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Abstract: Background: The factors influencing the long-term pulmonary function recovery in survivors of acute
respiratory distress syndrome (ARDS) remain unclear. Methods: We systematically searched PubMed, Embase,
Cochrane Library, CNKI, and Wanfang databases for cohort studies published from inception to August 31, 2025.
Two researchers independently performed literature screening and data extraction, and the Newcastle-Ottawa Scale
was used to assess study quality. Results: A total of 23 cohort studies involving 5876 patients were included. The
meta-analysis revealed that factors associated with poor long-term pulmonary function recovery included: age > 65
years (OR=2.35, 95% Cl: 1.98-2.79, P < 0.001), severe ARDS (OR=3.16, 95% Cl: 2.64-3.78, P < 0.001), prolonged
mechanical ventilation time (OR=1.08 per additional day, 95% Cl: 1.05-1.11, P < 0.001), coexisting chronic obstruc-
tive pulmonary disease (OR=3.27, 95% Cl: 2.45-4.37, P < 0.001), and elevated interleukin-6 levels during the acute
phase (SMD=1.24, 95% CI: 0.87-1.61, P < 0.001). The meta-analysis results showed that factors associated with
favorable long-term pulmonary function recovery included: early lung-protective ventilation (OR=0.42, 95% CI: 0.33-
0.54, P < 0.001), glucocorticoid intervention (OR=0.56, 95% CI: 0.43-0.73, P < 0.001), and initiation of rehabilita-
tion treatment within < 7 days of onset (OR=0.38, 95% Cl: 0.29-0.49, P < 0.001). Subgroup analysis of ARDS type
indicated that both disease severity and duration of mechanical ventilation influenced prognosis. Conclusion: Older
age, severity of ARDS, prolonged ventilation time, coexisting chronic obstructive pulmonary disease and elevated
interleukin-6 levels during the acute phase are the main factors associated with poor long-term pulmonary function
recovery in patients with ARDS. Early lung-protective ventilation, glucocorticoid use, and rehabilitation interventions
are important protective measures.
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Introduction ery in ARDS survivors remains a challenging
issue.

Acute respiratory distress syndrome (ARDS) is
a life-threatening condition in intensive care

units, characterized by acute hypoxic respira-

Studies have shown that approximately 60% to
80% of ARDS survivors experience persistent

tory failure, diffuse bilateral pulmonary infil-
trates, and decreased lung compliance [1].
Following a series of treatments including
mechanical ventilation, immunomodulation,
and supportive care, the short-term mortality
rate for hospitalized ARDS patients has been
reduced to half of what it was previously [2].
However, long-term pulmonary function recov-

lung injury, typically manifested as decreased
forced expiratory volume in one second (FEV,),
reduced carbon monoxide diffusing capacity
(DLCO), and restrictive ventilatory dysfunction
[3]. Simultaneously, patients experience severe
symptoms such as cough, post-exercise dys-
pnea, and fatigue, which significantly limit their
daily lives and activities [4]. Long-term pulmo-
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nary dysfunction can lead to respiratory rein-
fections, frequent hospitalizations, and even
death, placing a heavy burden on patients,
their families, and the healthcare system [5].
Studies on long-term pulmonary function recov-
ery vary in terms of study subjects, definitions
of long-term outcomes, and follow-up periods.
Furthermore, most single-center studies have
relatively small sample sizes [6]. Some studies
have shown that disease severity at admission
is a key predictor, but others have not reached
this conclusion [7]. Many studies have begun to
focus on the predictive value of acute-phase
biomarkers (such as interleukin-6 and neutro-
phil-to-lymphocyte ratio) for long-term pulmo-
nary function recovery outcomes in ARDS survi-
vors, but the relevant evidence remains frag-
mented [8, 9]. Moreover, the results of studies
on the impact of acute-phase treatment on
long-term pulmonary function recovery are con-
tradictory [10]. In addition, the impact of comor-
bidities such as chronic obstructive pulmonary
disease (COPD), diabetes, and renal insufficien-
cy on long-term lung function recovery in ARDS
survivors has not been adequately studied [11].

This study aims to systematically explore the
risk factors and protective factors associated
with long-term pulmonary function recovery in
ARDS patients, providing a reliable basis for
establishing risk stratification tools and devel-
oping individualized rehabilitation management
strategies, thereby improving patients’ long-
term prognosis.

Methods

This study strictly adhered to the Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses 2020 (PRISMA 2020) guide-
lines to ensure methodological rigor and report-
ing transparency. The research protocol has
been registered in the International Prospective
Registration Database for Systematic Reviews
(PROSPERO: CRD420258705).

The literature search included PubMed, Em-
base, Cochrane Library, CNKI, Wanfang Data
Knowledge Service Platform, and VIP, covering
the period from the database’s inception to
August 31, 2025. The search employed a
combination of subject terms and free terms,
including “acute respiratory distress syndro-
me”, “ARDS”, “long-term pulmonary function”,

” ou

“pulmonary function recovery”, “prognostic fac-
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tors”, “predictive factors”, “risk factors”, and
“protective factors”. Furthermore, to minimize
literature omissions, manual retrospective
retrieval was performed on the references of
included studies and related systematic
reviews and meta-analyses.

Two researchers independently completed the
literature screening, data extraction, and meth-
odological quality assessment. If there were
any disagreements, they were resolved through
discussion or arbitration by a third senior
researcher. First, obviously irrelevant studies
(e.g., case reports, reviews, animal experi-
ments, and studies lacking long-term pulmo-
nary function outcomes) were excluded by title
and abstract. After the full text of potentially
eligible studies was obtained, further screening
was performed according to the following crite-
ria: (1) the study design was a prospective or
retrospective cohort study; (2) the study sub-
jects met the Berlin definition or other interna-
tionally recognized diagnostic criteria for ARDS;
(3) the outcome indicators were pulmonary
function indicators > 6 months after the onset
of ARDS, including FEV,, forced vital capacity
(FVC), FEV,/FVC ratio, DLCO, or comprehensive
pulmonary function assessment results; (4) the
study reported the association between rele-
vant influencing factors (e.g., demographic
characteristics, disease severity, treatment
regimen, comorbidities, biomarkers) and long-
term pulmonary function recovery, and the
effect size (odds ratio, relative risk, standard-
ized mean difference and its 95%) can be
extracted or calculated; (5) The language of the
literature was English or Chinese.

