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Abstract

Background: Early neurological deterioration (END) after endovascular thrombectomy (EVT) may be accompanied by heterogeneous
postprocedural imaging abnormalities. We investigated the association between short-course methylprednisolone and a study-defined
early composite imaging abnormality after EVT. Methods: This single-center retrospective analysis included 297 patients with acute
ischemic stroke who developed END within 72 hours after EVT (96 treated with methylprednisolone and 201 not treated). The index time
was defined as completion of the post-END treatment decision, and the first intravenous methylprednisolone dose marked the onset of
exposure. The first evaluable scan obtained after END confirmation but before completion of the treatment decision was designated the
index scan. All evaluable scans obtained after the index time through 72 hours after EVT were reviewed. For patients who met the primary
composite outcome, the endpoint scan was the first scan showing a new abnormality or progression of a preexisting abnormality that
met the specified progression criteria; for patients who did not meet the primary outcome, it was the last evaluable scan within 72 hours
after EVT. Multivariate logistic regression, propensity-score analyses, a restricted analysis among patients with modified Thrombolysis in
Cerebral Infarction (mTICI) grade 2b-3, and false discovery rate (FDR) correction were used. Results: The composite outcome occurred
in 42 of 96 treated patients and 122 of 201 untreated patients (43.8% vs 60.7%; p = 0.006). After multivariate adjustment, short-course
methylprednisolone was associated with lower odds of the composite outcome (adjusted odds ratio, 0.46; 95% confidence interval [CI],
0.27-0.80; p = 0.005). The results were directionally consistent among patients with mTICI grades 2b—3 (adjusted odds ratio, 0.48; 95%
ClI, 0.27-0.86; p = 0.013), whereas the estimate for mTICI grades 0—2a was imprecise (p = 0.699). The index-to-endpoint-scan interval,
endpoint imaging modality, and post-index scan frequency were comparable between groups. After FDR correction across 17 exploratory
outcomes, only new or worsening cerebral edema remained statistically significant (¢ = 0.034). Neither the 90-day 3-category modified
Rankin Scale (mRS) distribution nor the comparison of mRS 0-2 remained statistically significant after correction. Safety estimates
were imprecise. Conclusions: Short-course methylprednisolone was associated with lower odds of the study-defined early post-EVT
composite imaging abnormality, primarily reflecting edema-related findings. This observational association did not establish functional
benefit and requires prospective confirmation.
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1. Introduction Successful recanalization of a large vessel does not
necessarily ensure adequate microcirculatory tissue perfu-
sion; distal hypoperfusion or no-reflow may continue to
limit tissue recovery [4]. Early neurological deterioration
(END), typically manifested by an increase in National In-
stitutes of Health Stroke Scale (NIHSS) score, worsening
level of consciousness, or a new focal deficit, is an impor-
tant clinical phenotype during the early course of stroke
[5]. END after EVT is associated with poorer functional
outcomes and increased risks of symptomatic intracranial
hemorrhage and death; potential mechanisms include reoc-
clusion, infarct progression, cerebral edema, hemorrhagic

Acute ischemic stroke is a leading cause of death
and long-term disability worldwide, and strokes caused by
large-vessel occlusion are generally associated with more
severe neurological deficits and a greater burden of dis-
ability [1]. Current reperfusion guidelines recommend en-
dovascular thrombectomy (EVT) as a cornerstone treatment
for eligible patients with large-vessel occlusion [2]. Recent
evidence in patients with large ischemic cores has further
expanded the applicability of EVT while underscoring the
need to monitor postprocedural tissue injury and complica-
tions [3].
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transformation, microcirculatory dysfunction, and systemic
physiological disturbances [6].

Ischemic cerebral edema is driven by both cytotoxic
and vasogenic components and can progress to mass ef-
fect and midline shift [7]. Blood-brain barrier disruption
evolves dynamically and may involve abnormal endothe-
lial transport, tight-junction injury, and inflammatory-cell
infiltration [8]. Oxidative stress and inflammatory cascades
further amplify injury to the neurovascular unit, providing a
biological rationale for early anti-inflammatory and barrier-
modulating interventions [9]. Neuroprotective strategies in
the reperfusion era must account for treatment timing, target
population, mechanistic specificity, and clinical outcomes
[10]. Methylprednisolone has rapid anti-inflammatory ef-
fects and can modulate vascular permeability; however, its
association with early imaging findings in patients who de-
velop END after EVT remains unclear. We assessed the
association between short-course methylprednisolone and
the study-defined early post-EVT composite imaging ab-
normality after the index scan and evaluated the robustness
of the findings using multivariable adjustment, propensity-
score methods, and analyses stratified by modified Throm-
bolysis in Cerebral Infarction (mTICI) grade.

2. Materials and Methods
2.1 Study Design and Patients

This was a single-center retrospective analysis. We
consecutively collected clinical, laboratory, endovascular
treatment, and imaging data for patients who underwent
EVT for acute ischemic stroke at an advanced stroke center
with an annual EVT volume of approximately 200 proce-
dures between January 1, 2020, and December 31, 2023,
and developed END within 72 hours after EVT. Acute is-
chemic stroke was diagnosed on the basis of clinical presen-
tation and cranial computed tomography (CT) or magnetic
resonance imaging (MRI); occlusion of the culprit vessel
was confirmed by CT angiography, magnetic resonance an-
giography, or digital subtraction angiography. This study
was reported in accordance with the STROBE statement
(Supplementary Material).

Eligibility criteria were as follows: age >18 years; di-
agnosis of acute ischemic stroke; receipt of EVT; develop-
ment of END within 72 hours after EVT; availability of an
evaluable cranial CT or MRI scan obtained after END con-
firmation and before completion of the treatment decision;
and availability of preprocedural baseline data, periproce-
dural treatment records, the index scan, imaging follow-up
within 72 hours after EVT, and key clinical and safety out-
come data.

Exclusion criteria were as follows: intracranial hem-
orrhage on preprocedural imaging; intracranial tumor, se-
vere traumatic brain injury, intracranial infection, or an-
other condition that interfered with imaging interpretation;
prestroke modified Rankin Scale (mRS) score >2; post-
procedural neurological deterioration attributable to reoc-
clusion, recurrent stroke, status epilepticus, severe hypo-

glycemia, shock, severe infection, or another clearly de-
fined cause; long-term or high-dose systemic glucocorti-
coid therapy before or after EVT for another condition;
missing index or 72-hour follow-up imaging or inade-
quate image quality; or missing key clinical, laboratory, or
NIHSS data.

2.2 Definition of Early Neurological Deterioration

END was defined by any of the following within 72
hours after EVT: an increase of >4 points from the imme-
diately postprocedural NIHSS score or the lowest NIHSS
score within 24 hours after EVT; an increase of >2 points
on the level-of-consciousness item; or a new focal neuro-
logical deficit judged by a neurologist to reflect progression
of the lesion in the culprit vascular territory [11]. These cri-
teria could overlap. In sedated or intubated patients and
those with metabolic disturbances, END was adjudicated
using the first assessable time point after awakening, serial
neurological examinations, and contemporaneous imaging.

2.3 Index Time, Treatment Exposure, and Grouping

The index time was defined as completion of the post-
END treatment decision and served as the common time
zero for both groups. The index scan was the first evalu-
able CT or MRI examination obtained after END confirma-
tion and before the index time. In the methylprednisolone
group, patients received intravenous methylprednisolone
sodium succinate (Solu-Medrol®, 40 mg/vial; approval No.
H20170197; Pfizer Manufacturing Belgium NV, Puurs-
Sint-Amands, Belgium), and the first intravenous dose
marked the onset of exposure; the index scan was required
to precede the first dose. All evaluable scans obtained after
the index time through 72 hours after EVT were reviewed.
For patients who met the primary composite outcome, the
endpoint scan was the first scan showing a new abnormal-
ity or progression of a preexisting abnormality that met the
specified progression criteria; for patients who did not meet
the primary outcome, the endpoint scan was the last evalu-
able scan within 72 hours after EVT. In the methylpred-
nisolone group, the endpoint scan was required to occur
after the first dose; in the no-methylprednisolone group, it
was required to occur after the index time. All time inter-
vals, the number of evaluable post-index scans, the number
of doses administered before the endpoint scan, and the cu-
mulative dose administered before the endpoint scan were
calculated at the patient level from timestamps and actual
administration records. Short-course methylprednisolone
was defined as intravenous treatment initiated within 24
hours after END and continued for <5 days. Patients who
received neither methylprednisolone nor another systemic
glucocorticoid were assigned to the no-methylprednisolone
group.

