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Background: In this study, we aimed to investigate the prevalence, timing, risk factors, and outcomes of acute respiratory distress syn-
drome (ARDS) in patients with aneurysmal subarachnoid hemorrhage (aSAH).
Methods: PubMed and four other databases were searched for randomized controlled trials (RCTs) and observational studies of pa-
tients 18 years or older through October 20, 2021. Study quality was assessed, using the Cochrane Risk of Bias tool for RCTs and the 
Newcastle-Ottawa scale for cohort and case-control studies. High-grade aSAH was defined as a Hunt-Hess grade ≥3 and/or a modi-
fied Fisher score ≥3. A good neurological outcome was defined as a Glasgow outcome scale score ≥4. Random-effects meta-analyses 
were conducted to estimate the pooled outcome prevalence and 95% confidence interval (CI).
Results: Eleven observational studies (n=6,107) met the inclusion criteria. Overall, 15% of the patients (95% CI, 10.5–20.0; I2=97.8%) 
developed ARDS after aSAH, with a mean time of 3 days (95% CI, 1.9–3.7; I2=54%). Overall survival at discharge was 80% (95% CI, 
75–86; I2=96%), and 67% of aSAH patients (95% CI, 54.9–78.9; I2=94%) had a good neurological outcome at any time. The aSAH co-
hort without ARDS had a higher rate of survival than those with ARDS (79% vs. 49%, P=0.028). Male sex, patients with a high-grade 
aSAH, patients who developed pneumonia, and systemic inflammatory response syndrome during hospital admission were at a higher 
risk of developing ARDS.
Conclusion: In this meta-analysis, approximately one in six patients developed ARDS after aSAH, with a mean time of 3 days from the 
initial presentation, and ARDS was associated with increased mortality.
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INTRODUCTION 

Aneurysmal subarachnoid hemorrhage (aSAH) accounts for 3% 
of all stroke, affecting approximately 30,000–40,000 patients an-
nually in the United States and 600,000 worldwide [1]. Although 
mortality due to aSAH has decreased in the past two to three de-
cades, the 30-day mortality remains high, at approximately 25%–
35% [2]. Non-neurological complications, such as cardiopulmo-
nary injuries and systemic inflammation, are frequently seen in 
patients with aSAH, and may be responsible for > 10% of the 
deaths in these patients. Other neurological risk factors include 
the severity of the initial hemorrhage, the timing of surgical or en-
dovascular intervention, and the presence of delayed cerebral 
ischemia (DCI) [3]. 

Acute respiratory distress syndrome (ARDS) is a heteroge-
neous syndrome that is characterized by diffuse damage in the pa-
renchyma of the lung, which is the result of the lung’s innate in-
flammatory response to an injury, along with non-cardiogenic 
pulmonary edema due to increased alveolar-capillary vascular 
permeability and the accumulation of protein-rich edematous flu-
id, resulting in impaired gas exchange and refractory hypoxemia 
[4]. At present, the mechanism of ARDS, particularly when it oc-
curs after aSAH, is poorly understood. It is thought, however, to 
be similar to what occurs in patients with traumatic brain injury, 
which involves a massive sympathetic storm and systemic inflam-
mation in response to the initial brain injury and intracranial pres-
sure (ICP) crisis, subsequently leading to systemic arterial and 
pulmonary hypertension, as well as increased vascular permeabili-
ty and pulmonary edema [5,6]. 

Increasing evidence shows that pulmonary edema and arterial 
hypoxemia due to ARDS are significantly associated with poor 
neurological outcomes, increased mortality, and prolonged hospi-
tal stays in patients with aSAH [7,8]. Despite its impact on out-
comes and mortality in patients with aSAH, information on the 
prevalence, timing, and risk factors of ARDS is sparse, and prior 
studies have reported a wide range of ARDS prevalence, ranging 
from 11% to 60% of patients with acute aSAH [9,10]. The prima-
ry aim of the present study was to investigate the prevalence, tim-
ing, risk factors, and outcomes of ARDS in patients with aSAH. 

