00 (6.00, 10.00) 524,293.50 <0.001
SOFA score-central nervous system, 3.63 (0.70) 3.55 (0.77) 3.76 (0.53) 821 <0.001
mean (SD)
SOFA score-cardiovascular,
median (IQR) 1.00 (0.00, 4.00) 1.00 (0.00, 4.00) 1.00 (0.00, 4.00) 619,747.00 <0.001
SOFA score-respiration, mean (SD) 3.03 (0.82) 2.89 (0.82) 3.27(0.75) —11.67 <0.001
SOFA score-coagulation,
median (IQR) 1.00 (0.00, 2.00) 0.00 (0.00, 2.00) 1.00 (0.00, 2.00) 605,767.50 <0.001
SOFA score-liver, median (IQR) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 697,753.50 0.101
SOFA score-renal, median (IQR) 0.00 (0.00, 1.00) 0.00 (0.00, 1.00) 0.00 (0.00, 2.00) 627,266.50 <0.001
Septic shock, n (%) 9.32 0.002
No 1880 (75.81) 1193 (77.87) 687 (72.47)
Yes 600 (24.19) 339 (22.13) 261 (27.53)
Gas exchange
Initial partial pressure of oxygen 84.60 (69.70, 87.50 (72.30,
(PaO,, mmHg), median (IQR) 108.15) 114.40) 79.55 (67.68, 101.83) 601,248.50 <0.001
Initial PaO, /FiO, ratio (P/F ratio), 173.06 (120.33, 190.33 (136.34, 143.93 (102.41,
median (IQR) 243.04) 260.38) 208.89) 664,250.00 <0.001
Initial partial pressure of carbon
dioxide (PaCO,, mmHg), mean (SD) 46.4 (12.74) 45.01 (11.34) 48.65 (14.43) —6.08 <0.001
Initial arterial pH, mean (SD) 7.39 (0.08) 7.41 (0.07) 7.37 (0.08) 9.57 <0.001
Initial lactate (mmol/L),
median (IQR) 1.40 (1.10, 1.90) 1.30 (1.10, 1.80) 1.60 (1.30, 2.20) 386,107.50 <0.001
Laboratory examinations
C-reactive protein (CRP), 103.00 (55.45, 95.60 (48.95,
median (IQR) 175.00) 164.00) 118.00 (67.30, 191.00) 352,651.50 <0.001
. . 82.19 (35.00, 67.43 (29.39,
Interleukin-6 (IL-6), median (IQR) 229.38) 171.00) 121.00 (43.80, 370.10) 286,351.00 <0.001
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Table 1. Cont.
Group Test Statisti
. est Statistic
Variables Total (n = 2480) ICU Survivors  ICU Non-Survivors (t/x2/U) p-Value
(n =1532) (n =948)
Procalcitonin (PCT), median (IQR) 1.06 (0.33, 4.30) 0.86 (0.26, 3.35) 1.48 (0.50, 5.90) 439,937.00 <0.001
White blood cell count (WBC), 10.52 (7.38,
median (IQR) 10.98 (7.46, 15.61) 14.87) 11.60 (7.59, 16.75) 581,088.00 <0.001
Absolute neutrophil count (ANC), 9.03 (6.16,
median (IQR) 9.50 (6.29, 13.94) 13.16) 10.24 (6.60, 15.20) 566,559.50 <0.001
Absolute lymphocyte count (ALC), 50 033 090y 061 (037,097)  0.49 (0.30, 0.80) 73258850  0.711
median (IQR)
Hemoglobin (Hb), mean (SD) 95.72 (24.44) 96.4 (24.17) 94.62 (24.85) 1.70 0.089
. 140.00 (84.00, 151.50 (94.00,
Platelet count (PLT), median (IQR) 214.00) 223.00) 121.00 (67.25, 196.50) 736,168.00 0.564
. . 6.34 (3.07,
D-dimer, median (IQR) 7.00 (3.22, 13.67) 12.49) 8.03 (3.39, 15.79) 49823950  <0.001
Albumin, mean (SD) 29.19 (5.18) 29.62 (4.99) 2851 (5.41) 4.99 <0.001
B-type natriuretic peptide (BNP), 1860.00 (643.50, 1500.00 (533.25, 2519.00 (979.00,
median (IQR) 5358.00) 4398.75) 7020.00) 42397200 <0.001
. . 79.00 (53.00, 72.00 (50.00,
Creatinine (Cr), median (IQR) 138.00) 124.00) 92.00 (60.25, 178.75) 537,706.50 <0.001
N ‘ 10.60 (7.00,
Total bilirubin (TBIL), median (IQR) 10.60 (7.00, 17.50) 17.15) 10.70 (6.90, 18.10) 654,591.00 <0.001

Data are presented as mean (SD), median (IQR), or n (%), as appropriate. For comparisons between
ICU survivors and non-survivors, continuous variables with normal distribution were analyzed using
the independent two-sample t-test; skewed continuous variables were analyzed using the Mann—
Whitney U test; categorical variables were analyzed using the chi-square (x?) test. For pathogen
variables, “Yes” indicates detection of the specified pathogen type, regardless of co-infection with
other pathogens. All tests were two-sided. t denotes Welch’s t-test; U denotes Mann-Whitney
U statistic.

2.2. Outcomes and Data Collection

The primary outcome was ICU mortality. Secondary outcomes were 28-day mortality,
in-hospital mortality, successful extubation, tracheostomy, hospital and ICU length of stay,
ventilator-free days at day 28, and complications including barotrauma, septic shock, and
acute kidney injury.

Day 0 was defined as ICU admission with initiation of invasive ventilation; for patients
intubated after ICU admission, day 0 was the date of invasive ventilation. Demographics,
admission department, comorbidities, SOFA score, pathogen type, clinical management,
ventilatory settings, gas exchange variables, vital signs, laboratory results, and outcomes
were extracted from electronic records. Systemic glucocorticoid and neuromuscular blocker
exposure was assessed within the first 7 days after day 0. Ventilatory parameters, gas
exchange variables, and vital signs were recorded daily at 10:00 AM from day 0 to day 14
and again on days 21 and 30; laboratory variables were recorded on days 0, 3, 7, 14, and 21.