During the study period, no standardized methylpred-
nisolone treatment pathway was implemented, and no fixed
NIHSS, Alberta Stroke Program Early Computed Tomog-
raphy Score (ASPECTS), or imaging threshold was speci-
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fied. Treatment was selected by the attending stroke team
on the basis of serial neurological changes, index imaging,
anticipated benefit, and relative contraindications. Poten-
tial decision factors recorded in routine medical records in-
cluded persistent or progressive END, cerebral edema or
mass effect, contrast-related changes, infarct extent, col-
lateral status, active infection, uncontrolled hyperglycemia,
and gastrointestinal bleeding; documentation completeness
varied among patients, and no standardized structured tem-
plate was used. Statistical adjustment was limited to vari-
ables measured before the index time with complete docu-
mentation.

All patients received comprehensive acute ischemic
stroke care, including management of blood pressure, glu-
cose, temperature, and intracranial pressure; nutritional
support; and prevention and treatment of complications.
Intravenous thrombolysis, antiplatelet therapy, anticoagu-
lation, lipid-lowering therapy, and other supportive treat-
ments were determined by the treating team according to
the clinical condition, index imaging, and bleeding risk.
Any pre-index antithrombotic therapy was defined as an-
tiplatelet or anticoagulant therapy initiated before the index
time.

2.4 Endovascular Treatment and Periprocedural Data

Eligibility for EVT was determined according to
symptom-onset time, baseline neurological deficit, imag-
ing findings, and clinical practice. EVT strategies in-
cluded stent-retriever thrombectomy, direct aspiration, or
a combined technique. We recorded occlusion site, anes-
thesia type, bridging intravenous thrombolysis, thrombec-
tomy strategy, onset-to-admission time, onset-to-puncture
time, puncture-to-final-angiography time, onset-to-final-
angiography time, number of thrombectomy passes, res-
cue treatment, and final mTICI grade; mTICI grade 2b—
3 was defined as successful reperfusion [12]. END onset
time was defined as the interval from completion of final
angiography to the first time the END criteria were met,
and thrombectomy-to-index time as the interval from com-
pletion of final angiography to the index time. Puncture-
to-reperfusion and onset-to-reperfusion times were calcu-
lated only for patients with mTICI grade 2b—3. Pre-index
blood pressure and glucose variables included mean sys-
tolic blood pressure, peak systolic blood pressure, 24-hour
postprocedural systolic blood pressure variability, and peak
glucose. Systolic blood pressure variability was defined as
the standard deviation of all systolic blood pressure mea-
surements obtained within 24 hours after EVT.

2.5 Imaging Assessment and Outcome Definitions

We collected preprocedural CT or MRI, CT angiog-
raphy or magnetic resonance angiography, intraprocedural
digital subtraction angiography, the index scan, and follow-
up CT or MRI obtained within 72 hours after EVT. Prepro-
cedural imaging assessments included occlusion site, AS-
PECTS, collateral status, and early ischemic changes. The
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index scan was assessed for mild CT hyperdensity or a
corresponding MRI signal abnormality, mild hemorrhagic
transformation, mild cerebral edema, and any mild related
abnormality present before the treatment decision; only ab-
normalities that newly appeared after the index scan or pro-
gressed to the specified progression criteria were counted
as outcomes.

The primary imaging outcome was the study-defined
early post-EVT composite imaging abnormality, defined
as a new or progressive abnormality after the index scan
and within 72 hours after EVT. Hemorrhagic transforma-
tion was classified according to the European Coopera-
tive Acute Stroke Study (ECASS) imaging phenotypes as
hemorrhagic infarction type 1 (HI1), hemorrhagic infarc-
tion type 2 (HI2), parenchymal hematoma type 1 (PHI1),
or parenchymal hematoma type 2 (PH2) [13]. The com-
posite outcome also included CT hyperdensity or a cor-
responding blood- or contrast-related MRI signal abnor-
mality, new or worsening cerebral edema, abnormal en-
hancement or exudative changes in the infarcted region, and
progression of mass effect. Because contrast-related hy-
perdensity and early hemorrhage can overlap on conven-
tional CT, adjudication incorporated serial imaging, MRI
sequences, or changes on subsequent CT [14]. Cerebral
edema was identified on the basis of sulcal effacement, ven-
tricular compression, reduced gray-white matter differenti-
ation, midline shift, and associated mass effect [15]. This
composite outcome was an operational imaging phenotype;
the composite and each imaging component were reported
separately. Escalation of intracranial pressure therapy or
decompressive craniectomy was reported separately as an
imaging-related management outcome and was not a com-
ponent of the composite endpoint. In the methylpred-
nisolone group, a relevant abnormality had to first meet the
criteria for a new or progressive abnormality on imaging
obtained after the first dose; its onset was interval-censored
between the index scan and the first positive scan.

Patients with mTICI grade 2b-3 underwent a clin-
ically more specific restricted analysis, whereas patients
with mTICI grade 0-2a were analyzed separately in
an exploratory analysis. In the restricted multivariable
model, onset-to-reperfusion time replaced onset-to-final-
angiography time, and the mTICI variable, which was con-
stant within the subgroup, was removed. All images were
independently reviewed by 2 physicians blinded to treat-
ment group and clinical outcomes; disagreements were ad-
judicated by a third senior neuroradiologist. Using the orig-
inal paired ratings before adjudication, Cohen x was calcu-
lated for binary outcomes and quadratically weighted x for
ordered ECASS subtypes. Among patients whose endpoint
scan was CT, unweighted Cohen x was calculated for the
nominal 3-category classification of no relevant hyperden-
sity, contrast-related hyperdensity, or hemorrhagic change.
The 95% confidence intervals for k¥ were estimated using
1000 bootstrap resamples.
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2.6 Clinical, Functional, and Safety Outcomes

Demographic characteristics, vascular risk factors,
prior medications, prestroke mRS score, baseline NIHSS
score, stroke etiology, admission vital signs, and periproce-
dural blood pressure and glucose variables were extracted
from the electronic medical record. Laboratory variables
included complete blood count, fasting glucose, glycated
hemoglobin, lipid profile, coagulation measures, D-dimer,
C-reactive protein, albumin, and liver and renal function
tests. Neurological status was assessed using the NIHSS
[16]. Ninety-day functional outcomes were assessed with
the mRS by uniformly trained evaluators during an outpa-
tient visit or by telephone; the 3-category mRS distribu-
tion (scores 0-2, 3—4, and 5-6) was the principal functional
description, and mRS 0-2 was an exploratory dichoto-
mous measure [17]. Safety outcomes included pneumonia,
gastrointestinal bleeding, hyperglycemic events, electrolyte
disturbances, and other adverse events potentially related to
glucocorticoids. A hyperglycemic event was operationally
defined as a random glucose level >10.0 mmol/L during
hospitalization or the need to initiate insulin, and was inter-
preted in the context of clinical features of glucocorticoid-
induced hyperglycemia [18].

2.7 Statistical Analysis

Statistical analyses were performed using R version
4.3.2 (R Foundation for Statistical Computing, Vienna,
Austria) and Statistical Package for the Social Sciences
(SPSS) version 26.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were summarized as mean + stan-
dard deviation or median [interquartile range], as appro-
priate. Normally distributed variables were compared us-
ing the independent-samples ¢ test, and nonnormally dis-
tributed variables using the Mann—Whitney U test; cate-
gorical variables were compared using the Pearson y° test,
Fisher exact test, or Fisher—Freeman—Halton exact test. The
primary association was estimated using multivariable lo-
gistic regression and expressed as an odds ratio (OR) with
a 95% confidence interval (CI); robustness was evaluated
using propensity-score matching, stabilized inverse prob-
ability weighting, and propensity-score covariate adjust-
ment. Adjustment covariates were selected on the ba-
sis of clinical relevance, temporal ordering, and prior ev-
idence and were retained in the model. The propensity-
score model included only pre-index variables. One-to-one
nearest-neighbor matching was performed with a caliper
width equal to 0.20 standard deviations of the logit of the
propensity score; conditional logistic regression and the ex-
act McNemar test were used after matching. Stabilized
weights were truncated at the 1st and 99th percentiles, and
robust standard errors were used. An absolute standardized
difference <0.10 indicated adequate covariate balance.