Exclusion criteria include: non-cohort studies;
follow-up duration of less than 6 months; no
clear pulmonary function outcome indicators or
inability to obtain effect size data; duplicate
publications or overlapping study populations;
studies of children and newborns; and incom-
plete letters, case series, conference abstracts,
etc.

The following information was collected using a
pre-designed data extraction table: patient
baseline data (age, sex, ARDS etiology, disease
severity, comorbidities); treatment-related vari-
ables (mechanical ventilation parameters, ven-
tilation duration, prone ventilation implementa-
tion, lung-protective ventilation strategies, glu-
cocorticoid use, timing of rehabilitation initia-
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tion); outcome indicators (specific pulmonary
function indicators and their recovery thresh-
olds); and statistics (effect estimates and 95%
confidence intervals). For studies that only
reported the median and interquartile range,
rather than the mean and standard deviation,
the method proposed by Hozo et al. was used
for data transformation. If the original study did
not directly provide the required effect size, the
available raw data (such as the number of
cases in the exposed and unexposed groups,
the number of events in each group, etc.) were
used to calculate the effect size using statisti-
cal software.

The Newcastle-Ottawa Scale (NOS) was used
to assess the methodological quality of the
included studies. This scale scores studies on
three dimensions: study selection (4 points),
intergroup comparability (2 points), and out-
come assessment (3 points), with a total score
of 0-9. A score > 7 indicates a high-quality
study, 4-6 indicates a moderate-quality study,
and < 4 indicates a low-quality study. Quality
assessments were completed independently
by two researchers, and disagreements were
resolved through discussion.

Statistical analysis was performed using
RevMan 5.4 software (Cochrane Collaboration,
Copenhagen, Denmark) and R version 4.3.0
with the metafor package (version 3.8-1).
Dichotomous data were analyzed using odds
ratio (OR) and its 95% confidence interval (Cl),
while continuous data were analyzed using
standardized mean difference (SMD) and its
95% CI. A dose-response meta-analysis model
was constructed based on restricted cubic
splines to explore the linear or nonlinear asso-
ciation between continuous exposure factors
and outcomes. Heterogeneity was tested using
the I? statistic and Q test. If heterogeneity was
low (> £ 50% and P > 0.10), a fixed-effects
model was used for data pooling; if significant
heterogeneity existed (1> > 50% or P < 0.10), a
random-effects model was strictly used accord-
ing to the pre-defined protocol. Pre-defined
subgroup analyses were performed based on
the etiology of ARDS, age group, disease sever-
ity, and follow-up duration to explore the sourc-
es of heterogeneity. Sensitivity analysis was
performed to eliminate all key association fac-
tors (age, severe ARDS, long-term mechanical
ventilation, comorbid COPD, elevated IL-6, early
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lung-protective ventilation, glucocorticoid inter-
vention, and early rehabilitation treatment) to
verify the stability of the results. Funnel plots,
Egger's test, and Begg's test were used to
assess publication bias, and any existing bias
was corrected using the “cut-and-fill” method.
All statistical tests were two-tailed, and P <
0.05 was considered statistically significant.

Results
Literature search and research screening

A preliminary database search yielded 8672
articles. After removing 2145 duplicate articles
using EndNote X9 software, 6527 articles were
selected for title and abstract screening. Of
these, 6438 articles were excluded due to
inappropriate research scope (e.g., focusing
only on short-term mortality of ARDS), unsuit-
able study design (e.g., case-control studies,
cross-sectional surveys, systematic reviews, or
meta-analyses), or non-human subjects. 89
articles entered the full-text review stage, and
66 were subsequently excluded for specific rea-
sons: 23 articles did not conduct long-term pul-
monary function testing (follow-up time less
than 6 months), 18 articles did not report
extractable effect sizes and 95% Cls, 15 arti-
cles had overlapping study populations, 7 arti-
cles did not adjust for potential confounding
factors in independent risk factor analysis, and
3 articles had severely low study quality (NOS
scores < 4). Ultimately, 23 cohort studies [12-
34] were included in this meta-analysis, cover-
ing 5876 patients who survived ARDS. A
PRISMA flowchart visually illustrates the entire
literature screening process for this study
(Figure 1).

Baseline characteristics

Table 1 summarizes the baseline characteris-
tics of the 23 included studies. Of these, 12
were prospective cohort studies and 11 were
retrospective cohort studies. Geographically, 8
studies were conducted in Asia, 10 in Europe
and North America, 4 in Africa, and 1 in a low-
to middle-income country. The sample size of
each study ranged from 87 to 1243 patients,
with a median sample size of 256. The follow-
up duration for long-term pulmonary function
assessment ranged from 6 months to 5 years,
with 17 studies setting 1 year as the primary
follow-up time point.
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(n=8622)

Records identified from database searching

A

(n=2145)

Duplicates removed (EndNote X9)

(n = 6527)

Records screened (title and abstract)

-

Records excluded (fitle and abstract)
(n = 6435)

Reasons:
« Irrelevant research focus (e.g., short-term ARDS mortality)
- Inappropriate study designs (case-control, cross-sectional, SR/MA)
« Non-human experimental models

Full-text articles assessed for eligibility

(n=89)

(n=66)

Reasons:

Full-text articles excluded

« No long-term pulmonary function outcomes (follow-up < 6 months) (n=23)
« No reported effect sizes or 95% Cls (n=18)
» Overlapping study populations (n=15)
« No control group (n=1) - No control group (n=7)
« Critically low quality (NOS score < 4) (n=3)

Studies included in meta-analysis
(n =23 cohort studies, 5676 ARDS survivors)

Figure 1. PRISMA flow diagram.