Immunocompromised host status was defined by active malignancy with recent
chemotherapy or neutropenia, solid-organ or stem-cell/bone-marrow transplantation,
high-dose or prolonged immunosuppressive therapy, or HIV infection [13]. Ventilatory
ratio was calculated as [minute ventilation (mL/min) x PaCO, (mmHg)]/[predicted body
weight (kg) x 100 x 37.5] [17]. The composite variable [(4 x driving pressure) + respiratory
rate] was calculated as previously described [18].
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2.3. Statistical Analysis

Continuous variables were summarized as mean (SD) or median (IQR), and categorical
variables as counts and percentages. Survivors and non-survivors were compared using
t-tests, Wilcoxon rank-sum tests, or chi-square tests as appropriate. Kaplan—-Meier curves
were used for 28-day survival. Because 948 ICU deaths occurred, the number of events
was adequate for the prespecified multivariable models under the conventional events-per-
variable rule [19]. Longitudinal trends in ventilatory and gas-exchange variables during
the first 10 days were assessed with mixed-effects models with random intercepts.

The inferential analyses were organized hierarchically into primary linear analyses,
secondary non-linear analyses, and exploratory analyses. The primary analysis evaluated
associations between serial ventilatory parameters and ICU mortality using multivariable
time-dependent Cox proportional hazards models with repeated daily measurements
during the first 10 days. Robust sandwich variance estimators were used to account
for within-patient clustering, and analyses were conducted separately according to daily
ventilation mode (volume-controlled ventilation [VCV] and pressure-controlled ventilation
[PCV]). For the primary time-dependent Cox analyses, patients were followed until ICU
death or ICU discharge; patients discharged alive from the ICU were censored at the time
of ICU discharge. To reduce collinearity among correlated ventilatory parameters, five
prespecified models were fitted. Model 1 included VT/kg, respiratory rate, and PEEP in
VCV; Model 2 included minute ventilation and PEEP in VCV; Model 3 included ventilatory
ratio and PEEP in VCV; Model 4 included driving pressure, respiratory rate, and PEEP in
PCV; and Model 5 included [(4 x driving pressure) + respiratory rate] and PEEP in PCV.

All primary models were adjusted for age, non-pulmonary SOFA score, septic shock,
chronic lung disease, heart disease, neurologic disease, liver disease, chronic kidney disease,
immunocompromised status, pathogen type, glucocorticoid and neuromuscular blocker
use, mean arterial pressure, heart rate, fluid balance, PaO, /FiO; ratio, PaCO;, pH, lactate,
CRP, IL-6, PCT, BNP, albumin, absolute neutrophil and lymphocyte counts, hemoglobin, D-
dimer, creatinine, platelet count, and measurement time. Model 3 excluded PaCO, because
PaCQO; is incorporated into the calculation of the ventilatory ratio. The proportional hazards
assumption for the principal ventilatory exposure in each model was formally assessed
by adding an exposure-by-time interaction term, with a significant interaction indicating
evidence of a time-varying effect.

Missing covariate data were handled using multiple imputation under a missing-at-
random (MAR) assumption, conditional on observed clinical, physiological, laboratory, and
temporal information. The extent of missingness for each variable before imputation is re-
ported in Supplementary Table S2. For longitudinal variables, missing-ness was calculated
among eligible patient-day observations, with structurally unavailable or non-applicable
measurements excluded from the denominator. Multiple imputation was performed using
multivariate imputation by chained equations (MICE), with classification and regression
trees (CART) as the conditional imputation algorithm. Five imputed datasets were gener-
ated. Variables selected for imputation and their prespecified predictor variables, based
on clinically and physiologically relevant relationships, are detailed in Supplementary
Table S3; variables not designated for imputation were handled according to the prespeci-
fied imputation structure. Each multivariable Cox model was fitted separately in the five
imputed datasets, and regression coefficients and variances were combined according to
Rubin’s rules.

Four sensitivity analyses were performed to assess the robustness of the primary
findings. First, the primary models were repeated using complete cases only. Second,
reduced-covariate models excluded adjustment covariates with substantial missingness
(>30% of eligible observations), while retaining the ventilatory exposures of interest irre-
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spective of their missingness. Third, the primary models were repeated using only day-0
ventilatory and physiological measurements as a baseline-only analysis, thereby reducing
the potential influence of subsequent treatment adjustments and changes in clinical sta-
tus. Fourth, the primary models were repeated after excluding patients with septic shock
at baseline.

As a secondary analysis, potential non-linear relationships between ventilatory pa-
rameters and ICU mortality were evaluated within the corresponding multivariable Cox
models by including both linear and quadratic terms for each ventilatory variable, (X) and
(X2). The p value for the quadratic term was used to test deviation from linearity [20].
These models generated the adjusted non-linear exposure-mortality curves. To assess the
robustness of the non-linear associations, we performed sensitivity analyses using restricted
cubic splines (RCS).

Two sets of analyses were considered exploratory. First, relative distribution anal-
ysis was used to explore possible thresholds that separated ICU survivors and non-
survivors [21]; these data-derived thresholds were not used to define the primary Cox
models. Second, prespecified subgroup analyses were conducted according to viral infec-
tion, fungal infection, hypoxemia severity (PaO,/FiO, > 200, 100-199, or <100 mmHg),
and immunocompromised status. Given their exploratory nature, no formal adjustment
for multiple testing was applied. Subgroup analyses used the same model structure as the
primary analysis but were not powered for definitive interaction testing; therefore, findings
were interpreted according to the direction and precision of effect estimates and biological
plausibility rather than isolated p values.

All tests were two-sided, and p < 0.05 was considered statistically significant. Analyses
were performed using R version 4.1.3. A schematic overview of the statistical analysis
workflow is provided in Supplementary Figure S1.

3. Results
3.1. Baseline Characteristics and Outcomes

A total of 2480 patients were included. Baseline characteristics, clinical management,
gas exchange variables, and laboratory parameters are summarized in Table 1, and out-
comes are presented in Table 2. Mean age was 63.28 (16.98) years, and 1710 patients (68.95%)
were male. Inmunocompromised status was present in 970 patients (39.11%). Bacterial
pathogens were identified in 2230 patients (89.92%), viral pathogens in 686 (27.66%), and
fungal pathogens in 1225 (49.40%); mixed infections (detection of two or more pathogen
types) were common. The classification of pathogen groups for baseline description, sur-
vival analyses, and subgroup analyses differed according to the analytical purpose, as
detailed in the Methods. Systemic glucocorticoids were used in 1652 patients (66.61%) and
neuromuscular blockers in 627 (25.28%). Baseline illness severity was high, with a mean
total SOFA score of 10.39 (3.25), septic shock in 600 patients (24.19%), and a median initial
PaO, /FiO, ratio of 173.06 (IQR 120.33-243.04).