In the mTICI grade 2b-3 restricted model, onset-to-
reperfusion time replaced onset-to-final-angiography time,
and the mTICI variable, which was constant within the sub-
group, was removed. The sole primary imaging outcome

was tested using a 2-sided & = 0.05. Seven secondary imag-
ing outcomes, 1 imaging-related management outcome, 4
clinical or functional outcomes, and 5 safety outcomes (17
total) were treated as a single exploratory testing family
and controlled using the Benjamini—Hochberg false discov-
ery rate (FDR) procedure. Both raw p values and ¢ val-
ues were reported, with ¢ < 0.05 indicating statistical sig-
nificance after correction. Baseline comparisons were de-
scriptive and were not included in the FDR family. Imag-
ing agreement was summarized using x with 95% Cls. The
multivariable model was used for confounding adjustment
and to characterize internal performance; it included 164
events and 15 parameters. We reported the apparent area
under the receiver operating characteristic curve (AUC), the
optimism-corrected AUC from 1000 bootstrap resamples,
the AUC from 10 repeats of 10-fold cross-validation, the
optimism-corrected calibration intercept and slope, appar-
ent and optimism-corrected Brier scores, and exploratory
subgroup AUCs. Absolute risk differences with 95% Cls
for safety outcomes were calculated using the Newcombe
method.

No variables in the primary model were missing. Gly-
cated hemoglobin, D-dimer, and C-reactive protein had
only small amounts of missing data and were used solely in
descriptive analyses; comparisons were based on the avail-
able nonmissing observations, without imputation. Multi-
collinearity was assessed using variance inflation factors.
All tests were 2-sided.

3. Results
3.1 Patients

We screened 354 patients with acute ischemic stroke
who developed END within 72 hours after EVT. We
excluded patients whose neurological deterioration was
clearly attributable to reocclusion, recurrent stroke, status
epilepticus, severe infection, shock, or metabolic distur-
bance; those with missing key imaging or clinical data,
prestroke mRS score >2, or systemic glucocorticoid use
for another condition; and those meeting other exclusion
criteria. The final cohort comprised 297 patients, includ-
ing 96 in the methylprednisolone group and 201 in the no-
methylprednisolone group. All patients completed the 90-
day mRS assessment.

3.2 Baseline Clinical Characteristics

No statistically significant between-group differences
were observed in age, sex, prestroke mRS distribution, hy-
pertension, diabetes, atrial fibrillation, coronary artery dis-
ease, prior stroke or transient ischemic attack, dyslipidemia,
current smoking, prior antiplatelet therapy, prior anticoag-
ulation, prior statin therapy, admission systolic blood pres-
sure, admission diastolic blood pressure, heart rate, tem-
perature, or stroke etiology (all p > 0.05). The baseline
NIHSS score was numerically higher in the methylpred-
nisolone group, although the difference was not statistically
significant (p = 0.082); this pattern suggested that treatment
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Table 1. Baseline clinical characteristics by treatment group.

Variable Methylprednisolone No-methylprednisolone Statistic or test p value
group (n = 96) group (n =201)
Age,y 69.5+10.8 68.8+11.5 t=0.51 0.610
Male sex 56 (58.3) 119 (59.2) 22 =0.02 0.887
Prestroke modified Rankin Scale (mRS) 27 =0.12 0.940
score distribution
Score 0 55(57.3) 119 (59.2) — —
Score 1 32 (33.3) 65 (32.3) — —
Score 2 9(9.4) 17 (8.5) — —
Hypertension 68 (70.8) 132 (65.7) 2 =0.79 0.375
Diabetes mellitus 30 (31.2) 52 (25.9) 7 =094 0.332
Atrial fibrillation 45 (46.9) 85(42.3) 2 =0.56 0.456
Coronary artery disease 20 (20.8) 36 (17.9) 7 =036 0.547
Prior stroke or transient ischemic attack 21(21.9) 42 (20.9) 7 =0.04 0.847
Dyslipidemia 37 (38.5) 76 (37.8) 72 =0.01 0.903
Current smoking 31(32.3) 67 (33.3) 7 =0.03 0.858
Prior antiplatelet therapy 25 (26.0) 50 (24.9) 2> =0.05 0.829
Prior anticoagulation 15 (15.6) 29 (14.4) 7’ =0.07 0.786
Prior statin therapy 29 (30.2) 57 (28.4) =011 0.742
Baseline National Institutes of Health Stroke 18 [14-22] 17 [13-21] =-1.74 0.082
Scale (NIHSS) score
Admission systolic blood pressure, mmHg 155+24 153 +£23 t=0.68 0.497
Admission diastolic blood pressure, mmHg 86+ 15 85+ 14 t=0.55 0.584
Admission heart rate, beats/min 82+ 17 81+16 t=0.48 0.630
Admission temperature, °C 36.7+0.4 36.7+0.4 t=0.00 1.000
Stroke etiology Fisher—Freeman— 0.922
Halton exact test
Large-artery atherosclerosis 36 (37.5) 71 (35.3) — —
Cardioembolism 43 (44.8) 90 (44.8) — —
Other determined etiology 5(5.2) 9 (4.5) — —
Undetermined etiology 12 (12.5) 31(15.4) — —

Note: Normally distributed continuous variables are presented as mean + standard deviation, nonnormally distributed continuous variables

as median [interquartile range], and categorical variables as number (%). n indicates sample size; ¢, the independent-samples ¢ test statistic; Z,
the standardized Mann—Whitney U test statistic; y°, the Pearson chi-square statistic; and p, the 2-sided p value. The Fisher—Freeman—Halton

exact test was used for multicategory contingency tables. An em dash indicates not applicable or not separately tested. mRS, modified

Rankin Scale; NIHSS, National Institutes of Health Stroke Scale.

selection may have been related to disease severity (Table

D).

3.3 Admission Laboratory Variables

White blood cell count, neutrophil percentage, fast-
ing glucose, glycated hemoglobin, total cholesterol, triglyc-
erides, low-density lipoprotein cholesterol, international
normalized ratio, activated partial thromboplastin time,
fibrinogen, D-dimer, C-reactive protein, alanine amino-
transferase, aspartate aminotransferase, and creatinine
were numerically higher in the methylprednisolone group,
whereas hemoglobin, platelet count, high-density lipopro-
tein cholesterol, albumin, and estimated glomerular filtra-
tion rate were numerically lower. None of these between-
group differences was statistically significant (all p > 0.05).
Data were missing for glycated hemoglobin in 9 patients, D-
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dimer in 8, and C-reactive protein in 10; comparisons used
the available nonmissing observations (Supplementary
Table 1).

3.4 Preprocedural Imaging, Endovascular Treatment, and
Periprocedural Data

The methylprednisolone group had numerically lower
baseline ASPECTS, higher proportions of preprocedural
early ischemic changes and poor collateral status, longer
onset-to-puncture, puncture-to-final-angiography, onset-
to-final-angiography, puncture-to-reperfusion, and onset-
to-reperfusion times among patients with mTICI grade 2b—
3, and higher pre-index mean and peak systolic blood pres-
sure, 24-hour postprocedural systolic blood pressure vari-
ability, and peak glucose; none of these differences was sta-
tistically significant. Baseline imaging modality, occlusion
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Table 2. Preprocedural imaging, endovascular treatment, and periprocedural data.

o)

®,

It

4

Variable Methylprednisolone No-methylprednisolone  Statistic p value

group (n =96) group (n=201)

Baseline imaging modality £ =0.15 0.698
Computed tomography (CT) 80 (83.3) 171 (85.1) — —
Magnetic resonance imaging (MRI) 16 (16.7) 30 (14.9) — —

Baseline Alberta Stroke Program Early Computed 8[6-9] 8[7-9] Z=-1.86 0.063

Tomography Score (ASPECTS)

