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Background: Optimal oxygen saturation targets in mechanically ventilated
stroke patients remain uncertain. While restrictive oxygen strategies are increas-
ingly adopted in general critical care, their impact in acute ischemic stroke (AIS)
and intracerebral hemorrhage (ICH) are unclear. We evaluated the association
between restrictive versus liberal oxygen saturation targets during the first 48 h
of mechanical ventilation and short-term mortality in stroke patients.

Methods: We conducted a multicenter retrospective cohort study using the
TriNetX database (2006-2026). Adult patients (>18 years) with a stroke diagno-
sis who required invasive mechanical ventilation and had documented peripheral
oxygen saturation (SpO,) values within the first 48 h of ventilation were included.
Patients were stratified according to early oxygen saturation targets: restrictive (SpO,
92-96%) versus liberal (SpO, > 97%). Propensity score matching (PSM) by demo-
graphics, comorbidities, and stroke severity was performed separately within the
combined stroke cohort and prespecified AlS and ICH subgroups to balance demo-
graphic and clinical covariates. The primary outcome was all-cause mortality at 30
and 90 days. Secondary outcomes included 30-day tracheostomy and ventilator-
associated pneumonia. Time-to-event analyses were performed using Kaplan—
Meier methods and Cox proportional hazards models. p-value was set at 0.05.
Results: Among 17,207 mechanically ventilated stroke patients, 2,366 received
restrictive and 14,841 liberal oxygen saturation targets prior to matching. After
PSM, 2,350 patients remained in each group. Restrictive oxygenation during
the first 48 h was associated with higher mortality at 1 month (HR 1.13, 95% CI
1.03-1.23; p = 0.008) and 3 months (HR 1.11, 95% CI 1.02-1.20; p = 0.014). In
AlS, restrictive oxygenation was similarly associated with increased mortality at
1 month (HR 1.26, 95% CI 1.11-1.43) and 3 months (HR 1.22, 95% CI| 1.08-1.37).
No statistically significant mortality difference was observed in ICH. Restrictive
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oxygenation was associated with lower 30-day tracheostomy rates (8.5% vs.
13.1%; RR 0.653, p < 0.001), with no difference in VAP.

Conclusion: Restrictive oxygen saturation targets during the first 48 h of mechan-
ical ventilation may be associated with higher short-term mortality in stroke,
driven primarily by the AIS group. These findings suggest that early oxygenation
strategy may have subtype-specific implications and warrant prospective evalu-
ation in stroke focused randomized trials.

KEYWORDS

ICU, mechanical ventilation, mortality, oxygenation, stroke, acute ischemic stroke,

intracerebral hemorrhage, TriNetX

Introduction

Stroke remains the leading cause of death and long-term disability
worldwide (1). A subset of patients with acute ischemic stroke (AIS)
or intracerebral hemorrhage (ICH) require intensive care unit (ICU)
admission and mechanical ventilation due to depressed conscious-
ness, loss of airway protection, or respiratory failure (2-4). In these
critically ill patients, outcomes are determined not only by the pri-
mary cerebrovascular injury but also by secondary acquired patholo-
gies during ICU care. The most common medical complications in
ICU in stroke patients include thromboembolic complications and
lung-related infective or inflammatory pathologies (5).

In mechanically ventilated patients, continuous oxygen titration
is routinely implemented to maintain target peripheral oxygen satura-
tion (SpO,) (6, 7).

Although preventing hypoxemia is universally prioritized (1, 8),
the optimal upper SpO, target remains uncertain (6, 7). Liberal satura-
tion targets may be used to maximize oxygen delivery and provide
perceived safety margins during periods of physiologic stress.
However, exposure to higher oxygen levels has been associated with
potential harms in critically ill populations, including oxidative stress
and cerebrovascular effects that could theoretically worsen neurologic
injury (9). Conversely, restrictive saturation targets aim to limit poten-
tial oxygen-related toxicity, but may raise concerns about insufficient
oxygen delivery in the brain tissue, particularly in patients with acute
cerebrovascular pathologies and brain tissue at risk of oligoemia or
with survivable penumbra (6, 7).

Despite the clinical importance of SpO, titration in neurocritical
care, evidence specific to mechanically ventilated stroke patients
remains limited (10, 11). Importantly, AIS and ICH represent distinct
disease processes (1, 8), and the balance between risks of hypoxemia
and potential harms from higher oxygen exposure may differ between
these subtypes (10-12). In practice, this uncertainty contributes to
wide variation in oxygenation targets, even among patients with simi-
lar neurologic severity and respiratory support needs. Furthermore,
the present literature that has investigated the association between
hyperoxia and mortality in mechanically ventilated stroke patients are
often limited by small sample sizes, or lack of propensity score match-
ing of baseline severities between patient comparisons.

To address this gap, we performed a multicenter retrospective
cohort study using a large federated electronic health record network
to evaluate the association between restrictive versus liberal oxygen
saturation ranges and mortality among mechanically ventilated stroke
patients. Using propensity score matching to reduce confounding, we
compared all-cause mortality over short-term follow-up and assessed
secondary clinical outcomes, with prespecified subgroup analyses in
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AIS and ICH. We hypothesized that early oxygen saturation would be
associated with short-term mortality in mechanically ventilated stroke
patients, and that this association would differ between ischaemic and
haemorrhagic stroke.

Methods
Study design and data source

TriNetx is a research network compliant with the Health Insurance
Portability and Accountability Act and the US federal law which pro-
tects the privacy and security of health care data, including de-identi-
fied data as per the deidentification standard of the HIPAA (Health
Insurance Portability and Accountability Act) Privacy Rule. The
TriNetX database performs internal and extensive data quality assess-
ment with every refresh based on conformance, completeness, and
plausibility (13). This article follows the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) reporting guide-
line (Supplementary Table 1) (14).