During the ICU stay, 948 patients (38.23%) died; 28-day mortality was 34.19%, and
in-hospital mortality was 40.73%. ICU non-survivors were older (65.88 vs. 61.67 years),
more often immunocompromised (46.31% vs. 34.66%), and had higher total SOFA scores
(11.58 vs. 9.65) and lower initial PaO, /FiO, ratios (143.93 vs. 190.33) than survivors. Non-
survivors also had more fungal infection, more frequent glucocorticoid exposure (76.37%
vs. 60.57%), and more neuromuscular blocker exposure (35.02% vs. 19.26%). For the
Kaplan—Meier survival analyses, patients were classified into mutually exclusive groups
according to the specific pathogen combination detected: only bacteria, only virus, only
fungus, bacteria + virus, bacteria + fungus, virus + fungus, and bacteria + virus + fungus.
Kaplan-Meier analyses showed lower survival in patients with mixed infections (Figure 1).
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In addition, patients with more severe hypoxemia or immunocompromised status also
exhibited lower survival (Figure 1). Secondary outcomes were also worse in non-survivors.
Successful extubation occurred in 41.29% of the whole cohort but in only 8.23% of ICU non-
survivors, and ventilator-free days at day 28 were essentially absent among non-survivors.
Barotrauma, septic shock during the ICU course, and acute kidney injury were more
frequent in non-survivors. These outcome patterns support the clinical validity of ICU
mortality as the primary endpoint and indicate that death was accompanied by persistent
respiratory failure and multi-organ complications rather than by a single isolated event.
They also underscore that ventilator variables were embedded in a broader trajectory of
organ dysfunction.

Table 2. Prognostic outcomes and complications in ICU survivors versus non-survivors.

Grou
Variables Total (1 = 2480) ICU Survivors I(P;U Non-Survivors Tes:;t/%i:tic p-Value
(n = 1532) (n = 948)
28-day mortality, n (%) 1858.28 <0.001
No 1632 (65.81) 1503 (98.11) 129 (13.61)
Yes 848 (34.19) 29 (1.89) 819 (86.39)
In-hospital mortality, 1 (%) 2233.56 <0.001
No 1470 (59.27) 1470 (95.95) 0(0)
Yes 1010 (40.73) 62 (4.05) 948 (100)
Successful extubation, 1 (%) 692.01 <0.001
No 1456 (58.71) 586 (38.25) 870 (91.77)
Yes 1024 (41.29) 946 (61.75) 78 (8.23)
Tracheostomy, 1 (%) 26.99 <0.001
No 1716 (69.19) 1002 (65.4) 714 (75.32)
Yes 764 (30.81) 530 (34.6) 234 (24.68)
Length ‘)rflggff;taggy (days), 25,00 (13.00, 35.00) 26 (16, 40) 1600 (9.75,28.00)  434197.00  <0.001
Length of ICU stay (days), 13.78 (7.93,22.84)  14.70 (8.87, 23.99) 12.55 (6.87, 21.02) 611,541.00  <0.001
median (IQR)
Ve“t(ﬁaaty";)' fﬁziaai’f (‘;‘éi";y 2 935(0.00,21.04)  1931(12.54,23.28) 0.0 (0.00, 0.00) 6339550  <0.001
Complication, n (%)
Barotrauma 9.64 0.002
No 2303 (92.86) 1442 (94.13) 861 (90.82)
Yes 177 (7.14) 90 (5.87) 87 (9.18)
Septic Shock 264.07 <0.001
No 1921 (77.46) 1351 (88.19) 570 (60.13)
Yes 559 (22.54) 181 (11.81) 378 (39.87)
Acute kidney injury (AKI) 95.99 <0.001
No 2114 (85.24) 1390 (90.73) 724 (76.37)
Yes 366 (14.76) 142 (9.27) 224 (23.63)

Data are presented as median (IQR) or 1 (%), as appropriate. Categorical variables were analyzed
using the chi-square (x?) test; continuous variables were analyzed using the Mann-Whitney U test.
All tests were two-sided. U denotes the Mann-Whitney U statistic.
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Figure 1. Kaplan—-Meier survival curves for 28-day mortality in ICU patients. (A) Overall survival
in the total cohort (1 = 2480). (B) Survival stratified by pathogen type (bacterial, viral, fungal,
and mixed infections). (C) Survival stratified by severity of hypoxemia based on PaO, /FiO; ratio
(mild: >200, moderate: 100-200, severe: <100). (D) Survival stratified by immunocompromised

status (immunocompromised [Yes] vs. non-immunocompromised [No]).
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3.2. Ventilatory Parameters and Gas Exchange

Ventilatory parameters and gas exchange variables over the first 10 days are summarized
in Supplementary Table S1. During the first 10 days, ventilatory settings were generally
within protective ranges. Median respiratory rate was 20 breaths/min (IQR 16-24), PEEP
8 cmH,0 (IQR 5-10), VT /kg 7 mL/kg predicted body weight (IQR 6-8), driving pressure
12 ecmH,0O (IQR 10-15), [(4 x driving pressure) + respiratory rate] 70 (IQR 61-78), minute
ventilation 9 L/min (IQR 7-10), and ventilatory ratio 1.94 (IQR 1.43-2.37). Median PaO, /FiO,
ratio was 200 (IQR 143-266), PaCO, was 44 mmHg (IOQR 38-53), pH was 7.41 (IQR 7.37-7.44),
and lactate was 1.87 mmol/L (IQR 1.31-2.09). Figure 2 presents the longitudinal trends
of ventilatory parameters and blood gas variables over the first 10 days in ICU survivors
versus non-survivors. Compared with survivors, non-survivors had persistently higher
PEEP, respiratory rate, driving pressure, composite mechanical variable, minute ventilation,
ventilatory ratio, PaCO,, and lactate, and lower VT /kg, PaO,/FiO; ratio, and pH.

3.3. Multivariable Analyses

None of these interaction terms was statistically significant (all p > 0.05), providing no
evidence of time-varying effects for the principal exposures (Supplementary Table S4).