Preprocedural early ischemic changes 57 (59.4) 105 (52.2) =133 0.248
Collateral status 2 =2.60 0.272
Good 29 (30.2) 77 (38.3) — —
Intermediate 26 (27.1) 56 (27.9) — —
Poor 41 (42.7) 68 (33.8) — —
Occlusion site 7’ =0.63 0.960
Internal carotid artery terminus 25(26.0) 46 (22.9) — —
Middle cerebral artery M1 segment 43 (44.8) 96 (47.8) — —
Middle cerebral artery M2 segment 9(9.4) 16 (8.0) — —
Basilar artery 11 (11.5) 25(12.4) — —
Tandem lesion 8(8.3) 18 (9.0) — —
Bridging intravenous thrombolysis 32 (33.3) 62 (30.8) 7 =0.19 0.666
General anesthesia 43 (44.8) 91 (45.3) 72 =0.01 0.938
Thrombectomy strategy £ =0.10 0.949
Stent-retriever thrombectomy 33 (34.4) 68 (33.8) — —
Direct aspiration 26 (27.1) 58 (28.9) — —
Combined technique 37 (38.5) 75 (37.3) — —
Onset-to-admission time, min 145 [85-240] 150 [90-245] Z=-0.36 0.719
Onset-to-puncture time, min 292 [210-420] 280 [205-390] Z=-0.79 0.430
Puncture-to-final-angiography time, min 58 [42-86] 56 [40-83] Z=-0.66 0.509
Onset-to-final-angiography time, min 366 [286-505] 352 [279-486] Z=-0.77 0.441
Puncture-to-reperfusion time in patients with modified 52 [36-78]; n =84 49 [34-74]; n=171 Z=-0.97 0.332

Thrombolysis in Cerebral Infarction (mTICI) grade 2b—3, min

Onset-to-reperfusion time in patients with mTICI grade 2b—3, min 354 [275-492]; n =84  341[270-468];n=171 Z=-0.83 0.407

Number of thrombectomy passes 2 [1-3] 2 [1-3] Z=-0.70 0.484

Intraprocedural rescue treatment 2 =0.18 0.980
None 67 (69.8) 145 (72.1) — —
Intra-arterial thrombolysis 10 (10.4) 19 (9.5) — —
Balloon angioplasty or stent placement 12 (12.5) 23 (11.4) — —
Other rescue measures 7(7.3) 14 (7.0) — —
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Table 2. Continued.

Variable Methylprednisolone No-methylprednisolone  Statistic p value
group (n =96) group (n=201)
mTICI grade =119 0.553
Grade 0-2a 12 (12.5) 30 (14.9) — —
Grade 2b 40 (41.7) 92 (45.8) — —
Grade 2¢-3 44 (45.8) 79 (39.3) — —
Successful reperfusion, mTICI grade 2b—3 84 (87.5) 171 (85.1) =031 0.575
Pre-index mean systolic blood pressure, mm Hg 144 + 15 142+ 14 t=1.10 0.274
Pre-index peak systolic blood pressure, mm Hg 164 +21 160 + 20 t=1.56 0.121
24-hour postprocedural systolic blood pressure variability, mm Hg 13.8+6.2 13.1+6.0 t=0.92 0.359
Pre-index peak glucose, mmol/L 9.41[7.4-12.1] 8.8 [7.0-11.4] Z=-1.70 0.089
Postprocedural antiplatelet therapy 71 (74.0) 151 (75.1) 7 =0.05 0.829
Postprocedural anticoagulation 18 (18.8) 40 (19.9) 7 =0.05 0.815
Postprocedural statin therapy 85 (88.5) 179 (89.1) 7 =0.02 0.895
Any pre-index antithrombotic therapy 39 (40.6) 84 (41.8) 2 =0.04 0.849

Note: Data are presented as mean + standard deviation, median [interquartile range], or number (%). » indicates sample size; #, the independent-samples
¢ test statistic; Z, the standardized Mann-Whitney U test statistic; x°, the Pearson chi-square statistic; and p, the 2-sided p value. An em dash indicates
that no separate test was performed. CT, computed tomography; MRI, magnetic resonance imaging; ASPECTS, Alberta Stroke Program Early Computed

Tomography Score; mTICI, modified Thrombolysis in Cerebral Infarction; M1 and M2, the corresponding anatomical segments of the middle cerebral artery.

Puncture-to-reperfusion and onset-to-reperfusion times were calculated only in patients with mTICI grade 2b-3.
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site, bridging intravenous thrombolysis, anesthesia type,
thrombectomy strategy, onset-to-admission time, number
of thrombectomy passes, intraprocedural rescue treatment,
mTICI distribution, proportion with mTICI grade 2b-3,
postprocedural antiplatelet therapy, postprocedural antico-
agulation, postprocedural statin therapy, and any pre-index
antithrombotic therapy also did not differ significantly be-
tween groups (all p > 0.05) (Table 2).

3.5 Neurological and Treatment Characteristics After END

END onset time, thrombectomy-to-index time, END-
to-index time, index-to-endpoint-scan time, endpoint imag-
ing modality, number of evaluable post-index scans, pro-
portion with at least 2 post-index scans, increase in
NIHSS score, NIHSS score increase >4 points, level-of-
consciousness item increase =2 points, and new focal neu-
rological deficit did not differ significantly between groups
(all p > 0.05). In the methylprednisolone group, index-to-
first-dose time, first-dose-to-endpoint-scan time, number of

doses and cumulative dose before the endpoint scan, END-
to-first-dose time, treatment duration, daily dose, cumula-
tive course dose, and dosing frequency were summarized
from actual administration records. In all treated patients,
the index scan preceded the first dose and the endpoint scan
followed the first dose. In all 42 treated patients who met
the primary outcome, the relevant abnormality first met the
outcome criterion on imaging obtained after the first dose;
its onset was interval-censored between the index scan and
the first positive scan (Table 3).

3.6 Primary Imaging Outcome and Inter-Reader
Agreement

At the index scan, mild CT hyperdensity or corre-
sponding MRI signal abnormality, mild hemorrhagic trans-
formation, mild cerebral edema, and any mild related
change were numerically more frequent in the methylpred-
nisolone group, with no statistically significant between-
group differences (all p > 0.05). The study-defined early

Table 3. Early neurological deterioration, treatment exposure, and imaging timing.

Variable Methylprednisolone  No-methylprednisolone  Statistic ~ p value
group (n = 96) group (n=201)
Early neurological deterioration (END) onset time, h 11 [6-19] 12 [6-20] Z=-045 0.653
Thrombectomy-to-index time, h 16 [11-26] 16 [10-27] Z=-022 0.826
END-to-index time, h 4.3 [2.1-8.0] 4.5[2.2-8.3] Z=-043 0.667
Index-to-endpoint-scan time, h 26.5[17.7-39.1] 27.0 [18.0-39.8] Z=-035 0.726
Endpoint imaging modality 7 =009 0.766
Computed tomography (CT) 82 (85.4) 169 (84.1) — —
Magnetic resonance imaging (MRI) 14 (14.6) 32 (15.9) — —
Number of evaluable post-index scans 2 [1-2] 2 [1-2] =-0.24 0.814
At least 2 post-index scans 57 (59.4) 117 (58.2) 7 =0.04 0.849
Increase in National Institutes of Health Stroke Scale (NIHSS) score 5[4-7] 5[4-8] Z=-041 0.682
NIHSS score increase =4 points 70 (72.9) 152 (75.6) 7 =025 0.616
Level-of-consciousness item increase >2 points 18 (18.8) 40 (19.9) 72 =0.05 0.815
New focal neurological deficit 8(8.3) 9 (4.5) 7 =179 0.181
Index-to-first-dose time, h 0.8 [0.4-1.4] Not applicable — —
First-dose-to-endpoint-scan time, h 25.6 [16.9-37.8] Not applicable — —
Number of doses before endpoint scan 2 [1-2] Not applicable — —
Cumulative dose before endpoint scan, mg 160 [80-240] Not applicable — —
Index scan before first dose 96 (100.0) Not applicable — —
Endpoint scan after first dose 96 (100.0) Not applicable — —
END-to-first-dose time, h 5.2[2.8-9.6] Not applicable — —
Treatment duration, d 3[3-5] Not applicable — —
Daily dose, mg 80 [80-120] Not applicable — —
Cumulative course dose, mg 320 [240-480] Not applicable — —
Once-daily dosing 74 (77.1) Not applicable — —
Twice-daily dosing 22 (22.9) Not applicable — —
Primary outcome first met on imaging obtained after the first dose 42/42 (100.0) Not applicable — —

Note: Data are presented as median [interquartile range] or number (%). Z indicates the standardized Mann-Whitney U test statistic; y°, the

Pearson chi-square statistic; and p, the 2-sided p value. An em dash indicates not applicable or not separately tested. END, early neurological

deterioration; EVT, endovascular thrombectomy. END onset time and thrombectomy-to-index time were both measured from completion of

final angiography. The endpoint scan was the first positive scan in patients who met the primary outcome or the last evaluable scan within 72

hours after EVT in patients who did not. The number of evaluable post-index scans included all CT or MRI examinations obtained after the

index time through 72 hours that could be used for outcome determination. END criteria could overlap.
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Table 4. Index-scan status, primary composite imaging outcome, and components.