All clinical variables were extracted from structured EHR
(Electronic Health Record) fields within the TriNetX platform using
standardized coding systems. Stroke diagnosis was ascertained using
ICD-10-CM codes within the timeframe 2006-2026. Mechanical ven-
tilation was identified using CPT (Current Procedural Terminology)
procedure codes. Peripheral oxygen saturation was identified using
LOINC code 59408-5. Comorbidities were identified using ICD-
10-CM diagnostic codes documented prior to the time of the index
event. SpO, values within TriNetX represent discrete pulse-oximetry
results documented in the contributing organizations electronic
health record and transmitted to the network; the platform does not
ingest continuous bedside monitoring data. SpO, values therefore
represent documented pulse oximetry readings rather than predefined
clinical targets. Comparable exposure definitions derived from dis-
crete electronic health record oxygen saturation values have been used
in prior large observational cohorts (10, 11). All diagnostic, procedure,
medication and laboratory codes used for cohort construction and
covariate adjustment are outlined in Supplementary Table 2.

Patient selection

Adult patients (>18 years) with a stroke diagnosis who subse-
quently required invasive mechanical ventilation within 48 h of stroke
onset were identified. The index event was defined as the patient’s first
stroke diagnosis accompanied by invasive mechanical ventilation and
a documented SpO, reading within 48 h. All SpO, results recorded
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within 48 h of the index stroke diagnosis, ascertained by pulse oxim-
etry (LOINC code 59408-5), were retrieved and used to determine
whether a patient met the inclusion and exclusion criteria. Patients
were required to have at least one such value. Patients were classified as
restrictive if all recorded values fell between 92 and 96% inclusive, and
as liberal if all recorded values were >97%. These thresholds corre-
spond to the conservative and liberal oxygenation ranges employed in
randomized trials of oxygen targets in critically ill adults (15, 16, 26).

Patients were excluded if any recorded value fell below 92%, or if
recorded values fell into both ranges. Requiring all values to fall within a
single range prevents assignment of a single exposure category to patients
whose documented oxygenation spanned both, and the two cohorts are
therefore non-overlapping by construction. The 48-h window was
selected to capture oxygenation during the early phase of stroke, when
cerebral autoregulation is impaired and tissue at risk remains susceptible
to secondary injury; fixed early exposure windows of this kind have been
used to define oxygenation exposure in prior critically ill and brain-
injured cohorts (10, 11). While these criteria reduced the available
sample size, they were considered essential to preserve the internal valid-
ity of the exposure classification. After applying all inclusion and exclu-
sion criteria, 17,207 patients comprised the eligible study cohort.

Two pre-specified subgroup analyses were conducted: one
restricted to patients with AIS and one restricted to patients with
ICH. Each subgroup cohort was constructed independently within
the TriNetX platform using separate queries. For the AIS-only cohort,
a diagnosis of ICH was included as an exclusion criterion, and con-
versely, a diagnosis of AIS was excluded from the ICH-only cohort,
ensuring complete mutual exclusivity between subtype populations.
Because each cohort was built and matched independently, the sub-
group sample sizes are not arithmetically derived from the primary
cohort and should not be expected to sum to the primary cohort
total. This is a recognized methodological feature of independent
query construction within federated database platforms such as
TriNetX.

Variables

Matching is performed only among patients with documented
values for all covariates included in the propensity model. Covariates
included in the propensity score model were selected a priori based
on clinical relevance and included: age at index event (continuous),
sex, race and ethnicity, body mass index (BMI, continuous), Glasgow
Coma Scale score <9 (dichotomous), and the following comorbidities:
hypertensive diseases, ischemic heart disease, chronic ischemic heart
disease, heart failure, atrial fibrillation and flutter, cardiomyopathy,
chronic lower respiratory diseases, chronic obstructive pulmonary
disease, asthma, nicotine dependence, pneumonia (unspecified organ-
ism), bacterial pneumonia, viral pneumonia, pleural effusion, shock,
personal history of transient ischemic attack or cerebral infarction,
pneumothorax, and personal history of other respiratory diseases.
Propensity score matching was performed using a complete-case
approach. Patients with missing values for any covariate included in
the matching model were excluded from the matched analysis. No
imputation of missing data was performed.

Outcomes

The primary outcome was all-cause mortality, evaluated at 30 days
and 90 days following the index event, defined as a patient’s first stroke
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diagnosis accompanied by invasive mechanical ventilation and a doc-
umented SpO; reading within 48 h falling within pre-defined ranges.
Secondary outcomes included tracheostomy placement within 30 days
of the index event and the development of VAP during the
hospitalization.

Statistical analysis

Continuous variables are presented as mean + standard devia-
tion (SD), and categorical variables are reported as counts and per-
centages. Baseline characteristics between oxygenation groups were
compared using standardized mean differences (SMD). Propensity
score matching was performed separately for the AIS, ICH, and
combined AIS + ICH cohorts using 1:1 nearest-neighbor matching
without replacement. Patients in the restrictive oxygenation cohort
were matched to those in the liberal cohort using a greedy nearest-
neighbor algorithm to minimize absolute differences in propensity
scores. Standardized mean differences (SMD) < 0.10 was consid-
ered indicative of adequate balance after matching. Matching was
conducted independently within each cohort; therefore, matched
sample sizes differed across analyses. The combined AIS + ICH
cohort was constructed de novo rather than as the sum of the sub-
type cohorts, and propensity matching was repeated within this
population.

The primary outcome of all-cause mortality was analyzed using
time-to-event methods. Kaplan-Meier survival curves were gener-
ated, and differences between groups were assessed using the log-rank
test. Hazard ratios (HR) with 95% confidence intervals (CIs) were
estimated using Cox proportional hazards regression models.
Secondary outcomes were analyzed using risk ratios (RR) and odds
ratios (OR). All statistical tests were two-sided, and a p-value <0.05
was considered statistically significant. Analyses were performed
within the TriNetX database, and only aggregate results were exported.