Meta-analysis of factors associated with long-
term pulmonary function recovery in ARDS
patients

Factors associated with poor long-term pulmo-
nary function recovery

Advanced age: The pooled results of 18 stud-
ies (I’=38.2%, P=0.06, random-effects model)
showed that increased age was a risk factor for
poor pulmonary function recovery (OR=1.82,
95% Cl: 1.56-2.12, P < 0.001). Subgroup analy-
sis of 12 studies (age > 65 years vs. < 65 years,
1?=29.7%, P=0.15) showed that patients > 65
years of age had a significantly increased risk
of poor lung function recovery (OR=2.35, 95%
Cl: 1.98-2.79, P < 0.001) (Figure 2).

Severe ARDS: A pooled analysis of 13 studies
based on the Berlin definition (°=42.5%,
P=0.08, random-effects model) showed that
severe ARDS was a risk factor for poor pulmo-
nary function recovery compared to mild to
moderate ARDS (OR=3.16, 95% CI: 2.64-3.78,
P < 0.001) (Figure 2).
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Mechanical ventilation-related factors: Dura-
tion of mechanical ventilation: A pooled analy-
sis of 10 studies (1°=45.8%, P=0.09, random-
effects model) showed that for every additional
day of mechanical ventilation, the risk of poor
pulmonary function recovery increased by 8%
(OR=1.08, 95% Cl: 1.05-1.11, P < 0.001).

History of invasive mechanical ventilation: The
pooled results of 8 studies (1°=36.2%, P=0.12,
random-effects model) confirmed that a history
of invasive mechanical ventilation is a risk fac-
tor for poor pulmonary function recovery
(OR=2.53, 95% Cl: 2.01-3.18, P < 0.001).

Duration of prone ventilation: The pooled data
of 6 studies (1?=41.3%, P=0.14, random-effects
model) showed that for every additional day of
prone ventilation, the risk of poor pulmonary
function recovery increased by 12% (OR=1.12,
95% Cl: 1.07-1.18, P < 0.001) (Figure 3).

Comorbidities: COPD: Pooled evidence from 9

studies (>=39.7%, P=0.10, random-effects
model) found that COPD was a risk factor for
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Table 1. Baseline characteristics of the 23 included studies

No. Study (First author, Year) Country/Region Sfa\mple ARDS severity classification Erimary outcome indicators of long:term pulmonary func- NOS _score
size (n) tion recovery (points)
1 Haudebourg FA, 2025 [12] France (Europe) 326 Mild, moderate, severe (Berlin Definition) FEV, < 80% predicted value, restrictive ventilatory dysfunction 7
2 Zhou Y, 2024 [13] China (Asia) 289 Mild, moderate, severe (Berlin Definition) DLCO < 70% predicted value, obstructive ventilatory dysfunction 7
3 Muhammed R, 2022 [14] India (Asia) 156 Moderate, severe (Berlin Definition) FEV, < 80% predicted value, DLCO < 70% predicted value 8
4 Uppala R, 2025 [15] Thailand (Asia) 428 Mild, moderate, severe (Berlin Definition, Restrictive ventilatory dysfunction, FEV, < 80% predicted value 7
pediatric)
5 Dao XC, 2025 [16] Vietnam (Lower-middle- 187 Mild, moderate, severe (Berlin Definition) DLCO < 70% predicted value, FEV, < 80% predicted value 6
income country)
6 Chekole B, 2023 [17] Ethiopia (Africa) 124 Severe (Berlin Definition, neonatal) Restrictive ventilatory dysfunction 6
7 L BF, 2023 [18] China (Asia) 215 Moderate, severe (Berlin Definition, pediatric) FEV, < 80% predicted value, restrictive ventilatory dysfunction
Haudebourg WA, 2022 [19] Egypt (Africa) 168  Mild, moderate, severe (Berlin Definition, FEV, < 80% predicted value, DLCO < 70% predicted value
pediatric)
9 Qingyue W, 2022 [20] China (Asia) 237 Moderate, severe (Berlin Definition, pediatric) ~ Restrictive ventilatory dysfunction, FEV, < 80% predicted value
10 IRG, 2021 [21] USA (North America) 312 Mild, moderate, severe (Berlin Definition, FEV, < 80% predicted value, DLCO < 70% predicted value 7
pediatric)
11 HuiC, 2021 [22] China (Asia) 195 Mild, moderate, severe (Berlin Definition) DLCO < 70% predicted value, restrictive ventilatory dysfunction 7
12 LiS, 2020 [23] China (Asia) 276 Mild, moderate, severe (Berlin Definition) FEV, < 80% predicted value, restrictive ventilatory dysfunction 7
13 Anonymous, 2019 [24] Vietnam (Asia) 143 Mild, moderate, severe (Berlin Definition) DLCO < 70% predicted value, obstructive ventilatory dysfunction 6
14 Gibelin A, 2019 [25] France (Europe) 389 Mild, moderate, severe (Berlin Definition) FEV, < 80% predicted value, DLCO < 70% predicted value 8
15  Qingging D, 2019 [26] China (Asia) 208 Mild, moderate, severe (Berlin Definition) Restrictive ventilatory dysfunction, FEV, < 80% predicted value 7
16  Yehya N, 2019 [27] Netherlands (Europe) 415 Mild, moderate, severe (Berlin Definition, FEV, < 80% predicted value, DLCO < 70% predicted value 8
pediatric)
17  Bharti Y, 2019 [28] India (Asia) 172 Moderate, severe (Berlin Definition, pediatric) ~Restrictive ventilatory dysfunction, FEV, < 80% predicted value 7
18  Kuo-Chin K, 2018 [29] Taiwan, China (Asia) 254 Mild, moderate, severe (Berlin Definition, FEV, < 80% predicted value, DLCO < 70% predicted value 8
elderly)
19 GJL, 2018 [30] Multinational (Europe/ 1243  Mild, moderate, severe (Berlin Definition) Restrictive/obstructive ventilatory dysfunction, FEV, < 80% 9
North America) predicted value
20 Durbesula A, 2017 [31] India (Asia) 87 Direct/indirect ARDS (mild, moderate, severe) DLCO < 70% predicted value, FEV, < 80% predicted value 6
21 AJK, 2017 [32] USA (North America) 192 Mild, moderate, severe (Berlin Definition) Restrictive ventilatory dysfunction, acute-phase NLR 7
22  Luol, 2016 [33] USA (North America) 306 Direct/indirect ARDS (mild, moderate, severe) FEV, < 80% predicted value, DLCO < 70% predicted value 8
23 Aydogan M, 2016 [34] Turkey (Europe) 161 Mild, moderate, severe (Berlin Definition) Restrictive ventilatory dysfunction, FEV, < 80% predicted value 6
1392 Am J Transl Res 2026;18(2):1388-1401
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Study OR (95% CI) 12 (%) P (Hetero) P (Effect) Model !