The HRs presented in Tables 3 and 4 are derived from linear models assuming a linear
relationship for each ventilatory variable. Figure 3 displays the non-linear HR curves
from the quadratic models. As shown in Tables 3 and 4, in the primary imputed time-
dependent Cox models, PEEP was consistently associated with higher ICU mortality in
both VCV and PCV models (HR 1.04 per 1 cmH,O, 95% CI 1.02-1.05, p < 0.001). Sys-
temic glucocorticoid use was also associated with higher ICU mortality (HR 1.40-1.41,
p < 0.001), as was neuromuscular blocker use (HR 1.53-1.56, p < 0.001) (Tables 3 and 4). In
contrast, respiratory rate, VI'/kg, minute ventilation, ventilatory ratio, driving pressure,
and [(4 x driving pressure) + respiratory rate] showed no significant linear associations in
the corresponding primary models (Tables 3 and 4). The glucocorticoid and neuromuscular
blocker estimates remained consistent across all four sensitivity analyses. Complete-case
analyses attenuated the PEEP association, but it remained stable in the other three. Respi-
ratory rate, minute ventilation, and [(4 x AP) + RR] became statistically significant after
excluding covariates with >30% missingness, while the VT /kg association varied in the
day-0 analysis. Overall, these sensitivity analyses support the robustness of the primary
findings in terms of direction of effect, while indicating that certain ventilatory parameters
may be more susceptible to covariates with higher proportions of missing data. These
associations should therefore be interpreted with particular caution, as primary-model
associations rather than definitive causal effects (Supplementary Tables S10-517).

Table 3. Multivariable linear time-dependent Cox regression models for ICU mortality—volume-
controlled ventilation group.

Model 1 (VT/kg) Model 2 (VE) Model 3 (VR)
Variables
B HR (95% CI)  p-Value B HR (95% CI) p-Value B HR (95% CD)  p-Value
Systemic 1.40 1.40 1.41
glucocorticoid 0.339 (1.20-1.64) <0.001 0.340 (1.20-1.64) <0.001 0.343 (1.21-1.64) <0.001
Neuromuscular 1.53 1.54 1.56
blocker 0427 132-178) <0001 042 g 55 79 <0.001 0445 (135-181) <0001
Respiratory 1.00
rate (RR) 0.002 (0.99-1.01) 0.183 - -
1.04 1.04 1.04
PEEP 0.036 (102-1.05) <0.001 0.036 (1.02-1.05) <0.001 0.036 (1.02-1.05) <0.001
1.00
VT/kg ~0.003 (099-1.00) 0.082 — —
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Table 3. Cont.

Model 1 (VT/kg) Model 2 (VE) Model 3 (VR)

Variables

B

HR (95% CI)  p-Value B HR (95% CI) p-Value B HR (95% CI)  p-Value

VE

1.00
— 0.0003 (0.99-1.01) 0.957 —

VR

1.00
— — —0.003 (0.97-1.03) 0.843

Data are presented as [3 coefficient (regression coefficient), p-value, and hazard ratio (HR) with
95% confidence interval (CI). HRs were calculated per 1-unit increase for continuous variables
unless otherwise specified. All models were adjusted for age, non-pulmonary SOFA score, septic
shock, chronic lung disease, heart disease, neurologic disease, liver disease, chronic kidney disease,
immunocompromised status, bacterial /viral/fungal infection, mean arterial pressure, heart rate, fluid
balance, PaO, /FiO; ratio, PaCO,, pH, lactate, CRP, IL-6, PCT, BNP, albumin, absolute neutrophil
count, absolute lymphocyte count, hemoglobin, D-dimer, creatinine, platelet count, and time (day).
Time-dependent covariates were handled using the time-varying Cox regression model with repeated
measures. Analyses were stratified by ventilation mode (volume-controlled vs. pressure-controlled).
VT/kg, tidal volume per kg predicted body weight; VE, minute ventilation; VR, ventilatory ratio; RR,
respiratory rate; PEEP, positive end-expiratory pressure. —, not included in the model.

Table 4. Multivariable linear time-dependent Cox regression models for ICU mortality—pressure-
controlled ventilation group.

Variables

Model 4 (AP) Model 5 (4 x AP + RR)
B HR (95% CI) p-Value B HR (95% CI) p-Value

Systemic glucocorticoid

0.338 1.40 (1.20-1.64) <0.001 0.337 1.40 (1.20-1.63) <0.001

Neuromuscular blocker

0.428 1.53 (1.32-1.78) <0.001 0.430 1.54 (1.32-1.78) <0.001

Respiratory rate (RR)

0.002 1.00 (1.00-1.01) 0.192 —

PEEP

0.036 1.04 (1.02-1.05) <0.001 0.036 1.04 (1.02-1.05) <0.001

AP

0.001 1.00 (1.00-1.00) 0.387 —

(4 x AP +RR)

— 0.0006 1.00 (1.00-1.00) 0.148

Data are presented as (3 coefficient (regression coefficient), p-value, and hazard ratio (HR) with 95%
confidence interval (CI). HRs were calculated per 1-unit increase for continuous variables unless
otherwise specified. All models were adjusted for the same set of covariates as Table 3. Time-
dependent covariates were handled using the time-varying Cox regression model with repeated
measures. Analyses were stratified by ventilation mode (volume-controlled vs. pressure-controlled).
AP, driving pressure; RR, respiratory rate; PEEP, positive end-expiratory pressure. —, not included in
the model.