METHODS 

Search strategy 
The present systematic review/meta-analysis was reported using 
the Preferred Reporting Items for Systematic Reviews and Me-
ta-Analyses (PRISMA) guidelines [11]. We searched five data-
bases for subject headings and controlled vocabulary, as well as 

keywords and language relevant to acute lung injury (ALI), 
ARDS, and brain injury, as follows: PubMed, both the legacy (re-
sults = 4,991) and new (results = 5,804) databases via The Na-
tional Center for Biotechnology Information (NCBI); Embase 
via Elsevier (results = 10,216); the Cochrane Library via Wiley 
(results = 791); the Web of Science Core Collection via Clarivate 
(results = 5,249); and Scopus via Elsevier (results = 11,193). The 
initial search was conducted from the inception of the databases 
through July 6, 2020. An updated search was performed on Octo-
ber 20, 2021. There were no language limitations to this study, 
and all efforts were made to account for plural words, acronyms, 
and synonyms. In total, 38,194 results were obtained, from which 
20,151 duplicates were removed, leaving 18,043 results. Data de-
duplication was performed using EndNote X9 (Endnote, Clari-
vate; available at https://www.endnote.com), after which the re-
sults were uploaded to Covidence (Veritas Health Innovation, 
Melbourne, Australia; available at https://www.covidence.org) 
for title and abstract screening, and were further reviewed for eli-
gibility. All articles that met the inclusion criteria were retrieved, 
and the full texts were reviewed. References from the included 
studies were also manually reviewed to search for additional rele-
vant studies. Supplementary Material 1 presents the details of the 
search strategy used in our review.  

Study eligibility: inclusion and exclusion criteria 
The inclusion criteria were as follows: (1) all randomized con-
trolled trials (RCTs) and observational studies with adult patients 
( > 18 years old); and (2) studies involving ALI or ARDS, as de-
fined by either the American-European Consensus Conference 
(AECC) or the Berlin criteria, which occurred after aSAH 
[12,13]. Studies that reported patients with ALI based on the 
AECC criteria, defined as a PaO2/FiO2 (P/F) ratio between 201 
and 300, were classified as having mild ARDS for the present 
study, while patients with a P/F ratio ≤ 200 were classified as hav-
ing moderate/severe ARDS [12,13]. The exclusion criteria were 
as follows: (1) editorials, commentaries, research protocols, re-
views (including systematic reviews and meta-analyses), case se-
ries/reports, abstracts, and articles only available in foreign lan-
guages; (2) articles with pediatric populations ( < 18 years old); 
(3) studies without a description or definition of ALI or ARDS; 
(4) animal and in vitro studies; and (5) ARDS that occurred prior 
to aSAH. Additionally, case-control studies were excluded from 
the analysis of the prevalence of ARDS after aSAH. 

Study selection and data extraction 
The literature results were independently assessed by two re-
viewers (THF and MH) for eligibility, and any disagreements 
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on the inclusion or exclusion were resolved by a third reviewer 
(SMC). Data were extracted from eligible studies and recorded 
in an Excel spreadsheet (Microsoft, Redmond, WA, USA). Full 
texts and charts were reviewed in detail for data regarding study 
design, study population, number of patients with high-grade 
aSAH (defined based on clinical severity as a Hunt Hess grade 
≥ 3, and radiographic severity as a modified Fisher score ≥ 3), 
patient characteristics (age, sex, ethnicity, and baseline comor-
bidities), complications during the hospital stay, including pneu-
monia, sepsis, systemic inflammatory response syndrome 
(SIRS; defined as having ≥ 2 of the following conditions: tem-
perature < 36°C or > 38°C heart rate > 90 beats/min, respirato-
ry rate > 20 breaths/min, and/or white blood cell count > 12,000 
or < 4,000 cells/mm3), ARDS variables (etiology, severity, and 
P/F ratio), Acute Physiology and Chronic Health Evaluation II 
(APACHE II) score, neurological outcomes, and survival. The 
Hunt and Hess grade for SAH severity was used instead of the 
World Federation of Neurosurgical Societies grading system be-
cause it was more commonly reported among the included stud-
ies. 

Definition of outcomes 
The primary outcome evaluated was the prevalence of ARDS 
which occurred after aSAH. Secondary outcomes included the 
timing of ARDS development, survival at hospital discharge, and 
prevalence of good neurological outcomes of discharged patients 
at any time after a diagnosis of aSAH (defined as a Glasgow Out-
come Scale score ≥ 4) [14]. 

Quality assessment/risk of bias 
The Newcastle-Ottawa Scale (NOS) was used to assess the quali-
ty of nonrandomized studies and to evaluate the risk of bias in 
case-control and cohort studies. The NOS scores were based on 
three indices: patient selection, comparability, and assessment of 
outcome or exposure [15]. Studies scoring ≥ 6 points were con-
sidered to have a low risk for bias. Publication quality was assessed 
independently by two investigators (THF and MH), and any dis-
crepancies were resolved by consensus with a third investigator 
(SMC).  