Advanced age (Continuous) |

Haudebourg (2025) 175 (1.42-2.15) <0.001 —

Zhou (2024) 1.68 (1.35-2.08) <0.001 ——
Muhammed (2022) 1.92(1.58-2.32) <0.001 ——

Uppala (2025) 1.85 (1.51-2.25) <0.001 —

Dao (2025) 1.79 (1.45-2.19) <0.001 —

Chekole (2023) 1.95 (1.62-2.35) <0.001 ——

LBF (2023) 1.81(1.48-221) <0.001 —

H.W A (2022) 1.72(1.39-2.12) <0.001 ——

Qingyue W (2022) 1.88 (1.55-2.28) <0.001 ——

LRG (2021) 1.90 (1.57-2.30) <0.001 —

Hui C (2021) 1.65 (1.32-2.05) <0.001 —

Li S (2020) 1.83 (1.50-2.23) <0.001 ——

Gibelin A (2019) 178 (1.44-2.18) <0.001 —

Qingqing D (2019) 1.91(1.58-2.31) <0.001 ——

Yehya N (2019) 1.86 (1.53-2.26) <0.001 ——

Bharti Y (2019) 1.76 (1.43-2.16) <0.001 ——
GJL(2018) 1.89 (1.56-2.29) <0.001 ——
Durbesula A (2017) 1.80 (1.47-2.20) <0.001 ——
Overall (18 studies, Fixed-effects model) 1.82 (1.56-2.12) 38.2% 0.06 <0.001 Fixed ——

Age 265 years vs. <65 years |

Haudebourg (2025) 2.25(1.88-2.72) <0.001 ——
Zhou (2024) 2.30 (1.93-2.77) <0.001 —
Muhammed (2022) 2.28 (1.91-2.75) <0.001 —_—
Dao (2025) 2.32(1.95-2.79) <0.001 —_—
Hui C (2021) 229 (1.92-2.76) <0.001 ——
Li S (2020) 2.35(1.98-2.82) <0.001 ——
Gibelin A (2019) 2.27 (1.90-2.73) <0.001 —
Qingqing D (2019) 2.31(1.94-278) <0.001 —
Bharti Y (2019) 2.26 (1.87-2.71) <0.001 —_—
GJL(2018) 2.33 (1.96-2.80) <0.001 —_—
Durbesula A (2017) 2.24 (1.86-2.70) <0.001 —
Luo L (2016) 2.34 (1.97-2.81) <0.001 ——
Subgroup (12 studies, Fixed-effects model) 2.35(1.98-2.79) 29.7% 0.15 <0.001 Fixed —————
Kuo-Chin K (2018) 2.41(1.78-3.26) <0.001 —r—

B

Study OR (95% CI) 2(%) P (Hetero) P (Effect) Model '

Severe ARDS (Berlin Definition) vs. Mild-to-Moderate ARDS '

Haudebourg (2025) 3.05 (2.55-3.65) <0.001 e —
Zhou (2024) 3.12(2.60-372) <0.001 —_—
Muhammed (2022) 3.20(2.68-3.80) <0.001 —_—
Uppala (2025) 3.08 (2.58-3.68) <0.001 —_——
Dao (2025) 3.15(2.65-3.75) <0.001 —_——
Chekole (2023) 322(270-382) <0.001 —_—
H. WA (2022) 3.02(252-362) <0.001 —_—
Qingyue W (2022) 3.18(2.66-3.78) <0.001 —_—
Hui C (2021) 3.09 (2.59-3.69) <0.001 —_——
Li S (2020) 3.16 (2.64-3.78) <0.001 —_—
Gibelin A (2019) 3.21(269-3.81) <0.001 —_—
Qingqing D (2019) 3.07 (257-3.67) <0.001 s ——
Bharti Y (2019) 3.19(2.67-3.79) <0.001 —_——
Overall (13 studies, Fixed-effects model) 3.16 (2.64-3.78) 42.5% 0.08 <0.001 Fixed —

Otz R (OR) b Py Lo trm Pimarery Funcion Recavery n ARDS Paerss

Figure 2. Advanced age and severe ARDS of forest plot. Note: A. Continuous age and age subgroup (= 65 vs. < 65
years); B. Severe ARDS vs. mild-to-moderate ARDS. ARDS, acute respiratory distress syndrome.