Figure 3 displays the results of the non-linear polynomial regression analyses. Non-linear
models showed that VT /kg had a significant U-shaped association with ICU mortality in
the VCV group (p for non-linearity = 0.005, Figure 3(A1)), with the lowest risk around the
commonly protective range of 6-8 mL/kg. From the non-linear HR curves, the HR for VT /kg
remained close to 1 across approximately 6-8 mL/kg, with elevated risk below approximately
5 mL/kg and above approximately 9 mL/kg. Respiratory rate showed a significant J-shaped
association in the VCV group (p for non-linearity = 0.027, Figure 3(A2)), suggesting increased
risk at extremes; the HR remained close to 1 between approximately 18 and 26 breaths/min,
with increased risk at rates below approximately 14 or above approximately 30 breaths/min.
Minute ventilation, ventilatory ratio, and PEEP did not show significant non-linear deviations
in VCV. In PCV, [(4 x driving pressure) + respiratory rate] showed a non-linear trend in both
quadratic (p = 0.058, Figure 3(B3)) and RCS analyses (p = 0.026, Supplementary Figure S6),
with the latter further supporting this relationship. While respiratory rate, driving pressure,
and PEEP were not significantly non-linear in PCV. For conciseness, PEEP curves are shown
only once per ventilation group (Model 1 and Model 4). PEEP curves from Models 2, 3, and 5
are presented in the Supplementary Materials (Supplementary Figures S3-55), confirming the
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robustness of the PEEP association regardless of the primary respiratory variable included.
RCS sensitivity analyses yielded results closely similar to the primary polynomial findings
(Supplementary Figure S6).
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Figure 2. Temporal trends of ventilatory parameters and blood gas variables over the first 10 days
in ICU survivors versus non-survivors. Panels: (A) PEEP (cmH,0), (B) respiratory rate (RR,
breaths/min), (C) tidal volume per body weight (VT /kg, mL/kg), (D) driving pressure (AP, cmH,0),
(E) (4 x AP) + RR, (F) minute ventilation (VE, L/min), (G) ventilatory ratio (VR), (H) PaO,/FiO,
ratio (P/F ratio), (I) partial pressure of carbon dioxide (PaCO,, mmHg), (J) arterial pH, (K) lactate
(mmol/L). p-values for overall between-group differences over the 10-day period were calculated
using mixed-effects linear regression models with random intercepts; p < 0.05 was considered statisti-
cally significant.
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Figure 3. Non-linear associations of ventilatory parameters with ICU mortality using quadratic
polynomial models in time-dependent Cox regression. HRs were modeled using quadratic poly-
nomial terms in time-dependent Cox models, adjusted for all covariates listed in Table 3 footnote.
Time-dependent covariates were handled using the time-varying Cox regression model with repeated
measures. Analyses were stratified by ventilation mode (volume-controlled vs. pressure-controlled).
Solid lines = adjusted HRs; shaded areas = 95% Cls; dashed line = HR = 1. p-values shown are
for the quadratic (non-linear) term, testing deviation from linearity. A significant non-linear p-
value suggests a non-linear association with ICU mortality; a non-significant non-linear p-value
does not exclude a linear association (see Table 3). Panels (A1-A5) show results from the volume-
controlled ventilation group: (A1) VT/kg from Model 1; (A2) RR from Model 1; (A3) VE from
Model 2; (A4) VR from Model 3; and (A5) PEEP (representative, from Model 1). Panels (B1-B4) show
results from the pressure-controlled ventilation group: (B1) AP from Model 4; (B2) RR from Model 4;
(B3) (4 x AP + RR) from Model 5; and (B4) PEEP (representative, from Model 4). Of note, PEEP was
included in all five models, with nearly identical effect estimates across models. For conciseness,
PEEP curves are shown only once per ventilation group (Model 1 and Model 4). PEEP curves from
Models 2, 3, and 5 are shown in the Supplementary Materials (Supplementary Figures S3-55). RR was
included in Models 1 and 4 only, the corresponding curves are shown in (A2,B2). VT /kg, tidal volume
per kg PBW; VE, minute ventilation; VR, ventilatory ratio; AP, driving pressure; RR, respiratory rate;
PEEP, positive end-expiratory pressure.

3.4. Exploratory Analyses

Figure 4 presents the relative distribution analysis for the identification of exploratory,
data-driven thresholds of ventilatory parameters associated with ICU mortality. The
analysis identified possible thresholds that discriminated ICU survivors from non-survivors.
These thresholds were derived from the same study population and were not tested in an
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independent cohort; therefore, they should be interpreted as exploratory and hypothesis-
generating rather than as definitive clinical targets.
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Figure 4. Relative distribution analysis for the identification of exploratory, data-driven thresholds of
ventilatory parameters associated with ICU mortality. The cut-off point along the continuum of each
marker that separated ICU survivors versus non-survivors was determined by comparing the quantile
(proportion) distribution of the marker in survivors (plotted on the x-axis, with corresponding marker
values shown at the top) against the relative density (mortality distribution ratio) of the marker
in non-survivors (plotted on the y-axis). Panels: (A) PEEP (cmH,0), (B) respiratory rate (RR,
breaths/min), (C) tidal volume per body weight (VI /kg, mL/kg), (D) driving pressure (AP, cmH,0),
(E) (4 x AP) + RR, (F) minute ventilation (VE, L/min), (G) ventilatory ratio (VR). The threshold was
defined as the marker value corresponding to the crossing point(s) where the relative density ratio
crossed the reference line of 1.0, indicating the threshold(s) where the mortality distribution ratio
diverged between survivors and non-survivors. For markers exhibiting a U-shaped association with
mortality, two crossing points were identified: the lower inflection point (left crossing) defining the
lower boundary of the protective range, and the upper inflection point (right crossing) defining the
high-risk threshold above which mortality risk increased significantly.

Subgroup analyses were exploratory (Figure 5 and Supplementary Tables S18-537).
For these subgroup analyses, patients were grouped by the presence versus absence of
each pathogen type (e.g., viral vs. non-viral, fungal vs. non-fungal), regardless of co-
infection with other pathogens, because this binary grouping was necessary to maintain
mutually exclusive, sufficiently sized strata for model estimation. Glucocorticoid use
was no longer statistically significant in the viral infection subgroup, while most other
associations were similar to the overall analysis. Respiratory rate was positively associated
with mortality in the non-fungal and moderate hypoxemia subgroups. In severe hypoxemia,
PEEP, glucocorticoids, and neuromuscular blockers were not significantly associated with
ICU mortality. VT /kg appeared protective in non-viral and immunocompetent subgroups,
but this finding was not consistent with the primary non-linear analysis and may reflect
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multiple testing, smaller subgroup size, or residual confounding. The subgroup results
therefore were used to generate hypotheses rather than to define treatment targets. Their
main value is to show that the SP population is not uniform: the direction and strength of
associations may change when patients are grouped by pathogen, oxygenation status, or
host immune function. In particular, the absence of significant PEEP, glucocorticoid, and
neuromuscular blocker associations in severe hypoxemia should be interpreted cautiously
because this subgroup was smaller, had more uniform exposure to rescue therapies, and
had mortality strongly driven by baseline disease severity.