Variable Methylprednisolone No-methylprednisolone  Statistic Raw p value False discovery rate
group (n = 96) group (n=201) (FDR)-adjusted ¢ value

Mild computed tomography (CT) hyperdensity or corresponding magnetic 18 (18.8) 34 (16.9) 27 =0.15 0.697 —

resonance imaging (MRI) signal abnormality on the index scan

Mild hemorrhagic transformation on index scan 12 (12.5) 21(10.4) 27 =028 0.599 —

Mild cerebral edema on index scan 22 (22.9) 39 (19.4) 72 =049 0.483 —

Any mild related abnormality on index scan 30 (31.2) 54 (26.9) 7’ =0.62 0.433 —

Study-defined early post-endovascular thrombectomy (EVT) composite 42 (43.8) 122 (60.7) 1’ =155 0.006 —

imaging abnormality (primary outcome)

Hemorrhagic transformation 37 (38.5) 86 (42.8) 7 =048 0.487 0.594
European Cooperative Acute Stroke Study (ECASS) subtype distribution 7’ =0.69 0.953 0.953
No hemorrhagic transformation 59 (61.5) 115 (57.2) — — —
Hemorrhagic infarction type 1 (HI1) 12 (12.5) 26 (12.9) — — —
Hemorrhagic infarction type 2 (HI2) 12 (12.5) 26 (12.9) — — —
Parenchymal hematoma type 1 (PH1) 8(8.3) 21(10.4) — — —
Parenchymal hematoma type 2 (PH2) 5(.2) 13 (6.5) — — —
Parenchymal hematoma (PH1-PH2) 13 (13.5) 34 (16.9) 1’ =0.56 0.456 0.594
CT hyperdensity or a corresponding MRI signal abnormality 21 (21.9) 60 (29.9) 7’ =2.08 0.149 0.253
New or worsening cerebral edema 27 (28.1) 95 (47.3) 7 =9.83 0.002 0.034
Abnormal enhancement or exudative change 16 (16.7) 52 (25.9) =312 0.077 0.159
Midline shift 7(7.3) 34 (16.9) 2 =5.06 0.025 0.139
Imaging-related management outcome: escalation of intracranial 6(6.2) 31(15.4) 7 =501 0.025 0.139

pressure therapy or decompressive craniectomy

Note: Data are presented as number (%). x° indicates the Pearson chi-square statistic; p, the 2-sided raw p value; FDR, false discovery rate; and g, the Benjamini—Hochberg-adjusted p
value. The Fisher—Freeman—Halton exact test was used for multicategory contingency tables. An em dash indicates not applicable or not separately tested. ECASS, European Cooperative
Acute Stroke Study; HI1 and HI2, hemorrhagic infarction types 1 and 2; PH1 and PH2, parenchymal hematoma types 1 and 2. The primary outcome was the sole primary test and was not
subjected to FDR correction. Seven secondary imaging outcomes and 1 imaging-related management outcome were included with the other 9 clinical, functional, and safety outcomes
in the 17-test Benjamini—-Hochberg FDR family. Imaging findings could overlap. Escalation of intracranial pressure therapy or decompressive craniectomy was a management outcome.
The individual imaging components may overlap and should not be summed to derive the composite endpoint.
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Fig. 1. Incidence of the study-defined early composite imaging abnormality after endovascular thrombectomy (EVT), se-

lected imaging components, and an imaging-related management outcome in the methylprednisolone and no-methylprednisolone

groups. Bar heights show the incidence in each group; labels at the bar ends show the number of events/total number and percentage.

Two-sided raw p values are shown. For the 4 exploratory outcomes, ¢ values after Benjamini—-Hochberg false discovery rate (FDR) cor-

rection across the 17-test family are also shown. The primary composite outcome was the sole primary test and is reported with a p value

only. Escalation of intracranial pressure (ICP) therapy or decompressive craniectomy was an imaging-related management outcome.

post-EVT composite imaging abnormality was less fre-
quent in the methylprednisolone group (p = 0.006). The
component imaging outcomes—hemorrhagic transforma-
tion, parenchymal hematoma, CT hyperdensity or corre-
sponding MRI signal abnormality, new or worsening cere-
bral edema, abnormal enhancement or exudative change,
and midline shift—and the imaging-related management
outcome of escalation of intracranial pressure therapy or
decompressive craniectomy were also numerically less fre-
quent in the methylprednisolone group. After FDR correc-
tion across the 17 exploratory outcomes, only new or wors-
ening cerebral edema remained statistically significant (p =
0.002, g = 0.034); the ECASS subtype distribution and all
other imaging component and management outcomes did
not meet g < 0.05 (Table 4 and Fig. 1).

Before adjudication, the 2 readers showed high agree-
ment for the primary composite outcome, hemorrhagic
transformation, ECASS subtype, CT hyperdensity or corre-
sponding MRI signal abnormality, new or worsening cere-
bral edema, abnormal enhancement or exudative change,
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and midline shift. Among the 251 patients whose endpoint
scan was CT, agreement for the 3-category classification of
no relevant hyperdensity, contrast-related hyperdensity, or
hemorrhagic change was 92.8%, with an unweighted Cohen
x 0f 0.84 (95% CI, 0.76-0.91); there were 5 direct disagree-
ments between contrast-related hyperdensity and hemor-
rhagic change (Supplementary Table 2).

3.7 Neurological, Functional, and Safety Outcomes

The discharge NIHSS score was numerically lower in
the methylprednisolone group. The unadjusted comparison
was nominally significant, but it was not statistically sig-
nificant after FDR correction (p = 0.033, ¢ = 0.139). The
90-day mRS score was numerically lower, the proportion
with mRS 0-2 was numerically higher, and the propor-
tion with mRS 5-6 was numerically lower in the methyl-
prednisolone group; however, the mRS score, 3-category
distribution, and mRS 0-2 showed no statistically signifi-
cant between-group differences after FDR correction (all g
>0.139). Pneumonia, gastrointestinal bleeding, hypergly-
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Table 5. Neurological, functional, and safety outcomes.

I

Variable Methylprednisolone No-methylprednisolone  Statistic/effect estimate ~ Raw p value False discovery rate
group (n = 96) group (n=201) (FDR)-adjusted g value

Discharge National Institutes of Health Stroke Scale (NIHSS) score 10 [6-15] 12 [7-17] Z=-213 0.033 0.139
90-day modified Rankin Scale (mRS) score 4 [2-5] 4 [3-5] Z=-1.83 0.067 0.159
90-day 3-category mRS distribution 7P =557 0.062 0.159

Score 0-2 26 (27.1) 34 (16.9) — — —

Score 3-4 40 (41.7) 81 (40.3) — — —

Score 5-6 30(31.2) 86 (42.8) — — —
90-day mRS 0-2 26 (27.1) 34 (16.9) Odds ratio (OR) 1.82 0.041 0.139

(1.02-3.26)

Pneumonia 28 (29.2) 51(25.4) Risk difference (RD) 0.489 0.594

+3.8 (6.6 to 15.0)
percentage points

Gastrointestinal bleeding 5(5.2) 7 (3.5) Risk difference (RD) 0.533 0.604
+1.7 (2.9 t0 8.4)
percentage points

Hyperglycemic events 31(32.3) 46 (22.9) Risk difference (RD) 0.084 0.159
+9.4 (1.2 to 20.6)
percentage points

Electrolyte disturbance 15 (15.6) 22 (10.9) Risk difference (RD) 0.253 0.391
+4.7 (-3.1 to 14.0)
percentage points

Other related adverse events 2(2.1) 3(1.5) Risk difference (RD) 0.660 0.701
+0.6 (2.6 t0 5.9)
percentage points

Note: Data are presented as median [interquartile range] or number (%). Z indicates the standardized Mann—-Whitney U test statistic; x°, the Pearson chi-square statistic; OR, odds ratio; RD, absolute
risk difference (methylprednisolone minus no methylprednisolone); CI, confidence interval; p, the 2-sided raw p value; FDR, false discovery rate; and ¢, the Benjamini—-Hochberg-adjusted p value.
An em dash indicates that no separate test was performed. The 95% Cls for safety outcomes were calculated using the Newcombe method. Clinical, functional, and safety outcomes were included

in the 17-test Benjamini—Hochberg FDR family.
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cemic events, electrolyte disturbances, and other related ad-
verse events were numerically more frequent in the methyl-
prednisolone group, but all raw p values and ¢ values ex-
ceeded 0.05. The risk difference for hyperglycemia was
positive, and all 95% Cls for safety risk differences were
wide (Table 5).