Statistical analysis  
We performed the present systematic review according to the 
PRISMA guidelines (Supplementary Material 2) [10]. The prev-
alence of each outcome was calculated for each study based on the 
number of patients with a specific outcome divided by the total 
number of patients with SAH. This was then pooled for the me-
ta-analysis including all studies. For all meta-analyses of preva-

lence, we used random effects models with the inverse variance 
method, while the restricted maximum likelihood model was 
used to produce unbiased estimates of variance and covariance 
parameters. The Sidik-Jonkman estimator was used to calculate 
tau [16], and the Hartung-Knapp adjustment was used to calcu-
late confidence intervals (CI) [17]. The Freeman-Tukey double 
arcsine transformation was used to calculate the prevalence for all 
outcomes. 

Heterogeneity was assessed using the Cochrane Q statistic (chi-
square test), and the magnitude of the heterogeneity was evaluat-
ed using the I2 statistic [18]. I2 quantified the degree of heteroge-
neity in a range of 0%–100% where 0%–40% indicates insignifi-
cant heterogeneity, 30%–60% indicates moderate heterogeneity, 
and 75%–100% indicates considerable heterogeneity. The follow-
ing patient variables were evaluated for their association with the 
outcomes of ARDS, using the Mann-Whitney U-test for continu-
ous variables and Fisher’s exact test for categorical variables: age, 
sex, presence of high-grade aSAH on initial presentation, presence 
of pneumonia, sepsis, SIRS, and DCI during hospital admission. 
A P-value < 0.05 was considered to be statistically significant. For 
the present study, a meta-regression analysis was not performed, 
due to insufficient data. The analysis was performed using STATA 
17 (StataCorp., College Station, TX, USA). 

RESULTS 

As indicated above, our search yielded 18,043 results after data 
deduplication. After title and abstract screening, 284 articles were 
found to be eligible for a full-text review, of which 273 were ex-
cluded based on the aforementioned exclusion criteria, leaving a 
total of 11 studies (n = 6,107) to be included in the present study. 
Fig. 1 shows a flowchart of the selection process. The studies in-
cluded five prospective (n = 4,219) and six retrospective cohort 
studies (n = 1,888). Details of the included studies can be found 
in Supplementary Table 1. The references for the included studies 
have been provided in Supplementary Material 3. 

Risk of bias assessment 
No RCTs were included in the present systematic review and me-
ta-analysis. The NOS was used to evaluate the included observa-
tional studies, which did not indicate a high risk of bias for any of 
the studies, which had a median NOS score of 7 (Supplementary 
Table 2). 

Prevalence and timing of ARDS after aSAH 
Of the 6,107 patients with aSAH included in the present system-
atic review and meta-analysis, the median age was 55 years (inter-
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quartile range, 52–58 years), and 35% were male (n = 2,107). In 
this aSAH cohort, 39% of the patients had high-grade aSAH, 19% 
had sepsis, 11% had pneumonia, and 28% had SIRS. The pooled 
prevalence of patients who developed ARDS after aSAH was 15% 
(95% CI, 10.5–20.0; I2 = 97.8%) (Fig. 2) [8,19-28], and the mean 
time from the initial aSAH diagnosis to the development of 
ARDS was 3 days (95% CI, 1.9–3.7; I2 = 54%) (Fig. 3) [8,20,21, 
26-28]. An analysis of studies published prior to 2012, which used 
AECC for ARDS, compared to those published after 2012, which 
used the Berlin criteria for ARDS, showed no significant differ-
ence in the prevalence of ARDS (7% vs. 8%). Of the 11 included 
studies, 6 (n = 1,567) reported the number of patients with mild 
ARDS, the pooled prevalence of which was 9.78% (95% CI, 6.3–
13.2; I2 = 81%) (Supplementary Fig. 1), while seven studies 
(n = 1,923) reported the number of patients with moderate/se-
vere ARDS, the pooled prevalence of which was 13% (95% CI, 
7.8–15.3; I2 = 93%) (Supplementary Fig. 2).  