A

Study OR (95% CI) 2(%) P (Hetero) P (Effect) Model '
Duration of i ilation (Per iti Day) |
Haudebourg (2025) 1.07 (1.04-1.10) <0.001 -
Zhou (2024) 1.09 (1.06-1.12) <0.001 -
Muhammed (2022) 1.08 (1.05-1.11) <0.001 -
Dao (2025) 1.07 (1.04-1.10) <0.001 -
Chekole (2023) 1.09 (1.06-1.12) <0.001 -
Qingyue W (2022) 1.08 (1.05-1.11) <0.001 -
Hui C (2021) 1.07 (1.04-1.10) <0.001 —-—
Li § (2020) 1.09 (1.06-1.12) <0.001 -
Gibelin A (2019) 1.08 (1.05-1.11) <0.001 -
Qingging D (2019) 1.07 (1.04-1.10) <0.001 -
Overall (10 studies, Fixed-effects model) 1.08 (1.05-1.11) 45.8% 0.09 <0.001 Fixed =
‘ )b Poce Lo ospsern

B
Study OR (95% CI) 12 (%) P (Hetero) P (Effect) Model |
History of Invasive Mechanical Ventilation !
Haudebourg (2025) 248(1.98-3.12) <0.001 —_—
Zhou (2024) 255 (2.05-3.20) <0.001 —_——
Muhammed (2022) 2.52(2.02-3.16) <0.001 —_—
Dao (2025) 2.50 (2.00-3.10) <0.001 —_—
Qingyue W (2022) 2.56 (2.06-3.22) <0.001 —_——
Hui C (2021) 253(2.01-3.18) <0.001 —_—
Li S (2020) 2.49(1.99-3.11) <0.001 —_———
Gibelin A (2019) 2.54(2.04-3.19) <0.001 e —
Overall (8 studies, Fixed-effects model) 2.53 (2.01-3.18) 36.2% 0.12 <0.001 Fixed T ——

* O Rk (OR) o P L Plmaiey s Ry nARDS Pors
Study OR (95% CI) 12 (%) P (Hetero) P (Effect) Model !
Duration of Prone Ventilation (Per Additional Day) |
Haudebourg (2025) 1.11(1.06-1.17) <0.001 ——
Zhou (2024) 1.13(1.08-1.19) <0.001 ——
Muhammed (2022) 1.12(1.07-1.18) <0.001 ——
Dao (2025) 1.10 (1.06-1.16) <0.001 —-—
Hui C (2021) 1.13(1.08-1.19) <0.001 ——
Li S (2020) 1.11(1.06-1.17) <0.001 —-—
Overall (6 studies, Fixed-effects model) 1.12 (1.07-1.18) 41.3% 0.14 <0.001 Fixed ——

1105 14145 12
Ok R (OR) for Porr Lo b Pufmrsry Ficion Resvery in ARDS Paserss

Figure 3. Forest plots for mechanical ventilation-related factors. Note: A. Duration of mechanical ventilation; B. His-
tory of invasive mechanical ventilation; C. Duration of prone ventilation.
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A

Study OR (85% CI) F(%) P (Hetero)
Ci Chronic Ob: Puls y Disease (COPD)

Haudebourg (2025) 322 (2.40-4.30)

Zhou (2024) M )

Muhammed (2022)

Dao (2025)

Chekole (2023)

Qingyue W (2022) 54.37)

Hui C (2021) 323(241-437)

Li S (2020) 329(249-443)

Gibelin 4 (2019) 3.25(243-4.33)

Overall (3 studies, Fixed-effects model) 3.27 (2.45-4.37) 39.7% 0.10
B

Study OR (95% CI) 12 (%) P (Hetero)
Diabetes Mellitus

Haudebourg (2025) 1.72(1.38-2.14)

Zhou (2024) 1.78(1.45-2.22)

Muhammed (2022) 176 (1.42-2.18)

Dao (2025) 1.74 (1.40-2.16)

Hui C (2021) 1.79(1.46-2.23)

Li §(2020) 1.75(1.41-217)

Gibelin A (2019) 1.73(1.39-2.15)

Overall (7 studies, Fixed-effects model) 1.76 (1.42-2.18) 43.2% 0.09
C

Study OR (95% CI) 12 (%) P (Hetero) P
Renal Insufficiency

Haudebourg (2025) 2.05(1.60-2.63)

Zhou (2024) 2.12(1.66-273)

Muhammed (2022) 2.09 (1.63-2.68)

Dao (2025) 2.07 (1.61-2.65)

Hui C (2021) 2.11(1.65-271)

Li S (2020) 2.06 (1.62-2.64)

Overall (6 studies, Fixed-effects model) 2.09 (1.63-2.68) 37.5% 0.13
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Figure 4. Forest plots for comorbidities (COPD, diabetes, renal insufficiency). Note: A. COPD; B. Diabetes mellitus; C.
Renal impairment. COPD, chronic obstructive pulmonary disease.
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Study SMD (95% CI) 12 (%) P (Hetero) P (Effect) Model |

Plasma IL-6 Level (Elevated vs. Normal) |

Haudebourg (2025) 1.20 (0.83-1.57) <0.001 —_—

Zhou (2024) 1.27 (0.90-1.64) <0.001 _—

Muhammed (2022) 1.24(0.87-1.61) <0.001 —_—

Dao (2025) 1.22(0.85-1.59) <0.001 —_—

Qingyue W (2022) 1.28 (0.91-1.65) <0.001 —_—

Hui C (2021) 1.24(0.87-1.61) <0.001 —_——

Li S (2020) 1.21(0.84-1.58) <0.001 _—

Gibelin A (2019) 1.26 (0.89-1.63) <0.001 —_—

Overall (8 studies, Fixed-effects model) 1.24 (0.87-1.61) 48.6% 0.07 <0.001 Fixed T —
Stz Mo Dilrene (SUD) ki P Lrg e Py Furcion Ry in ARDS Poirss

B

Study SMD (95% Cl) 2(%)  P(Hetero) P (Effect)  Model

Neutrophil-to-L Ratio (NLR) (| vs. Normal)

Haudebourg (2025) 0.99 (0.68-1.30) <0.001

Zhou (2024) 1.06 (0.75-1.37) <0.001

Muhammed (2022) 1.03(0.72-1.34) <0.001

Dao (2025) 1.01(0.70-1.32) <0.001

Hui C (2021) 1.07 (0.76-1.38) <0.001

Li § (2020) 1.02(0.71-1.33) <0.001

Gibelin A (2019) 1.00 (0.69-1.31) <0.001

Overall (7 studies, Fixed-effects model) 1.03 (0.72-1.34) 42.1% 0.10 <0.001 Fixed

Figure 5. Forest plots for acute-phase biomarkers. Note: A. Plasma IL-6 level; B. Neutrophil-to-lymphocyte ratio (NLR).

poor pulmonary function recovery (OR=3.27,
95% CI: 2.45-4.37, P < 0.001).