Results
Baseline characteristics of the cohort

A total of 17,207 mechanically ventilated stroke patients met
inclusion criteria, of whom 2,366 received restrictive oxygen satura-
tion targets and 14,841 received liberal oxygenation prior to PSM. For
subgroup analyses, the AIS cohort comprised 1,214 and 7,463 patients
in the restrictive and liberal groups prior to matching (1,200 per group
after PSM), and the ICH cohort comprised 743 and 6,891 patients
(728 per group after PSM) (Figure 1). Baseline characteristics of the
AIS and ICH subgroups before and after matching are presented in
Supplementary Tables 3 and 4.

Baseline characteristics of the restrictive and liberal oxygenation
cohorts before and after propensity score matching are presented in
Table 1. Prior to matching, several demographic and clinical variables
demonstrated imbalance between groups, including age, race distribu-
tion, and selected cardiopulmonary comorbidities. The largest stan-
dardized mean differences were observed for race and body mass
index. After 1:1 nearest-neighbor propensity score matching without
replacement, 2,350 patients remained in each cohort. All baseline
covariates achieved adequate balance, with standardized mean differ-
ences <0.1 across matched variables (Table 1).

frontiersin.org


https://doi.org/10.3389/fneur.2026.1840183
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Ghafarian et al.

10.3389/fneur.2026.1840183

TriNetX Research Network
143,971,166 patients - 110 Healthcare Organizations
Stroke diagnosis (ICD-10) - January 2006 — January 2026

v

Patients with Stroke Diagnosis Excluded (n = 2,294,908)
n=2,312,115 « Age < 18 years
N > « No mechanical ventilation within 48
hours of stroke onset
« SpO, outside defined study ranges
v « Overlapping SpO; in both ranges
ELIGIBLE COHORT
Mechanically Ventilated Stroke Patients
Valid SpO: documented within 48 hours of stroke onset
n= 17,207
y OXYGENATION STRATEGY ALLOCATION( (PRE-MATCHING)
Restrictive Oxygenation Liberal Oxygenation
Sp0: 92-96% Sp0: 2 97%
n = 2,366 n = 14,841
v PROPENSITY SCORE MATCHING v

1:1 Greedy Nearest-Neighbour PSM
Covariates: demographics, comorbidities, BMI, GCS

v

v

Matched Restrictive Matched Liberal
SpO0: 92-96% Sp0: 2 97%
n =2,350 n=2,350
v PRIMARY OUTCOMES - ANY STROKE(AIS + ICH) v

Primary Analysis: Any Stroke Cohort
All-cause mortality at 1 month & 3 months
Tracheostomy Ventilator Associated Pneumonia (VAP)
Matched n = 2,350 per group

ACUTE ISCHEMIC STROKE SUBGROUP ANALYSIS

INTRACEREBRAL HEMORRHAGE

AIS Unmatched
Restrictive n = 1,214
Liberal n = 7,463
- PSM: n = 1,200 per group

ICH Unmatched
Restrictive n =743
Liberal n = 6,891
- PSM: n =728 per group

W

Y

AIS Outcomes
All-cause mortality at 1 & 3 months
n = 1,200 per group

ICH Outcomes
All-cause mortality at 1 & 3 months
n = 728 per group

FIGURE 1

Study flow diagram. Flow diagram illustrating patient selection and cohort assembly. A total of 2,312,115 patients with a stroke diagnosis were identified
within the TriNetX Research Network between January 2006 and January 2026. Following application of inclusion and exclusion criteria, 17,207
mechanically ventilated stroke patients with valid SpO, documentation within 48 h of stroke onset comprised the eligible cohort. Patients were
stratified into restrictive (SpO, 92-96%; n = 2,366) and liberal (SpO, > 97%; n = 14,841) oxygenation groups, yielding 2,350 matched patients per group
following 1:1 propensity score matching. Subgroup analyses were conducted independently for acute ischemic stroke (AIS; n = 1,200 per group after
matching) and intracerebral hemorrhage (ICH; n = 728 per group after matching). AlS, acute ischemic stroke; ICH, intracerebral hemorrhage; PSM,
propensity score matching; SpO,, peripheral oxygen saturation; VAP, ventilator-associated pneumonia.

Primary outcome

After PSM, the restrictive oxygen group was associated with sig-
nificantly higher all-cause mortality compared with liberal oxygen
group at both 1 and 3 months of follow-up. At 1 month, the restrictive
oxygen group was associated with an increased hazard of death (HR
1.13, 95% CI 1.03-1.23; p = 0.008), and this association persisted at
3 months (HR 1.11, 95% CI 1.02-1.20; p = 0.014) (Figure 2).
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In the AIS subgroup, restrictive oxygenation was similarly associ-
ated with higher mortality at 1 month (HR 1.26, 95% CI 1.11-1.43)
and at 3 months (HR 1.22, 95% CI 1.08-1.37) (Figure 2).

In contrast, in the ICH subgroup, restrictive oxygenation was not
associated with a statistically significant difference in mortality at
either time point (1 month HR 1.09, 95% CI 0.94-1.28; 3 months HR
1.11, 95% CI 0.96-1.29) (Figure 2).

Kaplan-Meier survival analyses demonstrated separation of the
survival curves between restrictive and liberal oxygenation in the
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TABLE 1 Baseline characteristics of mechanically ventilated stroke patients receiving restrictive or liberal oxygen saturation targets.

Before Matching

After Matching

Restrictive Liberal
(n =2,350) (n =2,350) P-value Std. Diff.