3.8 Multivariable Association Model and Internal
Performance

In multivariable analysis, short-course methylpred-
nisolone was associated with lower odds of the primary
composite imaging abnormality. Higher baseline NIHSS,
lower ASPECTS, poor collateral status, longer onset-to-
final-angiography time, higher pre-index peak systolic
blood pressure, and higher peak glucose were associated
with the primary outcome; age, sex, terminal internal
carotid artery or tandem occlusion, bridging intravenous
thrombolysis, mTICI grade 2b—3, number of thrombectomy
passes, mild related abnormality on the index scan, and pre-
index antithrombotic therapy were not independently asso-
ciated after adjustment. The model included 164 events
and 15 parameters, yielding 10.9 events per parameter. The
apparent AUC decreased slightly after bootstrap optimism
correction and repeated cross-validation. The optimism-
corrected calibration intercept was close to 0, the calibra-
tion slope was close to 1, and the optimism-corrected Brier
score was slightly higher than the apparent value. Ex-
ploratory subgroup AUCs were of similar magnitude for
mTICI grade 2b—3, mTICI grade 0—2a, anterior-circulation
occlusion, and basilar artery occlusion, although intervals
were wide for the mTICI grade 0—2a and basilar artery sub-
groups (Supplementary Table 3, Fig. 2, and Supplemen-
tary Table 4).

3.9 Propensity-Score and Reperfusion-Status Analyses

All included covariates had absolute standardized dif-
ferences <0.10 after propensity-score matching. The asso-
ciation was directionally consistent in the unadjusted origi-
nal cohort, the multivariable-adjusted analysis, propensity-
score matching, stabilized inverse probability weighting,
and propensity-score covariate adjustment (all p < 0.05).
The mTICI grade 2b-3 restricted analyses were also di-
rectionally consistent (all p < 0.05), whereas the compos-
ite outcome showed no clear between-group difference in
the mTICI grade 0—2a subgroup (p = 0.699). Among pa-
tients with mTICI grade 0—2a, hemorrhagic transformation,
parenchymal hematoma, CT hyperdensity or a correspond-
ing MRI signal abnormality, new or worsening cerebral
edema, abnormal enhancement or exudative change, mid-
line shift, and the imaging-related management outcome of
escalation of intracranial pressure therapy or decompres-
sive craniectomy were all numerically less frequent in the
methylprednisolone group. Given the limited sample size,
only descriptive distributions are reported for this subgroup
(Fig. 3, Table 6, and Supplementary Table 5).
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4. Discussion

This study included patients with acute ischemic
stroke who developed END within 72 hours after EVT.
Short-course methylprednisolone was associated with
lower odds of the study-defined early post-EVT composite
imaging abnormality, with directionally consistent findings
across multivariable adjustment, propensity-score methods,
and the mTICI grade 2b-3 restricted analysis. The index-
to-endpoint-scan interval, endpoint imaging modality, and
number of evaluable post-index scans were similar between
groups, reducing the plausibility that markedly differential
imaging surveillance explained the finding; nevertheless,
intermittent imaging could identify only the interval during
which an abnormality first met the outcome criteria. Af-
ter FDR correction across 17 exploratory outcomes, only
new or worsening cerebral edema retained a statistical sig-
nal. Neither the 90-day 3-category mRS distribution nor
mRS 0-2 showed a statistically significant between-group
difference after correction, and the 95% Cls for safety risk
estimates were wide.

The MARVEL trial used a fixed dose and treatment
duration and evaluated the full 7-level 90-day mRS distri-
bution as its primary clinical outcome; it found no improve-
ment in the overall functional distribution [19]. Likewise,
the 3-category 90-day mRS distribution in our study did not
differ significantly between groups, and mRS 0-2 was not
statistically significant after FDR correction. Thus, the 2
studies were concordant in showing no evidence of an over-
all long-term functional benefit, although our 3-category
description was not equivalent to analysis of the full 7-
level mRS. Occlusion-site findings from MARVEL sug-
gest that the methylprednisolone signal may vary accord-
ing to vascular territory, ischemic burden, and reperfusion
conditions [20]. Broader evidence on glucocorticoids indi-
cates that functional and safety effects depend on the un-
derlying mechanism, treatment timing, and dose [21]. Our
cohort was restricted to patients who had already devel-
oped END after EVT; treatment was initiated selectively
after END, and the dose, initiation time, and cumulative ex-
posure before endpoint imaging were heterogeneous. The
primary outcome was a composite imaging phenotype as-
sessed within 72 hours. These differences, together with
residual confounding, may have contributed to the observed
imaging association.

Adjunctive interventions targeting inflammatory sig-
naling in the reperfusion setting can generate early biologi-
cal and tissue-level signals, supporting the rationale for pro-
tection of the neurovascular unit [22]. Prethrombectomy
cerebral edema is associated with greater ischemic burden
and poorer outcomes [23]. Tissue recovery also depends
on the speed and quality of reperfusion, and early effective
perfusion restoration can complement the information pro-
vided by the final mTICI grade [24]. Imaging markers of
cerebral edema capture distinct dimensions, including tis-
sue water content, sulcal and ventricular compression, and
midline shift [25]. In our study, cerebral edema was the
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Fig. 2. Internal performance of the multivariable logistic association-adjustment model. (A) Receiver operating characteristic
(ROC) curve: apparent area under the curve (AUC), 0.782 (95% confidence interval [CI], 0.726-0.839); bootstrap optimism-corrected
AUC based on 1000 resamples, 0.768; and AUC from 10 repeats of 10-fold cross-validation (CV), 0.754 (percentile interval, 0.716—
0.792). (B) Bootstrap calibration plot: the horizontal axis shows model-predicted probability and the vertical axis observed probability;

the 45° dotted line denotes ideal calibration, the dashed line the apparent calibration curve, and the solid line the bootstrap optimism-

corrected curve. The optimism-corrected calibration intercept was —0.03 and slope 0.94; apparent and optimism-corrected Brier scores

were 0.190 and 0.198, respectively. The model included 164 outcome events and 15 parameters.

Table 6. Primary association, propensity-score, and analyses stratified by modified thrombolysis in cerebral infarction (mTICI)

grade.

Analysis Sample Methylprednisolone No-methylprednisolone  Effect estimate (95% p value

group group confidence interval [CI])
Unadjusted analysis in origi- 297 patients 42/96 (43.8) 122/201 (60.7) Odds ratio (OR) 0.50 0.006
nal cohort (0.31-0.82)
Multivariable-adjusted full- 297 patients — — OR 0.46 (0.27-0.80) 0.005
sample analysis
Unadjusted restricted analy- 255 patients 34/84 (40.5) 99/171 (57.9) OR 0.49 (0.29-0.84) 0.009
sis, modified Thrombolysis
in Cerebral Infarction
(mTICI) grade 2b-3
Multivariable restricted anal- 255 patients — — OR 0.48 (0.27-0.86) 0.013
ysis, mTICI grade 2b-3
Separate exploratory analy- 42 patients 8/12 (66.7) 23/30 (76.7) OR 0.61 (0.14-2.64) 0.699
sis, mTICI grade 0-2a
1:1 propensity-score match- 172 patients, 86 pairs 36/86 (41.9) 51/86 (59.3) Matched OR 0.48 0.032
ing (0.24-0.94)
Stabilized inverse probability 297 patients Weighted 44.2% Weighted 59.1% OR 0.52 (0.32-0.86) 0.010
weighting
Propensity-score  covariate 297 patients — — OR 0.47 (0.28-0.80) 0.005

adjustment

Note: Data are presented as number (%) or weighted percentage. An em dash indicates that group-specific event counts were not reported

directly for that analysis. The propensity-score-matched analysis was based on 14:29 discordant pairs; the matched OR and exact 95% CI

were calculated from the discordant pairs, and the exact McNemar p value was 0.032. The mTICI grade 2b—3 analysis was restricted, whereas

the mTICI grade 0—2a analysis was exploratory.
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Fig. 3. Covariate balance before and after propensity-score matching. The Love plot shows absolute standardized differences for

age, sex, baseline National Institutes of Health Stroke Scale (NIHSS) score, baseline Alberta Stroke Program Early Computed Tomog-

raphy Score (ASPECTS), occlusion location, collateral status, bridging intravenous (IV) thrombolysis, onset-to-puncture time, modified