Risk factors for ARDS in patients with aSAH  
Of the 11 included studies, five (n = 2,313) reported the charac-
teristics of patients with and without ARDS. The univariate analy-
sis of the five studies showed that male sex (odd ratio [OR], 2.07; 
95% CI, 1.5–2.8; P = 0.04), high-grade aSAH (OR, 2.5; 95% CI, 
1.8–3.5; P = 0.02), the presence of pneumonia (OR, 4.4; 95% CI, 
2.6–7.2; P = 0.01), and SIRS (OR, 16.3; 95% CI, 5.5–48.7; 
P = 0.02) during hospital admission were associated with a higher 
risk of developing ARDS in patients with aSAH. Sepsis and DCI 

were not found to be associated with an increased risk of ARDS 
(Supplementary Table 3). 

Survival and neurological outcomes 
A total of 10 studies (n = 4,922) reported the number of in-hospi-
tal survivors of aSAH. The pooled overall survival at discharge af-
ter aSAH was 80% (95% CI, 75–86; I2 = 96%) (Fig. 4) [8,19-
26,28], and we found that the survival rate was significantly lower 
in the aSAH cohort with ARDS than in those without (49% vs. 
79%; OR, 0.24; 95% CI, 0.17–0.33; P = 0.028). 

Of the 11 included studies, six (n = 3,939; 78%) reported the 
neurological outcomes after aSAH. Good neurological outcomes 
at any time were achieved in 67% of the patients with aSAH (95% 
CI, 54.9–78.9; I2 = 98%) (Fig. 5) [21,23,25-27,29]. Two studies 
(n = 947) compared the neurological outcomes between patients 
with and without ARDS, and the ARDS group had significantly 
fewer patients with good neurological outcomes at any time after 
aSAH (25% vs. 61%; P < 0.001). 

DISCUSSION 

To the best of our knowledge, this is the first systematic review 
and meta-analysis to evaluate the prevalence, timing, risk factors, 
and outcomes of ARDS after acute aSAH. The results of our 
study, which included 6,107 adult patients with aSAH, demon-
strated a high prevalence of ARDS (15%) in this population. Un-
surprisingly, we found that the development of ARDS after aSAH 

38,194 Citations identified for review 20,151 Duplicates removed

17,759 Excluded based on title and/or abstract review

273 Excluded based on full-text review
60 Review articles
43 ARDS occurred before brain injury
38 Abstract only
34 Studies not meeting definition or not relevant to ARDS
40 Brain injuries that are not aSAH
21 Case report/series
20 Animal studies

7 Articles not in English
6 Editorial
1 Research protocol
2 Overlapping population
1 Wrong study design

18,043 Titles and abstracts screen

284 Full-text articles assessed for eligibility

11 Article included in the systematic review
5 Prospective cohort studies
6 Retrospective cohort studies
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Fig. 1. Study flowchart for the literature search and selection of studies. ARDS, acute respiratory distress stress; aSAH, aneurysmal 
subarachnoid hemorrhage.
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Fig. 2. Meta-analysis of the prevalence of acute respiratory distress stress among patients with aneurysmal subarachnoid hemorrhage.  
I2 quantifies the degree of heterogeneity across the studies, and ranges from 0% to 100%. CI, confidence interval.

Fig. 3. Meta-analysis of the time in days from diagnosis of aneurysmal subarachnoid hemorrhage to the onset of acute respiratory distress 
stress (ARDS). I2 quantifies the degree of heterogeneity across the studies, and ranges from 0% to 100%. CI, confidence interval.

is associated with a 4-fold increased risk of mortality. 
Interestingly, the mean time of development from aSAH to 

ARDS was 3 days, which highlights the important connection be-
tween the brain and the lungs, suggesting that the catecholamine 
surge and systemic inflammatory response after the onset of 

aSAH may be responsible for causing ARDS shortly after the ini-
tial injury, rather than infectious complications such as pneumo-
nia. Although preclinical studies aiming to understand the mecha-
nisms of aSAH-associated ARDS are sparse, neurogenic edema is 
a known cause of acute respiratory failure following aSAH [29, 
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Fig. 4. Meta-analysis of overall survival at discharge in patients with aneurysmal subarachnoid hemorrhage. I2 quantifies the degree of 
heterogeneity across the studies, and ranges from 0% to 100%. CI, confidence interval.