Restrictive Liberal

Characteristic (n =2,366) (n = 14,841)

‘le 1o ueneyeyn

ABojoINaN Ul SI213U0I4

<{o]

610" uISIa13U0Ly

Demographics

Age at Index, mean + SD 622+ 19 59.1+20.3 <0.0001 0.1559 62.1 £19 62.6 +19 0.3717 0.0261
Male 1,435 (60.68%) 8,103 (54.62%) <0.0001 0.1228 1,422 (60.511%) 1,415 (60.21%) 0.8346 0.0061
White 1,655 (69.98%) 8,361 (56.36%) <0.0001 0.2852 1,646 (70.043%) 1,606 (68.34%) 0.2063 0.0369
Hispanic or Latino 367 (15.52%) 1,674 (11.28%) <0.0001 0.1245 367 (15.617%) 378 (16.09%) 0.6604 0.0128
Black or African American 219 (9.26%) 3,200 (21.57%) <0.0001 0.346 219 (9.319%) 225 (9.57%) 0.7648 0.0087
American Indian or Alaska Native 91 (3.85%) 201 (1.355%) <0.0001 0.1571 85 (3.617%) 90 (3.83%) 0.7001 0.0112
Asian 52 (2.20%) 790 (5.325%) <0.0001 0.1649 52 (2.213%) 51 (2.17%) 0.9206 0.0029
Comorbidities

Hypertensive diseases 1,095 (46.3%) 6,265 (42.23%) 0.0002 0.082 1,081 (46%) 1,041 (44.3%) 0.241 0.0342
Ischemic heart diseases 553 (23.38%) 2,878 (19.4%) <0.0001 0.0972 546 (23.234%) 533 (22.71%) 0.6521 0.0132
Chronic ischemic heart disease 457 (19.32%) 2,472 (16.66%) 0.0014 0.0693 454 (19.319%) 441 (18.77%) 0.6291 0.0141
Chronic lower respiratory diseases 439 (18.56%) 2,177 (14.68%) <0.0001 0.1046 432 (18.383%) 404 (17.19%) 0.2855 0.0312
Heart failure 437 (18.48%) 2,255 (15.20%) <0.0001 0.0877 430 (18.298%) 413 (17.57%) 0.5181 0.0189
Nicotine dependence 381 (16.11%) 1,798 (12.12%) <0.0001 0.1148 370 (15.745%) 367 (15.62%) 0.9042 0.0035
Atrial fibrillation and flutter 362 (15.31%) 2,015 (13.583%) 0.0241 0.0491 358 (15.234%) 345 (14.69%) 0.595 0.0155
Pneumonia, unspecified organism 351 (14.84%) 1,669 (11.25%) <0.0001 0.1068 344 (14.638%) 332 (14.13%) 0.6179 0.0146
Chronic obstructive pulmonary disease 298 (12.6%) 1,207 (8.136%) <0.0001 0.1468 291 (12.383%) 273 (11.617%) 0.4191 0.0236
Pleural effusion 259 (10.951%) 1,320 (8.898%) 0.0013 0.0687 255 (10.851%) 254 (10.809%) 0.9626 0.0014
History of TIA or cerebral infarction 197 (8.33%) 1,266 (8.534%) 0.7411 0.0073 195 (8.298%) 175 (7.447%) 0.2787 0.0316
Shock 170 (7.188%) 891 (6.006%) 0.0265 0.0476 168 (7.149%) 145 (6.17%) 0.1784 0.0393
Asthma 141 (5.962%) 908 (6.121%) 0.7645 0.0067 140 (5.957%) 137 (5.83%) 0.8526 0.0054
Cardiomyopathy 133 (5.624%) 851 (5.736%) 0.8264 0.0049 132 (5.617%) 131 (5.574%) 0.9494 0.0019
Bacterial pneumonia 112 (4.736%) 579 (3.903%) 0.0554 0.041 110 (4.681%) 100 (4.26%) 0.4802 0.0206
Viral pneumonia 74 (3.129%) 224 (1.51%) <0.0001 0.1077 69 (2.936%) 70 (2.98%) 0.9314 0.0025
Labs

BMI (mean + SD) 30 +8.08 27.6+7.26 <0.0001 0.3131 30+8.1 29.5+£7.38 0.1226 0.0641
Glasgow Coma Scale <9 124 (5.243%) 481 (3.24%) <0.0001 0.0994 117 (4.979%) 108 (4.60%) 0.5386 0.0179

Baseline characteristics of patients receiving restrictive versus liberal oxygen saturation before and after propensity score matching. Before matching, the restrictive cohort included 2,366 patients and the liberal cohort included 14,841 patients. After 1:1 propensity score
matching, both cohorts contained 2,350 patients. Data are presented as n (%) for categorical variables and mean + SD for continuous variables. SMD <0.1 indicates negligible imbalance. Counts for categorical variables may not sum to cohort totals due to variable-level

missingness within the TriNetX network. Percentages were calculated using available-case denominators for each variable. Bold values indicate standardized differences >0.1 before matching, denoting meaningful covariate imbalance.
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Cohort Time Point Hazard Ratio (95% CI) HR (95% CI)
1 Month | S S— 1.13 (1.03-1.23)
Any Stroke
3 Months | — —— | 1.11 (1.02-1.20)
1 Month I . | 1.26 (1.11-1.43)
AIS
3 Months I = | 1.22 (1.08-1.37)
1 Month L - | 1.09 (0.94-1.28)
ICH
3 Months I . | 1.11 (0.96-1.29)

FIGURE 2

demographic and clinical characteristics.

0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50

Forest plot for all-cause mortality (reference: liberal). Forest plot displaying hazard ratios (HR) with 95% confidence intervals for all-cause mortality at 1
and 3 months of follow-up in propensity-score-matched cohorts. Three stroke populations are shown: Any Stroke (combined AIS + ICH), Acute
Ischemic Stroke (AlS), and Intracerebral Hemorrhage (ICH). The dashed vertical reference line at HR = 1.0 denotes no difference between strategies;
values to the right indicate higher mortality risk associated with restrictive oxygenation. All cohorts were propensity-score-matched on baseline

Panel A. Any Stroke

HR 1.11(1.02-1.20)

Survival Probability
Survival Probpblllty

Time (Days) )

FIGURE 3

groups were assessed using the log-rank test.