Thrombolysis in Cerebral Infarction (mTICI) grade, thrombectomy-to-index time, pre-index peak systolic blood pressure (BP), peak

glucose, mild related abnormality on index imaging, and pre-index antithrombotic therapy. Circles indicate values before matching and

squares values after matching; the vertical dashed line indicates the 0.10 threshold. ICA, internal carotid artery.

only imaging component to retain a statistical signal after
FDR correction. Hemorrhagic transformation, parenchy-
mal hematoma, CT hyperdensity or a corresponding MRI
signal abnormality, abnormal enhancement or exudative
change, and midline shift did not differ significantly after
multiplicity correction, suggesting that the composite asso-
ciation was driven primarily by edema-related phenotypes.
The imaging-related management outcome of escalation of
intracranial pressure therapy or decompressive craniectomy
also did not remain statistically significant after correction.

Early post-EVT hemodynamic changes are associated
with END and subsequent outcomes [26]. END risk as-
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sessment commonly integrates baseline neurological sta-
tus, imaging extent, reperfusion status, blood pressure, and
metabolic indicators [27]. Prediction tools for cerebral
edema repeatedly incorporate NIHSS, ASPECTS, collat-
eral status, and treatment time, although control of bias and
external validation remain major limitations [28]. Ischemic
stroke can disrupt the blood-brain barrier through tight-
junction injury, altered endothelial transport, and neurovas-
cular inflammation [29]. In our adjusted model, higher
NIHSS, lower ASPECTS, poor collateral status, longer
onset-to-final-angiography time, higher peak systolic blood
pressure, and higher peak glucose were associated with the
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primary outcome. Discrimination decreased slightly after
bootstrap correction and repeated cross-validation, whereas
calibration metrics were close to ideal. These findings char-
acterize internal stability; the model’s clinical predictive
utility requires independent external validation.

Stress hyperglycemia is associated with tissue injury
and adverse outcomes after mechanical thrombectomy [30].
Distinct post-EVT systolic blood pressure trajectories are
associated with tissue and clinical outcomes [31]. Lower
ASPECTS reflects a greater early ischemic burden and is
associated with END and poor functional outcomes [32]. In
the methylprednisolone group, baseline NIHSS was numer-
ically higher, ASPECTS was numerically lower, poor col-
lateral status was more common, and peak glucose was nu-
merically higher, suggesting that treatment allocation may
have been influenced by disease severity.

Propensity-score methods can improve balance in
measured pre-index covariates but cannot control for
undocumented or unstructured treatment-decision factors
[33]. The effects of glucocorticoids on endothelial barrier
function and inflammation-related gene expression depend
on tissue context, dose, and duration of exposure [34]. Pa-
tients in this study generally received only a few doses be-
fore endpoint imaging, and clinical dosing regimens were
heterogeneous; the observed association may therefore re-
flect a combination of drug effects, the natural disease
course, and treatment selection.

Blood-brain barrier disruption may coexist with
stroke-associated pneumonia and systemic inflammation
[35]. The 95% CIs for the absolute risk differences in
pneumonia, gastrointestinal bleeding, hyperglycemia, elec-
trolyte disturbances, and other low-frequency events were
wide and all crossed 0. The risk-difference estimate for
hyperglycemia was positive, supporting close monitoring
for hyperglycemia and infection during treatment. Dual-
energy CT can improve differentiation between contrast
and hemorrhagic components and offers a technical path-
way for standardizing imaging outcomes in future studies
[36].

Limitations

This study has several limitations. First, the single-
center retrospective design and nonprotocolized treatment
assignment leave the possibility of confounding by indica-
tion, unmeasured confounding, and physician decision bias.
Second, the primary outcome was a study-defined com-
posite imaging phenotype whose components could over-
lap and had different clinical implications; its measurement
performance requires independent external validation. Es-
calation of intracranial pressure therapy or decompressive
craniectomy was a management outcome and should be
interpreted separately. Third, patients with mTICI grade
0—2a did not achieve successful global reperfusion, limit-
ing the mechanistic specificity of their imaging abnormali-
ties. Fourth, contrast-related hyperdensity and early hemor-
rhage overlap intrinsically on conventional CT; high inter-
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reader agreement and the CT-specific 3-category analysis
cannot fully exclude misclassification. Fifth, the first pos-
itive scan was used for outcome-positive patients and the
last evaluable scan within 72 hours for outcome-negative
patients, so abnormality onset was interval-censored. Al-
though imaging timing, modality, and frequency were sim-
ilar between groups, the nonstandardized imaging sched-
ule may still have introduced informative observation bias.
Sixth, the multivariable model underwent internal valida-
tion only, subgroup sample sizes were limited, and external
generalizability remains uncertain. Seventh, safety event
counts were small and the 95% Cls for absolute risk differ-
ences were wide.

5. Conclusions

In this single-center retrospective analysis, short-
course methylprednisolone was associated with lower odds
of the study-defined early post-EVT composite imaging
abnormality, with directionally consistent findings in the
mTICI grade 2b-3 restricted analysis. After FDR correc-
tion across 17 exploratory outcomes, only new or worsen-
ing cerebral edema retained a statistical signal. Neither the
90-day 3-category mRS distribution nor mRS 0-2 showed a
statistically significant between-group difference after cor-
rection, and safety risk estimates were imprecise. This
observational association requires further evaluation using
standardized dosing, uniform imaging follow-up, and inde-
pendent external validation.

Availability of Data and Materials

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on
reasonable request.

Author Contributions

LZ and CA conceived and designed the study. LZ
was responsible for project administration, methodologi-
cal guidance, and overall supervision. CA and ZZ col-
lected clinical data, perioperative treatment records, imag-
ing data, laboratory variables, and follow-up information.
CA performed imaging-related data organization and out-
come classification under the supervision of LZ. ZZ con-
tributed to data verification, clinical variable extraction, and
follow-up assessment. CA and LZ conducted the statis-
tical analysis and interpreted the results. CA drafted the
manuscript. LZ critically revised the manuscript for impor-
tant intellectual content. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript. All authors have participated suffi-
ciently in the work and agreed to be accountable for all as-
pects of the work.

Ethics Approval and Consent to Participate

This study was approved by the institutional Ethics
Committee of Hangzhou Red Cross Hospital (Zhejiang

15


https://www.imrpress.com

Hospital of Integrated Traditional Chinese and Western
Medicine) (Approval No.: 20260416). The study was con-
ducted in accordance with the principles of the Declaration
of Helsinki. Given the retrospective nature of the study and
the use of previously recorded clinical data, the requirement
for individual informed consent was waived by the Ethics
Committee.

Acknowledgment

The authors sincerely thank all patients included in
this study. The authors also thank the clinical, nursing,
imaging, and research staff involved in the diagnosis, treat-
ment, data collection, imaging assessment, and follow-up
management of patients with acute ischemic stroke under-
going endovascular thrombectomy.

Funding

This study was supported by the Research Project of
the Health Commission of Heilongjiang Province (Grant
No.: 20240303070292).

Conflicts of Interest

The authors declare no conflicts of interest.

Declaration of Al and AI-Assisted
Technologies in the Writing Process

During the preparation of this manuscript, Al-assisted
technology was used only for language editing and format-
ting support. No Al tools or Al-assisted technologies were
used to generate or alter the study data, perform statistical
analyses, interpret the results, or produce scientific conclu-
sions. The authors reviewed and edited all content and take
full responsibility for the integrity, accuracy, and scientific
validity of the manuscript.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/RN54438.