Model 1 (VT/kg)

A No virus Virus
Variable Beta HR (95% CI) P Beta HR (95% CI) P
Systemic Corticosteroids 3.98x10" 149 (124~ 178) <0.001 . 1.13x10" 1.12(083~150) 0451 .
Neuromuscular Blockade 4.43x10" 1,56 (1.29 ~ 1.88) <0.001 . 3.86x10" 147(1.15~188) 0002 .
Total respiratory rate 3.00x10° 1.00 (1.00 ~ 1.01) 0.141 ' 225x10° 1.00(1.00~101) 0471 '
Positive end expiratory pressure 541x10* 1.06 (1.04 ~ 1.07) <0.001 . 224x10* 102(1.01~104) 0009 .
Tidal volume -2.58x10° 1.00 (1.00 ~ 1.00) 0043 ' -1.03x10°  1.00(099~101) 0886 '
. X . . x )
0 1 2 0 1 2
«—Low risk High risk — «Low risk High risk —
Model 2 (VE)
No virus Virus
Variable Beta HR (95% CI) P Beta HR (95% CI) P
Systemic Corticosteroids 3.98x10" 149 (124~178) <0.001 . 1.16x10" 1.12(084~151) 0437 .
Neuromuscular Blockade 4.46x10" 1.56 (1.29 ~ 1.89) <0.001 . 391x10" 148(1.16~189) 0002 .
Positive end expiratory pressure 5.42x107 1.06 (1.04 ~ 1.07) <0.001 . 224x10? 102(1.01~104) 0009 .
VE 3.14x10° 1.00(0.99 ~ 1.02) 0654 ' -1.18x10°  1.00(098~102) 0922 .
T 1T
0 1 2 0 1 2
«Low risk High risk — «Low risk High risk —
Model 3 (VR)
No virus Virus
Variable Beta HR (95% CI) P Beta HR (95% CI) P
Systemic Corticosteroids 4.01x10" 1.49(1.25~1.79) <0.001 . 1.16x10"  1.12(084~151) 0440 .
Neuromuscular Blockade 4.50x10" 1.58(1.31~1.91) <0.001 - 398x10"  149(1.16~190)  0.002 .
Positive end expiratory pressure 5.44x10* 1.06 (1.04 ~1.07) <0.001 . 223x10°  1.02(1.01~104) 0011 .
VR 9.54x10° 0.99(0.97 ~1.01) 0333 " 524x107  105(093~1.19) 0416 .
0 ; 2 0 ; 2
«Low risk High risk — «Low risk High risk —
Model 4 (AP)
No virus Virus
Variable Beta HR (95% CI) P Beta HR (95% CI) P
Systemic Corticosteroids 397x10" 149 (124~1.78) <0.001 . 1.10x10"  1.12(0.83~15) 0.461 -
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Model 1 (VT/kg)
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Variable Beta HR (95% CI) P Beta HR (95% CI) P
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Figure 5. Subgroup analysis of key parameters associated with ICU mortality. (A) Subgroup analysis
stratified by viral infection status (viral vs. non-viral). (B) Subgroup analysis stratified by fungal
infection status (fungal vs. non-fungal). (C) Subgroup analysis stratified by hypoxemia severity
(mild vs. moderate vs. severe). (D) Subgroup analysis stratified by immunocompromised status
(immunocompetent vs. immunocompromised). Forest plots show adjusted hazard ratios (HRs) and
95% confidence intervals (Cls) for key parameters across prespecified subgroups. HRs were derived
from multivariable time-dependent Cox regression models (volume-controlled group: Models 1-3;
pressure-controlled group: Models 4-5), adjusted for the same set of covariates as the primary analysis
(see Table 3 footnote). The dashed vertical line at HR = 1 indicates no effect. VT /kg, tidal volume per
kg predicted body weight; VE, minute ventilation; VR, ventilatory ratio; AP, driving pressure; RR,
respiratory rate; PEEP, positive end-expiratory pressure. Detailed model outputs for each subgroup
are provided in the Supplementary Materials (Tables S18-537).
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4. Discussion

In this large cohort of invasively ventilated patients with SP, current ventilatory prac-
tice was largely lung protective. The main primary-model findings were that higher PEEP,
systemic glucocorticoid exposure, and neuromuscular blocker exposure were associated
with higher ICU mortality; VT /kg and respiratory rate showed important non-linear
patterns; and driving pressure, minute ventilation, ventilatory ratio, and [(4 x driving
pressure) + respiratory rate] were not significantly associated with mortality in the adjusted
linear models. The results are consistent with the concept of individualized management,
although they do not establish causality. Associations between therapies and mortality
should be read as signals from real-world practice, where clinicians preferentially apply
higher PEEP, corticosteroids, or paralysis to the sickest patients.

While optimal management of infection and septic shock remains the cornerstone
of improving survival in severe pneumonia, minimizing ventilator-induced lung injury
represents a distinct and modifiable component of ICU care. In this context, the longitudinal
collection of ventilatory and gas-exchange variables over the first 10 days of mechanical
ventilation constitutes a key strength of this study. Physiological responses after acute lung
injury evolve over time, and measurements obtained only at admission may inadequately
represent this dynamic trajectory [22]. Our daily time-dependent approach captures these
temporal changes, providing a more accurate assessment of exposure—outcome associations
and a real-world snapshot of ventilator management across a heterogeneous SP population.
Importantly, we identified specific, quantifiable non-linear thresholds—VT/kg 6-8 mL/kg
and respiratory rate 18-26 breaths/min—which offer actionable, data-driven boundaries
for bedside titration rather than merely qualitative associations.

The observed ventilation settings are consistent with modern adoption of protective
ventilation in ARDS and non-ARDS ICU populations [23,24]. Median VT/kg was 7 mL/kg
and median driving pressure was 12 cmH,0O, lower than values reported in older me-
chanically ventilated cohorts [25] and close to ARDSNet-derived protective targets [26].
Driving pressure has been strongly associated with ARDS survival [27], and values below
approximately 15 cmH,O are often regarded as relatively safe [28]. This may explain why
driving pressure was not significantly associated with mortality in our adjusted models:
most observed values were already in a protective range, and additional reductions may
have limited measurable benefit. It also emphasizes a key interpretive point: when a cohort
is already managed near accepted safety targets, observational analyses may detect little
incremental effect from further lowering a variable, even if the same variable is harmful at
extreme values.