Panel B. AIS

Time (Days) )

Kaplan—Meier survival curves for all-cause mortality comparing restrictive versus liberal oxygen saturation targets (reference: liberal). Panel (A) shows
the combined cohort of AIS and ICH. Panel (B) shows patients with acute ischemic stroke. Panel (C) shows patients with intracerebral hemorrhage.
Survival probability is displayed over 90 days following index stroke. The shaded regions represent 95% confidence intervals. Differences between

Panel C.ICH

— Restrictve — Restrictive

Liberal — Liberal

HR1.22(1.08-1.37) HR 1.11(0.96-1.29)

Survival Probability

Time (Days)

combined stroke cohort and in the AIS subgroup, whereas the curves
did not separate in the ICH subgroup (Figure 3).

Secondary outcomes

After PSM, restrictive oxygenation was associated with a signifi-
cantly lower rate of tracheostomy at 30 days compared with liberal
oxygenation (8.5% vs. 13.1%) and lower risk (RR 0.653, 95% CI 0.552—
0.773, p < 0.001) (Table 2). There was no statistically significant differ-
ence in VAP between restrictive and liberal oxygenation groups (0.6%
vs. 0.89%). The relative risk was 0.667 (95% CI 0.339-1.311, p = 0.238)
(Table 2). The low number of events did not allow subgroup analyses
by stroke subtype of secondary outcomes.

Discussion

In this large, multicenter, retrospective PSM study of stroke
patients, oxygenation profiles during the first 48 h of mechanical ven-
tilation in stroke patients was associated with variable short-term out-
comes. Restrictive oxygen saturation during this early period was
associated with significantly higher 1- and 3-month mortality in
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stroke, and specifically in patients with AIS; whereas no significant
mortality difference was observed in ICH. These findings suggest that
early oxygenation strategy during the initial phase of stroke may have
important implications in this patient population. While these asso-
ciations do not imply causation due to the observational design of this
analysis, they do suggest a correlation.

The first 48 h represent a particularly critical window in acute
stroke (6, 13, 14, 17). During this period, cerebral autoregulation may
be impaired, and hypoperfused but not ischemic brain tissue (penum-
bra) remains highly susceptible to secondary injury (17, 18). Even
mild changes in oxygen delivery could theoretically exacerbate ongo-
ing ischemia (13, 14, 17). The association between restrictive oxygen-
ation during early ventilation and increased mortality in AIS observed
in our study supports this hypothesis. Conversely, concerns regarding
oxygen-related toxicity, including oxidative stress and cerebral vaso-
constriction associated with hyperoxia, have led to increasing adop-
tion of more conservative oxygen strategies in general ICU populations
(4,5, 8,10, 15, 18-20). However, randomized trials evaluating conser-
vative versus liberal oxygenation in heterogeneous critically ill cohorts
may not be directly generalizable to mechanically ventilated stroke
patients, whose cerebral perfusion dysregulation and pathophysiology
differ substantially (8, 10, 17-19). Our findings suggest that extrapola-
tion of restrictive oxygen paradigms from general ICU populations to
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TABLE 2 Secondary outcomes comparing restrictive and liberal oxygen saturation targets at 30 days.

10.3389/fneur.2026.1840183

Outcome Restrictive Liberal Risk difference % Risk ratio Odds ratio P-Value
events events (95% CI) (95% CI) (95% ClI)
Tracheostomy 201/2,350 (8.55%) | 308/2,350 (13.1%) —4.55% (—6.31 - —2.8%) 0.653 (0.55-0.77) 0.620 (0.515-0.75) <0.0001 ‘
Ventilator-associated
14/2,350 (0.60%) 21/2,350 (0.89%) —0.30% (—0.79 - +0.19%) 0.667 (0.34-1.31) 0.665 (0.337-1.31) 0.2381
pneumonia

Comparison of secondary clinical outcomes between restrictive and liberal oxygen saturation targets in the propensity score-matched cohort (n = 2,350 per group). Data are presented as the
number of events with percentages. Risk differences are expressed as absolute percentage differences with 95% confidence intervals (CI). Risk ratios (RR) with 95% Cls quantify the relative
effect of restrictive compared with liberal oxygenation. Negative risk differences indicate fewer events in the restrictive group.

acute ischemic stroke may warrant caution, particularly during the
early ventilation period.

In contrast, we did not observe a statistically significant association
between early restrictive oxygenation and mortality in ICH. The patho-
physiologic drivers of outcome in ICH differ from those in AIS and
include hematoma expansion, mass effect, and perihematomal edema
rather than primary perfusion failure (8). It is possible that early oxygen
saturation targets have less influence on outcome than the primary hem-
orrhagic cerebral injury. Alternatively, differences in statistical power or
heterogeneity in ICH severity may have masked detectable associations.
Notably, although not statistically significant, the hazard ratios in ICH
trended in the same direction as AIS, constituting a signal favoring lib-
eral oxygenation strategies (9, 11). The non-significant association may
reflect limited statistical power due to smaller sample size.

Our findings should be considered against the subgroup analyses
of the randomized oxygenation trials, which provide the closest avail-
able evidence in brain-injured populations. Two post-hoc analyses of
the ICU-ROX trial are pertinent. Among participants with suspected
hypoxic-ischaemic encephalopathy, conservative oxygen therapy was
associated with lower 180-day mortality (21). Among participants
with acute brain pathologies other than hypoxic-ischaemic encepha-
lopathy, a group comprising ischaemic stroke, subarachnoid hemor-
rhage and traumatic brain injury, 180-day mortality was numerically
higher in those allocated to conservative oxygen than to liberal oxygen
(34.5% versus 26.9%; absolute difference 7.6 percentage points, 95%
CI 4.7 to 19.9), although this comparison did not reach statistical
significance; the interaction between the two neurological subgroups
was significant (p = 0.02) (22). This apparent heterogeneity was con-
sidered of sufficient plausibility to be formalized as a prespecified
hypothesis in Mega-ROX Brains, which is randomizing patients with
non-hypoxic-ischaemic acute brain injury to conservative or liberal
oxygenation (23).