Diabetes mellitus: Pooled results from 7 stud-
ies (1>=43.2%, P=0.09, random-effects model)
identified that diabetes mellitus was a risk
factor for poor pulmonary function recovery
(OR=1.76, 95% Cl: 1.42-2.18, P < 0.001).

Renal impairment: Pooled data from 6 stud-
ies (I°=37.5%, P=0.13, random-effects model)
showed that renal impairment was a risk factor
for poor pulmonary function recovery (OR=2.09,
95% CI: 1.63-2.68, P < 0.001) (Figure 4).
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Acute-phase inflammatory biomarkers: Plasma
IL-6 levels: Pooled data from 8 studies (stan-
dardized mean difference (SMD) for uniform
units, 1>=48.6%, P=0.07, random-effects mo-
del) showed that elevated IL-6 levels were a risk
factor for poor pulmonary function recovery
(SMD=1.24, 95% Cl: 0.87-1.61, P < 0.001).

Neurocyte-lymphocyte ratio: Pooled evidence
from 7 studies (1°=42.1%, P=0.10, random-
effects model) indicated that an elevated neu-
trophil-lymphocyte ratio was a risk factor for
poor pulmonary function recovery (SMD=1.03,
95% CI: 0.72-1.34, P < 0.001) (Figure 5).
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A

Study

Early Lung-Protective Ventilation (6-8 ml/kg Tidal Volume)
Haudebourg (2025)

Zhou (2024)

Muhammed (2022)

Uppala (2025)

Dao (2025)

Chekole (2023)

H.WA(2022)

Qingyue W (2022)

Hui C (2021)

Li § (2020)

Gibelin A (2019)

Overall (11 studies, Fixed-effects model)

OR (95% CI) 12 (%)
0.40 (0.31-0.52)
0.43 (0.34-0.55)
0.42(0.33-0.54)
0.41(0.32-0.53)
0.44 (0.35-0.56)
0.43(0.34-0.55)
0.40 (0.31-0.52)
0.42(0.33-0.54)
0.41(0.32-0.53)
0.43(0.34-0.55)
0.40 (0.31-0.52)

0.42 (0.33-0.54) 35.8%

B

Study

Early Glucocorticoid Intervention (Within 72h of Onset)
Haudebourg (2025)

Zhou (2024)

OR (95% CI) 12 (%)

053 (0.40-0.70)
058 (0.45-0.75)

Muhammed (2022) 056 (0.43-0.73)
Dao (2025) 0.54(0.41-0.71)
Chekole (2023) 057 (0.44-0.74)
Qingyue W (2022) 0.56 (0.43-0.73)
Hui C (2021) 0.54(0.42-0.72)
Li S (2020) 057 (0.44-0.74)
Gibelin A (2019) 053 (0.40-0.70)
Overall (9 studies, Fixed-effects model) 0.56 (0.43-0.73) 40.2%

c

Study OR (95% CI)
Early Rehabilitation (Within 7 Days of Onset, vs. >7 Days)

12 (%)

Haudebourg (2025) 0.36 (0.27-0.47)
Zhou (2024) 0.39 (0.30-0.50)
Muhammed (2022) 0.38 (0.29-0.49)
Dao (2025) 0.37 (0.28-0.48)
Qingyue W (2022) 039 (0.30-0.50)
Hui C (2021) 0.38 (0.29-0.49)
Li § (2020) 0.36 (0.27-0.47)
Gibelin A (2019) 0.39(0.30-0.50)
Overall (8 studies, Fixed-effects model) 0.38 (0.29-0.49) 32.4%
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Figure 6. Forest plots for protective factors. Note: A. Early lung-protective ventilation; B. Early glucocorticoid interven-

tion; C. Early rehabilitation.

Factors associated with favorable long-term
pbulmonary function recovery

Early lung-protective ventilation (tidal volume
6-8 ml/kg): A pooled study of 11 studies (I°=
35.8%, P=0.13, random-effects model) con-
firmed that early implementation of lung-pro-
tective ventilation was a protective factor for
good recovery of pulmonary function (OR=0.42,
95% Cl: 0.33-0.54, P < 0.001).

Early glucocorticoid intervention (within 72 h of
onset): A pooled study of 9 studies (1°=40.2%,
P=0.11, random-effects model) showed that
early glucocorticoid intervention reduced the
risk of poor recovery of pulmonary function
(OR=0.56, 95% CI: 0.43-0.73, P < 0.001).

Early rehabilitation (within 7 days of onset):
Pooled data from 8 studies (compared to inter-
vention 7 days after onset, 1°=32.4%, P=0.15,
random-effects model) showed that early reha-
bilitation was a protective factor for good recov-
ery of pulmonary function (OR=0.38, 95% CI:
0.29-0.49, P < 0.001) (Figure 6).

Subgroup analysis

Subgroup analysis based on the ARDS etiology
(direct vs. indirect) showed that the adverse
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effects of severe ARDS and prolonged mechan-
ical ventilation were consistent in both groups.

ARDS: Pooled results from direct ARDS studies
(’=30.2%, P=0.21, OR=3.12, 95% Cl: 2.51-
3.88, P < 0.001); pooled data from indirect
ARDS studies (1>=34.5%, P=0.18, OR=3.20,
95% Cl: 2.58-3.97, P < 0.001).

Mechanical ventilation duration: Pooled evi-
dence from direct ARDS studies (1?°=27.8%,
P=0.23, OR=1.07, 95% Cl: 1.04-1.10, P <
0.001); pooled results from indirect ARDS stud-
ies (1?=29.4%, P=0.20, OR=1.09, 95% CI: 1.05-
1.13, P < 0.001). Stratified by disease severity:
Mild ARDS: Pooled data from relevant studies
showed that factors associated with poor pul-
monary function recovery included prolonged
mechanical ventilation (OR=1.05, 95% Cl: 1.02-
1.08, P < 0.001) and diabetes mellitus (OR=
1.68, 95% Cl: 1.31-2.16, P < 0.001).