Fig. 5. Meta-analysis of overall good neurological outcomes at any time in patients with aneurysmal subarachnoid hemorrhage. I2 
quantifies the degree of heterogeneity across the studies, and ranges from 0% to 100%. CI, confidence interval.
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30]. aSAH is a significant acute brain injury and insult, which can 
result in activation of the sympathoadrenal axis with or without 
elevated ICP, leading to the vasoconstriction of peripheral vessels, 
elevated systemic arterial pressure, and increased pulmonary hy-
drostatic pressure, resulting in acute pulmonary edema [31]. Si-
multaneously, the systemic inflammatory response induced by 
aSAH can lead to a cytokine storm, causing end-organ damage 
and increased vascular permeability, which subsequently wors-
ens pulmonary edema and ARDS [6]. Similarly, this massive 
sympathetic surge can result in stress cardiomyopathy, which 
can also cause pulmonary edema and imaging findings similar 
to those of bilateral pulmonary infiltrates, confounding the diag-
nosis of ARDS. Caution should be taken to rule out cardiogenic 
pulmonary edema when diagnosing ARDS in conjunction with 
aSAH [32]. 

Additionally, the results of the present study indicated that the 
presence of high-grade aSAH upon initial presentation, as well as 
the presence of SIRS, were associated with a higher risk of devel-
oping ARDS, which further supports the aforementioned hypoth-
esis relating to the interplay between the brain and the lungs. We 
also found that male sex and the presence of pneumonia were as-
sociated with a higher risk of ARDS in patients with aSAH, which 
highlights that acute brain injury may not be the sole cause for 
ARDS [8,22,33]. One study found that in addition to developing 
ARDS within the first 3 days from the onset of aSAH, patient with 
aSAH can also experience significant deterioration of pulmonary 
function after day 4 [3,34]. Worsening pulmonary function, along 
with aspiration due to poor mental status, prolonged intubation, 
and hospital-acquired pneumonia, may all play a role in the devel-
opment of aSAH-associated ARDS [34-36]. The early recogni-
tion and diagnosis of ARDS in patients with aSAH, as well as the 
implementation of lung protective ventilation, are important in 
improving the outcomes of these critically ill patients [37]. The 
use of lung protective ventilation is often complicated in aSAH 
patients with elevated ICP, as they may be sensitive to changes in 
respiratory mechanics and the associated cerebral perfusion pres-
sure [4,5]. Some studies, however, have suggested that positive 
end-expiratory pressure has no significant effect on cerebral he-
modynamics [38,39]. In the present study, we were unable to ac-
curately assess the effects of changes in ventilation strategies over 
the years on the outcomes of these patients, due to insufficient 
data [40,41]. A better understanding of and research on brain-
lung interactions, especially with a focus on understanding the ex-
act pathophysiology of ARDS following aSAH and the interaction 
of high ICP with lung protective ventilation, are necessary. 

The present study had several limitations. First, this study 
showed substantial heterogeneity (I2 > 90%) in estimating the 

prevalence of ARDS after aSAH, owing to the variability of the in-
cluded studies, which represents the current state of limited data 
available on this topic. Publication bias may also exist, due to the 
nature of systematic reviews and meta-analyses, which could 
cause an overestimation of the prevalence of ARDS after aSAH. 
Similarly, we were unable to account for observer bias between 
the clinicians’ interpretations of the imaging and ventilation data 
used for the diagnosis of ARDS. Bilateral pulmonary infiltration, 
from pulmonary edema due to stress cardiomyopathy, should be 
ruled out before ARDS is diagnosed, although none of the includ-
ed articles discussed this information. The included studies also 
involved a wide range of study periods, and we were therefore un-
able to account for differences in the prevalence of ARDS due to 
changes in clinical practice in patients with aSAH and changes in 
the definition of ARDS over time. We found, however, that the 
prevalence of ARDS did not change between studies done be-
fore and after 2012. Additionally, only half of the studies includ-
ed reported neurological outcomes, which may not accurately 
represent the entire population of patients with aSAH. The tim-
ing of the neurological outcome assessments also had variable 
follow-up times. Lastly, the assessment of risk factors for ARDS 
was limited by missing data on pre-specified risk factor variables, 
and caution needs to be taken when interpreting the data, due 
to heterogeneities across the studies. Despite these limitations, 
the present study serves as a foundation for reporting the com-
mon occurrence of ARDS, as well as its timing and outcomes in 
patients with aSAH. 

In the present meta-analysis, approximately one in six patients 
developed ARDS shortly after aSAH, with a mean time of 3 days, 
and patients with high-grade aSAH were more likely to develop 
ARDS. The presence of ARDS is associated with higher mortality 
and worse neurologic outcomes in these patients. As such, further 
research on prevention and treatment strategies for aSAH-associ-
ated ARDS is warranted. 
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