The direction of association observed in our cohort is consistent
with that reported in the non-hypoxic-ischaemic brain injury sub-
group, and differs principally from the pooled estimates derived from
general intensive care populations (24). Several considerations may
account for this. The randomized trials enrolled predominantly non-
neurological patients, in whom tissue at risk of secondary ischaemic
injury is unlikely to represent the principal determinant of outcome,
and acute stroke constituted a small proportion of the enrolled popu-
lations. The contrast in oxygenation examined in the present study is
narrower than that tested in several of the randomized comparisons.
Most importantly, our exposure was observed rather than allocated,
and residual confounding by unmeasured factors cannot be excluded.
These findings are accordingly interpreted as hypothesis-generating
and concordant with the question presently under prospective inves-
tigation, rather than as evidence supporting a change in clinical
practice.
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An additional finding of interest was the lower 30-day tracheos-
tomy rate observed in the restrictive oxygen group despite higher
mortality. This pattern may reflect survivorship bias. However, reasons
for intubation, trajectory of neurologic recovery, and goals-of-care
discussions may also contribute to this finding (19). Those factors
could not be measured in our study and represent an important limi-
tation. Importantly, no significant difference was observed in ventila-
tor-associated pneumonia, suggesting that differences in early
oxygenation strategies do not affect infectious complications. The low
rate of VAP may be explained by the inclusion of patients who
remained on mechanical ventilation for less than 48 h, hence without
the potential to develop this complication.

Taken together, these results suggest that oxygenation strategy
during the first 48 h of mechanical ventilation may represent a modifi-
able factor associated with short-term outcome in stroke, specifically
in AIS (9, 11, 19), representing a potential area for prospective research.

Prospective studies are needed to determine optimal saturation
thresholds. Randomized trials focusing on disease-specific oxygen
targets, rather than broad ICU approaches, may be particularly impor-
tant to clarify whether early liberal oxygenation confers benefit in AIS
or whether individualized titration strategies can balance the compet-
ing risks of hypoxemia and hyperoxia (6, 7, 15, 20, 25).

Limitations

This study has several important limitations. First, its retrospective
observational design precludes causal inference. Although propensity
score matching was performed separately within the AIS, ICH and
AIS + ICH combined cohorts to minimize confounding, residual con-
founding by unmeasured variables remains possible. Stroke severity
measures such as infarct volume, hematoma size, imaging findings, and
detailed neurologic examination data were not available within the feder-
ated electronic health record network and could not be directly incorpo-
rated into matching. Second, exposure classification required every
recorded SpO, value to fall within a single range, a deliberately conserva-
tive definition that eliminates misclassification from patients whose
documented oxygenation crossed both categories. This yields a cleanly
separated exposure contrast at the cost of a smaller analytic sample
weighted toward patients with fewer documented saturations. The
thresholds used to define the exposure groups are also adjacent, and the
resulting contrast in oxygenation between cohorts is correspondingly
narrow; a wider separation would provide a more distinct comparison,
and the magnitude of any association observed across adjacent categories
should be interpreted with this in mind. Oxygen exposure was further
defined based on recorded oxygen saturation rather than continuous
arterial oxygen tension measurements. Detailed data regarding FiO,
(Fraction of Inspired Oxygen) levels and PaO, thresholds were not avail-
able. Therefore, the analysis reflects associations with oxygenation
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strategy rather than precise quantification of hyperoxemia or hypoxemia.
Third, propensity score matching was conducted independently within
each cohort, and matching was re-run prior to outcome analysis. As a
result, matched sample sizes differed across analyses, and hazard ratios
for combined and subtype cohorts were derived from separately matched
populations rather than a single hierarchical model. Fourth, secondary
outcomes were restricted to coding captured within the network. The low
number of VAP events limited statistical power and precluded subtype-
specific analyses. Additionally, we were unable to directly account for
withdrawal-of-life-sustaining therapy decisions, which may influence
both mortality and tracheostomy rates. Finally, follow-up was limited to
3 months; thus, these findings cannot be extrapolated to longer-term
outcomes.

Conclusion

In this study of stroke patients, restrictive oxygen saturation in
the first 48 h of mechanical ventilation was associated with signifi-
cantly higher short-term mortality in the general stroke population
and in patients with acute ischemic stroke, but not in those with
intracerebral hemorrhage. This study suggests that oxygenation strat-
egy may have subtype-specific implications in stroke patients. Our
findings underscore the importance of disease-specific oxygenation
research rather than general ICU oxygenation protocols. Prospective
randomized trials are needed to determine optimal oxygen saturation
targets and to clarify the balance between preventing hypoxemia and
avoiding potential oxygen-related toxicity in this high-risk
population.

Data availability statement

The data analyzed in this study were obtained from the TriNetX
Research Network and are subject to the following licenses/restric-
tions: the data are de-identified and available only to TriNetX network
members under a data use agreement. Requests to access these data-
sets should be directed to TriNetX, LLC (https://trinetx.com).

Ethics statement

Ethical review and approval were not required for this study in
accordance with local legislation and institutional requirements. The
study used only de-identified, aggregated data from the TriNetX
Research Network, for which the Western Institutional Review Board
has granted a waiver of IRB review and informed consent. Written
informed consent was therefore not required.

Author contributions

AG: Data curation, Formal analysis, Investigation, Project admin-
istration, Resources, Writing — original draft. JS: Conceptualization,
Formal analysis, Investigation, Writing - original draft. MW:
Conceptualization, Data curation, Formal analysis, Writing — original

Frontiers in Neurology

10.3389/fneur.2026.1840183

draft. MG: Conceptualization, Data curation, Formal analysis,
Methodology, Writing - original draft. WS: Conceptualization, Data
curation, Formal analysis, Writing — original draft. KS: Investigation,
Writing - original draft. MN: Supervision, Validation, Writing -
review & editing. AB: Supervision, Validation, Writing — review &
editing. AS: Supervision, Validation, Writing - review & editing. AL:
Methodology,
Writing - original draft, Writing - review & editing.