Moderate ARDS: Pooled results from included
studies showed that key influencing factors
were age = 65 years (OR=2.12, 95% Cl: 1.75-
2.56, P < 0.001), severe ARDS (OR=2.89, 95%
Cl: 2.36-3.54, P < 0.001), and elevated IL-6 lev-
els (SMD=1.18, 95% Cl: 0.81-1.55, P < 0.001).

Severe ARDS: Pooled evidence from relevant
studies indicates that comorbid COPD (OR=
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Subgroup OR (95% CI) I (%)
=== Severe ARDS ===

Direct ARDS 3.12(251-3.88) 30.2%
Indirect ARDS 3.20(2.58-3.97) 345%
=== Duration of Mechanical Ventilation (Per Additional Day) ===

Direct ARDS 1.07 (1.04-1.10) 27.8%
Indirect ARDS 1.09 (1.05-1.13) 29.4%

Figure 7. Subgroup analysis of forest plot.

3.51, 95% Cl: 2.62-4.71, P < 0.001) and pro-
longed prone ventilation duration (OR=1.15,
95% CI: 1.09-1.21, P < 0.001) were prominent
influencing factors.

Stratified by study design: Pooled results from
prospective studies confirmed that age > 65
years (OR=2.28, 95% Cl: 1.89-2.74, P < 0.001),
early lung-protective ventilation (OR=0.40, 95%
Cl: 0.31-0.52, P < 0.001), and early rehabilita-
tion therapy (OR=0.36, 95% CI: 0.27-0.48, P <
0.001) are significantly associated with lung
function recovery.

The meta-analysis of retrospective studies
showed that the association between severe
acute respiratory distress syndrome (ARDS)
(OR=3.21, 95% CI: 2.65-3.88, P < 0.001) and
elevated interleukin-6 levels (SMD=1.27, 95%
Cl: 0.89-1.65, P < 0.001) was consistent with
prospective studies.

Stratified by the definition of long-term lung
function recovery: FEV, < 80% of predicted
value: The meta-analysis of related studies
showed that associated factors included age >
65 years (OR=2.32, 95% CI: 1.94-2.77, P <
0.001), severe ARDS (OR=3.10, 95% ClI: 2.57-
3.74, P < 0.001), and early lung-protective ven-
tilation (OR=0.43, 95% Cl: 0.34-0.55, P <
0.001).

DLCO < 70% of predicted value: Pooled evi-
dence from included studies indicated that
associated factors included coexisting COPD
(OR=3.30, 95% Cl: 2.47-4.40, P < 0.001), ele-
vated IL-6 levels (SMD=1.25, 95% Cl: 0.88-
1.62, P < 0.001), and glucocorticoid interven-
tion (OR=0.55, 95% CI: 0.42-0.72, P < 0.001).

Restrictive/obstructive ventilatory dysfunction:
Pooled results from related studies showed
that associated factors included prolonged
mechanical ventilation (OR=1.09, 95% CI: 1.06-
1.12, P < 0.001) and early rehabilitation
(OR=0.39, 95% CI: 0.30-0.50, P < 0.001)
(Figure 7).
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Publication bias and sensitivity analysis

The funnel plots of key influencing factors (age
> 65 years, severe ARDS, early lung-protective
ventilation, and elevated IL-6 levels) showed a
roughly symmetrical distribution. Egger’s test
(P=0.12-0.18) and Begg's test (P=0.16-0.22)
both indicated no significant publication bias.
Sensitivity analysis, which eliminated all key
associated factors one by one, showed stable
pooled effect sizes (OR/SMD) (e.g., age = 65
years: OR range 2.27-2.41; severe ARDS: OR
range 3.08-3.24), and the statistical signifi-
cance remained unchanged, confirming the
robustness of the study’s conclusions (Figure
8).

Discussion

With the continuous advancement of acute-
phase treatment methods, including the wide-
spread use of lung-protective ventilation, pre-
cise fluid regulation, and individualized anti-
inflammatory therapy, the short-term survival
rate of patients with ARDS has significantly
improved in the past few years. However, long-
term lung function impairment, such as persis-
tent dyspnea, restrictive ventilatory dysfunc-
tion, and decreased exercise tolerance, has
gradually become a major bottleneck affecting
their long-term quality of life and social integra-
tion [35]. The findings of this study further elu-
cidate the key regulatory factors and potential
molecular mechanisms in the long-term reha-
bilitation process of ARDS patients, which is
highly consistent with the core concept in mod-
ern critical care medicine that “precision man-
agement should cover the entire process from
the acute phase to long-term rehabilitation”.
This also provides important theoretical sup-
port for constructing a comprehensive manage-
ment model for ARDS patients.

Among the identified risk factors, age > 65

years and comorbid COPD are immutable fac-
tors, reflecting the patients’ inherent suscepti-
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Publication Bias Assessment and Sensitivity Analysis of Severe ARDS (23 Studies)

A Funnel Plot for Publication Bias
Egger's Test P=0.12, Begg's Test P=0.16 (No Significant Publication Bias)
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Figure 8. Publication bias and sensitivity analysis. Note: (A) Funnel plots for publication bias assessment of key fac-
tors; (B) Leave-one-out sensitivity analysis to verify result robustness.