PEEP requires balancing recruitment against overdistension and hemodynamic com-
promise [9,29,30]. In the primary models, higher PEEP was associated with higher mortality.
This could reflect a causal effect in patients with focal pneumonia or low recruitability,
but confounding by indication in patients with worse oxygenation is at least equally plau-
sible, and the two explanations are not mutually exclusive. The loss or attenuation of
statistical significance in severe hypoxemia and complete-case analyses argues against a
universal conclusion that higher PEEP is harmful. The attenuation of the PEEP associa-
tion in complete-case analyses indicates that this finding is sensitive to how missing data
were handled, which further supports a cautious, non-causal interpretation. In patients
with more recruitable lungs, the benefits of PEEP may offset overdistension, while ag-
gressive recruitment and high-PEEP strategies can also cause harm in unselected ARDS
populations [31,32]. These findings highlight the potential value of individualized PEEP
titration over routine escalation, although this remains to be tested in prospective studies.
Bedside approaches such as careful evaluation of oxygenation response, driving pressure
response, hemodynamic tolerance, imaging pattern, and, when available, recruitability
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assessment may help identify patients in whom PEEP improves lung protection rather than
adding stress.

Respiratory rate and VT /kg should be interpreted together. Experimental and clinical
data suggest that excessive respiratory rate can increase dynamic strain and mechanical
power [18,33,34]. Our J-shaped respiratory-rate result implies that both inadequate and
excessive rates may be unfavorable. Low rates may lead to hypoventilation and acidosis,
whereas high rates may reflect respiratory distress, increased drive, dead space, or clinician
response to hypercapnia. Beyond ventilator settings, respiratory rate is modulated by
respiratory drive, hypoxemia, inflammation, and chemoreflex activity [35], and should not
be interpreted as an isolated ventilator variable but rather as a reflection of the interplay
between ventilator settings, pathophysiology, host response, and clinician interventions.
Of note, the positive linear association between respiratory rate and mortality in subgroup
analyses was predominantly observed in non-fungal patients, suggesting that in fungal
pneumonia mortality is more strongly determined by pathogen and host immune status;
alternatively, this may reflect reduced statistical power in the fungal subgroup. This
finding should therefore be considered hypothesis-generating. For VT/kg, low tidal
volume reduces mortality in ARDS [26], especially when respiratory-system elastance
is high [36], but very low VT in non-ARDS or higher-compliance patients may promote
hypercapnia, dyspnea, or compensatory tachypnea [37]. The U-shaped VT /kg association
therefore supports maintaining a protective middle range rather than pursuing uniformly
lower VT for every patient. Additionally, the linear associations for respiratory rate and
VT/kg became statistically significant in sensitivity analyses excluding covariates with
>30% missingness or using day-0 measurements, respectively, suggesting that these linear
associations are more susceptible to analytical choices; the non-linear relationships (J-
shaped for respiratory rate, U-shaped for VT /kg) should therefore be the primary focus
of interpretation.

Minute ventilation and ventilatory ratio did not independently predict mortality after
adjustment. Higher minute ventilation may be a response to metabolic demand, acidosis,
fever, or dead space rather than a direct injurious exposure. Ventilatory ratio is a practical
surrogate for ventilatory inefficiency and dead space, both prognostic in ARDS [38—40],
but its independent value in heterogeneous SP may be limited. Prior work also suggests
that the association between ventilatory ratio and mortality may be mediated by dyscapnia
rather than by ventilatory ratio itself [41]. Thus, ventilatory ratio may remain useful for
bedside physiology, but should not be interpreted as a standalone therapeutic target in SP.

The null finding for airway driving pressure should not be interpreted as proof
that mechanical stress is unimportant. Airway driving pressure may poorly represent
transpulmonary driving pressure when chest-wall elastance or spontaneous breathing
effort is substantial [42,43], and clinical trials targeting lower driving pressure have not
uniformly improved outcomes [31,44]. Thus, the absence of an independent association for
driving pressure in this cohort does not exclude a role for mechanical stress in SP patients,
particularly when assessed through more integrative measures. In contrast, the composite
parameter [(4 x AP) + RR] showed non-linear associations with ICU mortality in both
quadratic (p = 0.058) and RCS analyses (Supplementary Figure S6), suggesting that this
integrative marker of mechanical load may capture risk beyond individual components.
Future studies using esophageal pressure, imaging, and recruitability assessment may
better identify patients who benefit from individualized pressure and power targets [45].

Notably, the sensitivity analysis excluding covariates with >30% missingness rendered
both minute ventilation and [(4 x AP) + RR] statistically significant, suggesting that these
linear associations may be influenced by adjustment for highly incomplete covariates; their
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non-significant findings in the primary analysis should therefore be interpreted with this
in mind.

Systemic glucocorticoids remain controversial in severe pneumonia. CAPE-COD
showed benefit from early hydrocortisone in severe CAP [46], whereas ESCAPe did not
show a methylprednisolone mortality benefit [47], and REMAP-CAP raised uncertainty for
some hydrocortisone regimens [48]. Meta-analyses suggest possible short-term mortality
reduction but with heterogeneity [49,50]. Guidelines increasingly support corticosteroids
in selected severe CAP, ARDS, or septic shock contexts, but caution is advised in influenza
and fungal pneumonia [51-53]. Our positive association with mortality is likely influenced
by confounding by indication, mixed infection phenotypes, and unmeasured variation in
timing, dose, agent, and duration. These findings therefore highlight the importance of
careful patient selection and documentation of indication, rather than supporting a general
conclusion about harm or benefit from these agents in all SP patients.

Neuromuscular blockers can improve synchrony and facilitate lung-protective ven-
tilation, yet evidence in ARDS is mixed: ACURASYS suggested benefit with early
cisatracurium [54], whereas ROSE found no mortality benefit under lighter sedation [55].
Contemporary guidance discourages routine continuous infusion and favors selective or
intermittent use when needed [52,56]. In our cohort, neuromuscular blocker exposure
was associated with higher mortality, probably reflecting residual severity, deep sedation,
prolonged ventilation, and possible ICU-acquired weakness [57,58]. The attenuation of this
association in severe hypoxemia may indicate reduced power, more uniform exposure, or a
subgroup in which paralysis facilitates protective ventilation. These findings are consistent
with a restrictive strategy: use neuromuscular blockers for clear indications, reassess daily,
and minimize duration.