Conceptualization, Investigation, Supervision,

Funding

The author(s) declared that financial support was not received for
this work and/or its publication.

Conflict of interest

WS has served as an advisor to and received grant funding from
Becton, Dickinson and Company, and is a founding owner of Ether
Innovations LLC.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was used in the creation
of this manuscript. Claude (Anthropic, Claude Opus 5.5, claude.ai)
was used to format the references, to assist with grammar, and to gen-
erate high-resolution versions of the figures from the authors’ data.
The authors reviewed and verified all content and take full responsibil-
ity for the manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2026.1840183/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fneur.2026.1840183
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://trinetx.com
https://www.frontiersin.org/articles/10.3389/fneur.2026.1840183/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2026.1840183/full#supplementary-material

Ghafarian et al.

References

1. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, et al.
Guidelines for the early Management of Patients with Acute Ischemic Stroke: 2019 update
to the 2018 guidelines for the early Management of Acute Ischemic Stroke: a guideline for
healthcare professionals from the American Heart Association/American Stroke
Association. Stroke. (2019) 50:e344-418. doi: 10.1161/STR.0000000000000211

2. de Montmollin E, Terzi N, Dupuis C, Garrouste-Orgeas M, da Silva D, Darmon M,
et al. One-year survival in acute stroke patients requiring mechanical ventilation: a mul-
ticenter cohort study. Ann Intensive Care. (2020) 10:53. doi: 10.1186/s13613-020-00669-5

3. Sonneville R, Mazighi M, Collet M, Gayat E, Degos V, Duranteau J, et al. One-year
outcomes in patients with acute stroke requiring mechanical ventilation. Stroke. (2023)
54:2328-37. doi: 10.1161/STROKEAHA.123.042910

4. Loggini A, Saleh Velez FG, Towner JE, Hornik ], Wallery SS, Battaglini D, et al. Two
decades of trends in nontraumatic intracerebral hemorrhage care: a nationwide analysis.
J Clin Neurosci. (2025) 137:111300. doi: 10.1016/j.jocn.2025.111300

5. Loggini A, Del Brutto V], Qureshi AI, Hornik J, Wallery SS, Schwertman A, et al.
Medical complications associated with prolonged length of stay in patients with nontrau-
matic intracerebral hemorrhage: a nationwide cohort study. Clin Neurol Neurosurg. (2025)
254:108934. doi: 10.1016/j.clineuro.2025.108934

6. ICU-ROX Investigators and the Australian and New Zealand Intensive Care Society
Clinical Trials Group, Mackle D, Bellomo R, Bailey M, Beasley R, Deane A, Eastwood G,
et al. Conservative oxygen therapy during mechanical ventilation in the ICU. N Engl J
Med. (2020) 382:989-98. doi: 10.1056/NEJMoal1903297

7. Schjerring OL, Klitgaard TL, Perner A, Wetterslev J, Lange T, Siegemund M, et al.
Lower or higher oxygenation targets for acute hypoxemic respiratory failure. N Engl J
Med. (2021) 384:1301-11. doi: 10.1056/NEJM0a2032510

8. Greenberg SM, Ziai WC, Cordonnier C, Dowlatshahi D, Francis B, Goldstein JN, et al.
2022 guideline for the Management of Patients with Spontaneous Intracerebral
Hemorrhage: a guideline from the American Heart Association/American Stroke
Association. Stroke. (2022) 53:€282-361. doi: 10.1161/STR.0000000000000407

9. Romero-Garcia N, Robba C, Monleén B, Ruiz-Zarco A, Pascual-Gonzalez M, Ruiz-
Pacheco A, et al. Neurological outcomes and mortality following hyperoxemia in adult
patients with acute brain injury: an updated meta-analysis and meta-regression. Crit Care.
(2025) 29:167. doi: 10.1186/s13054-025-05387-7

10. Akca O, Nichols J, Stewart B, Elliott C, Remmel K, Lenhardt R. Association of early oxy-
genation levels with mortality in acute ischemic stroke - a retrospective cohort study. J Stroke
Cerebrovasc Dis. (2020) 29:104556. doi: 10.1016/j.jstrokecerebrovasdis.2019.104556

11. Earl M, Maharaj R. Association between early Hyperoxemia exposure and intensive
care unit mortality in intracerebral hemorrhage: an observational cohort analysis.
Neurocrit Care. (2024) 41:963-73. doi: 10.1007/s12028-024-02021-2

12. Tangonan R, Alvarado-Dyer R, Loggini A, Ammar FE, Kumbhani R, Lazaridis C,
et al. Frequency, risk factors, and outcomes of unplanned readmission to the neurological
intensive care unit after spontaneous intracerebral hemorrhage. Neurocrit Care. (2022)
37:390-8. doi: 10.1007/s12028-021-01415-w

13. Kahn MG, Callahan TJ, Barnard J, Bauck AE, Brown J, Davidson BN, et al. A harmo-
nized data quality assessment terminology and framework for the secondary use of elec-
tronic health record data. EGEMS. (2016) 4:1244. doi: 10.13063/2327-9214.1244

Frontiers in Neurology

09

10.3389/fneur.2026.1840183

14. Vandenbroucke JP, von Elm E, Altman DG, Getzsche PC, Mulrow CD, Pocock SJ,
et al. Strengthening the reporting of observational studies in epidemiology (STROBE):
explanation and elaboration. Ann Intern Med. (2007) 147:W-163-94. doi:
10.7326/0003-4819-147-8-200710160-00010-w1