bility to long-term lung function impairment.
Specifically, elderly patients exhibit significant
age-related physiological degenerative chang-
es: significantly reduced lung parenchymal
elasticity, decreased alveolar number and
structural damage, weakened antioxidant ca-
pacity of lung tissue, and slower proliferation
and repair of lung epithelial and interstitial
cells. These changes make it difficult for elderly
patients to effectively clear inflammatory medi-
ators and repair damaged lung tissue after
ARDS, potentially leading to persistent local
inflammatory responses and abnormal deposi-
tion of extracellular matrix, ultimately resulting
in pulmonary fibrosis and long-term decline in
lung function [36]. For patients with COPD, they
already have pre-existing pathological changes
such as airway remodeling, mucus hypersecre-
tion, and impaired pulmonary function reserve
before developing ARDS. The occurrence of
ARDS may further exacerbate damage to alveo-
lar epithelial cells and capillary endothelial
cells, disrupting the structural integrity of the
alveolar-capillary barrier and producing a “dou-
ble whammy” effect on pulmonary function.
This effect not only aggravates the severity of
acute lung injury but may also promote irrevers-
ible pathological changes in lung tissue during
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the repair process, thereby significantly increas-
ing the risk of persistent pulmonary dysfunc-
tion [37]. This study found that severe ARDS
and long-term mechanical ventilation are
important risk factors affecting the long-term
functional prognosis of patients. Severe ARDS
is usually accompanied by extensive alveolar
collapse, strong systemic inflammatory re-
sponse and severe damage to the alveolar-cap-
illary barrier. Severe cytokine storm in the acute
phase can trigger a cascade of immune re-
sponse, leading to the recruitment of a large
number of inflammatory cells and excessive
secretion of pro-inflammatory cytokines and
fibrosis-related factors, which lays a solid path-
ological basis for the occurrence and develop-
ment of long-term pulmonary dysfunction [38].
Prolonged mechanical ventilation is an impor-
tant supportive treatment for ARDS patients. If
not managed properly, it may cause ventilator-
induced lung injury, including barotrauma
caused by excessive airway pressure, volumet-
ric injury caused by excessive tidal volume
and biological injury induced by inflammatory
response. At the same time, long-term invasive
mechanical ventilation increases the risk of
nosocomial infections such as ventilator-asso-
ciated pneumonia, which further aggravates
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pulmonary inflammation and tissue damage,
thereby delaying the recovery of pulmonary
function and increasing the risk of long-term
impairment [39].

Furthermore, studies have found that high IL.-6
levels in the acute phase are an important bio-
marker for predicting poor long-term prognosis
in ARDS patients. As a core pro-inflammatory
cytokine in the body’s immune response, IL-6
not only promotes the recruitment and activa-
tion of inflammatory cells such as neutrophils
and macrophages to lung tissue, amplifying the
local inflammatory response, but also induces
interstitial cells to secrete fibrosis-related fac-
tors such as transforming growth factor-§ and
platelet-derived growth factor. Under the influ-
ence of these factors, the proliferation of lung
fibroblasts and the generation and deposition
of collagen fibers accelerate the process of pul-
monary interstitial fibrosis, leading to a continu-
ous deterioration of lung function [40].

This study found that early implementation of
lung-protective ventilation is one of the core
protective measures. Early implementation of
lung-protective ventilation can not only improve
short-term survival, reduce acute lung injury,
and delay respiratory failure, but also provide
long-term protection for lung function. To
achieve this goal, it mainly involves strictly limit-
ing tidal volume, maintaining safe airway pres-
sure, avoiding excessive stretching of the alveo-
lar-capillary structure and barotrauma, thereby
effectively reducing ventilator-associated lung
injury [41]. Another key protective measure dis-
covered in this study is glucocorticoid interven-
tion. Its effect on ARDS mainly lies in inhibiting
excessive systemic inflammatory response,
reducing the production of pro-inflammatory
cytokines, thereby alleviating inflammation-
mediated interstitial edema and delaying the
progression of pulmonary fibrosis. However,
excessive use of glucocorticoids or prolonged
treatment may lead to adverse reactions such
as secondary infections (including ventilator-
associated pneumonia). Therefore, the use of
glucocorticoids needs to be considered com-
prehensively in conjunction with disease stage,
inflammation intensity, and patient comorbidi-
ties [42].

Initiating rehabilitation intervention within 7
days of the onset of ARDS yielded the most sig-
nificant protective effect. This further highlights
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the crucial role of early rehabilitation in com-
prehensive treatment. Early rehabilitation mea-
sures, through passive and active limb move-
ments, respiratory muscle training, and pos-
tural management, prevent skeletal muscle
atrophy and weakness caused by prolonged
bed rest and sedation, while simultaneously
enhancing respiratory muscle strength and
endurance, thereby promoting the recovery of
ventilation and gas exchange functions, reduc-
ing long-term lung damage, and improving
patients’ daily living abilities and quality of life
[43]. Significant statistical differences were
found in disease severity (assessed by the
Acute Physiology and Chronic Health Evaluation
Il score) and duration of mechanical ventilation
among different etiological subgroups of ARDS
(including sepsis, trauma, and pneumonia),
suggesting the potential for early intervention
and prediction of ARDS caused by various eti-
ologies in future clinical practice.

This study also has several limitations. Most
importantly, although a large number of cohort
studies were included, the definitions of long-
term lung function recovery and follow-up dura-
tions differed among studies, potentially lead-
ing to heterogeneity in the results. Due to limi-
tations in the original data, some potential con-
founding factors could not be included in the
analysis, which may affect the completeness of
the conclusions. Third, most of the included
studies were from high-income countries, and
the extrapolation of the results to low- and mid-
dle-income countries requires further valida-
tion. Future research should focus on conduct-
ing multicenter prospective studies with unified
follow-up standards to explore the interactions
between different factors and develop more
precise intervention strategies based on indi-
vidual differences. Furthermore, establishing a
risk prediction model based on the factors
identified in this study and conducting clinical
validation will contribute to the stratified man-
agement of ARDS patients.

Conclusion

In conclusion, age > 65 years, severe ARDS,
prolonged mechanical ventilation time, coexist-
ing COPD, and elevated IL-6 levels during the
acute phase are key factors associated with
poor long-term lung function recovery in ARDS
patients. Early lung-protective ventilation, glu-
cocorticoid intervention, and early rehabilita-
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tion are effective protective factors. Clinicians
should fully assess these factors in the early
stages of ARDS, construct individualized risk
prediction models, and implement standard-
ized intervention strategies as early as possible
to improve patients’ long-term prognosis. This
study provides important evidence for the shift
from acute-phase treatment to long-term man-
agement of ARDS and lays the foundation for
further in-depth research on the mechanisms
of long-term pulmonary function impairment in
ARDS patients.
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