Several clinical implications follow from these findings. First, protective ventilation
appears feasible in SP and is consistent with current practice, but the target should not be
reduced to a single number. VT, respiratory rate, PEEP, driving pressure, gas exchange, and
hemodynamics should be considered together because compensating for one variable may
worsen another. Second, PEEP titration may benefit from an individualized approach. Pa-
tients with diffuse, recruitable injury and severe hypoxemia may benefit from higher PEEDP,
whereas those with focal consolidation, low recruitability, or circulatory instability may be
harmed by overdistension or reduced venous return. Third, respiratory rate deserves more
attention than it often receives. It is frequently adjusted to correct PaCO,, but very high
rates may increase dynamic mechanical load and worsen air trapping or dyssynchrony.
Fourth, adjunctive therapies may be viewed as markers of clinical context as well as inter-
ventions. Corticosteroids and neuromuscular blockers may be considered in selected severe
CAP, ARDS, or shock phenotypes, but their use is best guided by a documented indication,
early reassessment, and careful monitoring for infection, hyperglycemia, weakness, and
prolonged ventilation.

Our findings also highlight gaps for future research. Prospective studies should
capture corticosteroid agent, dose, timing, and duration; neuromuscular blocker dosing
strategy; sedation depth; ventilator asynchrony; prone positioning; and objective measures
of recruitability. They should distinguish focal pneumonia, diffuse ARDS-like injury,
and mixed infections, and should evaluate whether physiology-guided targets improve
outcomes beyond standard protective ventilation. Since SP is not a single phenotype, trials
that enroll all SP patients without stratification may dilute benefit in responsive subgroups
and obscure harm in others.

Strengths of this study include the large sample, daily time-dependent exposure
assessment, adjustment for evolving severity, and subgroup analyses across pathogen,
oxygenation, and host immune status. The design also allowed ventilation mode-specific
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modeling, reducing direct comparison of variables that are not measured equivalently
under VCV and PCV. Beyond these methodological strengths, the identification of specific
non-linear thresholds for VI /kg and respiratory rate provides clinically interpretable
guidance for bedside titration. Collectively, these strengths support the validity of our
findings and provide a foundation for future prospective studies evaluating physiology-
guided ventilation strategies in severe pneumonia.

Limitations remain substantial. The single-center retrospective design limits gen-
eralizability and leaves residual confounding. Treatment details for corticosteroids and
neuromuscular blockers were unavailable. VT was unavailable in PCV, plateau pressure
in VCV, and uniform application of the inspiratory hold maneuver across PCV recordings
could not be confirmed. Polynomial modeling captures only selected non-linear shapes,
although RCS sensitivity analyses yielded consistent results (Supplementary Figure S6).
Subgroup analyses were underpowered and vulnerable to multiple testing, and mixed
infections limited pathogen-specific interpretation; sedation depth, patient-ventilator asyn-
chrony, recruitability, and long-term outcomes were not assessed. We did not distinguish
CAP, HAP, or VAP due to retrospective data limitations, but we addressed pathogen-related
heterogeneity through stratified subgroup analyses. The fungal detection rate in our cohort
(49.4%) was high, reflecting the referral nature of our tertiary center and the high proportion
of immunocompromised patients; however, we cannot definitively distinguish colonization
from true infection, and the limited subgroup sample sizes precluded non-linear modeling
in these subgroups. Accordingly, our findings—particularly for respiratory rate—should
be generalized cautiously to settings with lower fungal prevalence. Finally, our cohort
was predominantly male (68.95%), which may limit generalizability to female patients;
sex differences in chemoreflex sensitivity during recovery from lung injury have been
reported [59], and whether our findings apply equally to female patients requires further
investigation in sex-balanced cohorts.

5. Conclusions

In patients with SP receiving invasive mechanical ventilation, ventilatory settings
were generally within protective ranges. In primary time-dependent models, higher PEEP,
systemic glucocorticoid use, and neuromuscular blocker use were associated with higher
ICU mortality, but these associations were not causal and may reflect confounding by
indication, disease severity, and other residual confounders. VT /kg and respiratory rate
showed non-linear associations with higher mortality at extremes whereas the lowest
risk was observed at VI/kg 6-8 mL/kg and respiratory rate 18-26 breaths/min, and
[(4 x AP) + RR] showed a non-linear association in sensitivity analyses. Optimizing venti-
latory parameters within these identified ranges may help minimize ventilator-induced
lung injury, a distinct and modifiable contributor to mortality in SP patients. These findings
suggest that physiology-guided ventilation and selective use of adjunctive therapies may
be reasonable approaches, but prospective studies are needed to define individualized
targets, test protocolized decision pathways, and clarify causal effects across distinct SP
phenotypes in multicenter cohorts with standardized protocols.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm15187171/s1, Figure S1: Flowchart of modeling workflow;
Figure S2: Temporal trends of 14 physiological and laboratory parameters over the first 30 days in
ICU survivors versus non-survivors; Table S1: Summary of ventilatory parameters and gas exchange
variables over the first 10 days in ICU survivors versus ICU non-survivors; Table S2: Percentage of
missing data; Table S3: Predictor Variables for Multiple Imputation; Table S4: Test of proportional
hazards assumption for each ventilatory exposure; Tables S5-59: Multivariable time-dependent Cox
regression models for ICU mortality; Tables S10-514: complete-case sensitivity analysis without
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imputation; Table S15: Sensitivity analysis: multivariable linear time-dependent Cox regression model
for ICU mortality excluding adjustment covariates with >30% missingness; Table S16: Sensitivity
analysis: multivariable Cox regression for ICU mortality using baseline (day 0) data only; Table S17:
Sensitivity analysis: multivariable linear time-dependent Cox regression model for ICU mortality
excluding patients with septic shock at baseline; Figures S3-55: Non-linear associations of PEEP with
ICU mortality across additional multivariable models; Figure S6: Non-linear associations between
ventilatory parameters and ICU mortality via restricted cubic splines (RCS) in time-dependent
Cox models; Tables S18-537: Complete results of subgroup analyses for the association between
parameters and ICU mortality—multivariable time-dependent Cox regression models stratified by
viral infection, fungal infection, hypoxemia severity, and immunocompromised status.
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