15. Semler MW, Casey JD, Lloyd BD, Hastings PG, Hays MA, Stollings JL, et al. Oxygen-
saturation targets for critically ill adults receiving mechanical ventilation. N Engl ] Med.
(2022) 387:1759-69. doi: 10.1056/NEJM0a2208415

16. Girardis M, Busani S, Damiani E, Donati A, Rinaldi L, Marudi A, et al. Effect of
conservative vs conventional oxygen therapy on mortality among patients in an intensive
care unit: the oxygen-ICU randomized clinical trial. JAMA. (2016) 316:1583-9. doi:
10.1001/jama.2016.11993

17. Xiong L, Liu X, Shang T, Smielewski P, Donnelly J, Guo ZN, et al. Impaired cerebral
autoregulation: measurement and application to stroke. | Neurol Neurosurg Psychiatry.
(2017) 88:520-31. doi: 10.1136/jnnp-2016-314385

18. Chalet L, Boutelier T, Christen T, Raguenes D, Debatisse ], Eker OF, et al. Clinical
imaging of the penumbra in ischemic stroke: from the concept to the era of mechanical
Thrombectomy. Front Cardiovasc Med. (2022) 9:861913. doi: 10.3389/fcvm.2022.861913

19. Robba C, Bonatti G, Battaglini D, Rocco PRM, Pelosi P. Mechanical ventilation in
patients with acute ischaemic stroke: from pathophysiology to clinical practice. Crit Care.
(2019) 23:388. doi: 10.1186/s13054-019-2662-8

20. Roffe C, Nevatte T, Sim J, Bishop J, Ives N, Ferdinand P, et al. Effect of routine low-
dose oxygen supplementation on death and disability in adults with acute stroke. JAMA.
(2017) 318:1125-35. doi: 10.1001/jama.2017.11463

21. Young P, Mackle D, Bellomo R, Bailey M, Beasley R, Deane A, et al. Conservative
oxygen therapy for mechanically ventilated adults with suspected hypoxic ischaemic
encephalopathy. Intensive Care Med. (2020) 46:2411-22. doi: 10.1007/s00134-020-06196-y

22. Young PJ, Mackle D, Hodgson C, Bellomo R, Bailey M, Beasley R, et al. Conservative
or liberal oxygen therapy for mechanically ventilated adults with acute brain pathologies:
a post-hoc subgroup analysis. J Crit Care. (2022) 71:154079. doi: 10.1016/j.jcrc.2022.154079

23. Young PJ, Al-Fares A, Aryal D, Arabi YM, Ashraf MS, Bagshaw SM, et al. Protocol
and statistical analysis plan for the mega randomised registry trial comparing conserva-
tive vs. liberal oxygenation targets in adults with nonhypoxic ischaemic acute brain inju-
ries and conditions in the intensive care unit (mega-ROX brains). Crit Care Resusc. (2023)
25:53-9. doi: 10.1016/j.ccrj.2023.04.011

24. van der Wal LI, Grim CCA, van Westerloo DJ, Schultz MJ, de Jonge E, Helmerhorst
HJE Higher versus lower oxygenation strategies in the general intensive care unit popula-
tion: a systematic review, meta-analysis and meta-regression of randomized controlled
trials. J Crit Care. (2022) 72:154151. doi: 10.1016/j.jcrc.2022.154151

25. Li W, Lan J, Wei M, Liu L, Hou C, Qi Z, et al. Normobaric hyperoxia combined with
endovascular treatment for acute ischaemic stroke in China (OPENS-2 trial): a multicen-
tre, randomised, single-blind, sham-controlled trial. Lancet. (2025) 405:486-97. doi:
10.1016/50140-6736(24)02809-5

26. Chu DK, Kim LHY, Young PJ, Zamiri N, Almenawer SA, Jaeschke R, et al. Mortality
and morbidity in acutely ill adults treated with liberal versus conservative oxygen therapy
(IOTA): a systematic review and meta-analysis. Lancet. (2018) 391:1693-705. doi:
10.1016/S0140-6736(18)30479-3

frontiersin.org


https://doi.org/10.3389/fneur.2026.1840183
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1161/STR.0000000000000211
https://doi.org/10.1186/s13613-020-00669-5
https://doi.org/10.1161/STROKEAHA.123.042910
https://doi.org/10.1016/j.jocn.2025.111300
https://doi.org/10.1016/j.clineuro.2025.108934
https://doi.org/10.1056/NEJMoa1903297
https://doi.org/10.1056/NEJMoa2032510
https://doi.org/10.1161/STR.0000000000000407
https://doi.org/10.1186/s13054-025-05387-7
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104556
https://doi.org/10.1007/s12028-024-02021-2
https://doi.org/10.1007/s12028-021-01415-w
https://doi.org/10.13063/2327-9214.1244
https://doi.org/10.7326/0003-4819-147-8-200710160-00010-w1
https://doi.org/10.1056/NEJMoa2208415
https://doi.org/10.1001/jama.2016.11993
https://doi.org/10.1136/jnnp-2016-314385
https://doi.org/10.3389/fcvm.2022.861913
https://doi.org/10.1186/s13054-019-2662-8
https://doi.org/10.1001/jama.2017.11463
https://doi.org/10.1007/s00134-020-06196-y
https://doi.org/10.1016/j.jcrc.2022.154079
https://doi.org/10.1016/j.ccrj.2023.04.011
https://doi.org/10.1016/j.jcrc.2022.154151
https://doi.org/10.1016/S0140-6736(24)02809-5
https://doi.org/10.1016/S0140-6736(18)30479-3

	Association of liberal versus restrictive oxygen saturation targets with mortality in mechanically ventilated stroke patients: a multicenter retrospective propensity-matched analysis
	Introduction
	Methods
	Study design and data source
	Patient selection
	Variables
	Outcomes
	Statistical analysis

	Results
	Baseline characteristics of the cohort
	Primary outcome
	Secondary outcomes

	Discussion
	Limitations

	Conclusion

	References