References

[1] Feigin VL, Brainin M, Norrving B, Martins SO, Pandian J, Lind-
say P, et al. World Stroke Organization: Global Stroke Fact
Sheet 2025. International Journal of Stroke: Official Journal
of the International Stroke Society. 2025; 20: 132-144. https:
//doi.org/10.1177/17474930241308142

[2] Xiong Y, Li S, Wang C, Sun D, Li Z, Gu H, et al. Chinese
stroke association guidelines on reperfusion therapy for acute
ischaemic stroke 2024. Stroke and Vascular Neurology. 2025;
10: 527-541. https://doi.org/10.1136/svn-2024-003977

[3] Sarraj A, Hassan AE, Abraham MG, Ortega-Gutierrez S, Kas-
ner SE, Hussain MS, et al. Endovascular Thrombectomy for
Large Ischemic Stroke Across Ischemic Injury and Penumbra
Profiles. JAMA. 2024; 331: 750-763. https://doi.org/10.1001/
jama.2024.0572

[4] Zhang Y, Jiang M, Gao Y, Zhao W, Wu C, Li C, et al. “No-
reflow” phenomenon in acute ischemic stroke. Journal of Cere-
bral Blood Flow and Metabolism: Official Journal of the Inter-

16

[3]

[6

—

(7]

8

=

[9

—

[10]

[1

—

[12]

[14

[l

[15

—

[16

[l

[17

—

national Society of Cerebral Blood Flow and Metabolism. 2024;
44: 19-37. https://doi.org/10.1177/0271678X231208476

Liu H, Liu K, Zhang K, Zong C, Yang H, Li Y, et al. Early neu-
rological deterioration in patients with acute ischemic stroke: a
prospective multicenter cohort study. Therapeutic Advances in
Neurological Disorders. 2023; 16: 17562864221147743. https:
//doi.org/10.1177/17562864221147743

Kobeissi H, Ghozy S, Seymour T, Bilgin C, Kadirvel R, Kallmes
DF. Early neurological deterioration as a predictor of outcomes
after endovascular thrombectomy for stroke: A systematic re-
view and meta-analysis. Interventional Neuroradiology: Jour-
nal of Peritherapeutic Neuroradiology, Surgical Procedures and
Related Neurosciences. 2024; 30: 451-457. https://doi.org/10.
1177/15910199221135289

Gu Y, Zhou C, Piao Z, Yuan H, Jiang H, Wei H, et al. Cerebral
edema after ischemic stroke: Pathophysiology and underlying
mechanisms. Frontiers in Neuroscience. 2022; 16: 988283. http
s://doi.org/10.3389/fnins.2022.988283

Blase A, di Girasole CG, Benjamin L, Turowski P. Phased
blood-brain barrier disruption in ischaemic stroke: implications
for therapy? Fluids and Barriers of the CNS. 2025; 22: 90.
https://doi.org/10.1186/s12987-025-00701-5
Briones-Valdivieso C, Briones F, Orellana-Urzta S, Chichiarelli
S, Saso L, Rodrigo R. Novel Multi-Antioxidant Approach for
Ischemic Stroke Therapy Targeting the Role of Oxidative Stress.
Biomedicines. 2024; 12: 501. https://doi.org/10.3390/biomedic
ines12030501

Bahr-Hosseini M, Saver JL. A new taxonomy of neuroprotective
agents for stroke appropriate for the reperfusion era. Frontiers
in Neurology. 2025; 15: 1514924. https://doi.org/10.3389/fneu
1.2024.1514924

Heitkamp C, Winkelmeier L, Flottmann F, Schell M, Kniep H,
Broocks G, et al. Thrombectomy patients with minor stroke: fac-
tors of early neurological deterioration. Journal of Neurointer-
ventional Surgery. 2025; 17: 796-802. https://doi.org/10.1136/
jnis-2024-021930

Winkelmeier L, Faizy TD, Brekenfeld C, Heitkamp C, Broocks
G, Bechstein M, et al. Comparison of Thrombolysis In Cere-
bral Infarction (TICI) 2b and TICI 3 reperfusion in endovascu-
lar therapy for large ischemic anterior circulation strokes. Jour-
nal of Neurointerventional Surgery. 2024; 16: 1076-1082. https:
//doi.org/10.1136/jnis-2023-020724

Yao Y, Liu F, Gu Z, Wang J, Xu L, Yu Y, et al. Emerging di-
agnostic markers and therapeutic targets in post-stroke hemor-
rhagic transformation and brain edema. Frontiers in Molecular
Neuroscience. 2023; 16: 1286351. https://doi.org/10.3389/fnmo
1.2023.1286351

Abdalkader M, Nguyen TN, Sahoo A, Qureshi MM, Ong CJ,
Klein P, et al. Contrast Staining in Noninfarcted Tissue after En-
dovascular Treatment of Acute Ischemic Stroke. AINR. Ameri-
can Journal of Neuroradiology. 2024; 45: 701-707. https://doi.
org/10.3174/ajnr.A8222

Faizy TD, Winkelmeier L, Mlynash M, Broocks G, Heitkamp
C, Thaler C, et al. Brain edema growth after thrombectomy is
associated with comprehensive collateral blood flow. Journal of
Neurointerventional Surgery. 2024; 16: 1334-1340. https://doi.
org/10.1136/jnis-2023-020921

Rinkel LA, Ospel JM, Kappelhof M, Sehgal A, McDonough
RV, Tymianski M, et al. Comparing Early National Institutes of
Health Stroke Scale Versus 90-Day Modified Rankin Scale Out-
comes in Acute Ischemic Stroke Trials: A Systematic Review
and Analysis. Journal of the American Heart Association. 2025;
14: €040304. https://doi.org/10.1161/JAHA.124.040304

Sluis WM, de Jonge JC, Reinink H, Wilson A, Woodhouse LJ,
Dawson J, et al. Impact of central adjudication of the score on
the modified Rankin Scale in an international, randomized, acute
stroke trial. European Stroke Journal. 2025; 10: 961-967. https:
//doi.org/10.1177/23969873251320207

&% IMR Press


https://doi.org/10.31083/RN54438
https://doi.org/10.31083/RN54438
https://doi.org/10.1177/17474930241308142
https://doi.org/10.1177/17474930241308142
https://doi.org/10.1136/svn-2024-003977
https://doi.org/10.1001/jama.2024.0572
https://doi.org/10.1001/jama.2024.0572
https://doi.org/10.1177/0271678X231208476
https://doi.org/10.1177/17562864221147743
https://doi.org/10.1177/17562864221147743
https://doi.org/10.1177/15910199221135289
https://doi.org/10.1177/15910199221135289
https://doi.org/10.3389/fnins.2022.988283
https://doi.org/10.3389/fnins.2022.988283
https://doi.org/10.1186/s12987-025-00701-5
https://doi.org/10.3390/biomedicines12030501
https://doi.org/10.3390/biomedicines12030501
https://doi.org/10.3389/fneur.2024.1514924
https://doi.org/10.3389/fneur.2024.1514924
https://doi.org/10.1136/jnis-2024-021930
https://doi.org/10.1136/jnis-2024-021930
https://doi.org/10.1136/jnis-2023-020724
https://doi.org/10.1136/jnis-2023-020724
https://doi.org/10.3389/fnmol.2023.1286351
https://doi.org/10.3389/fnmol.2023.1286351
https://doi.org/10.3174/ajnr.A8222
https://doi.org/10.3174/ajnr.A8222
https://doi.org/10.1136/jnis-2023-020921
https://doi.org/10.1136/jnis-2023-020921
https://doi.org/10.1161/JAHA.124.040304
https://doi.org/10.1177/23969873251320207
https://doi.org/10.1177/23969873251320207
https://www.imrpress.com

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

Cho JH, Suh S. Glucocorticoid-Induced Hyperglycemia: A Ne-
glected Problem. Endocrinology and Metabolism (Seoul, Ko-
rea). 2024; 39: 222-238. https://doi.org/10.3803/EnM.2024.
1951

Yang Q, Guo C, Yue C, Song J, Yang J, et al. Methylpred-
nisolone as Adjunct to Endovascular Thrombectomy for Large-
Vessel Occlusion Stroke: The MARVEL Randomized Clinical
Trial. JAMA. 2024; 331: 840—849. https://doi.org/10.1001/jama
.2024.0626

Zheng C, Li R, Shen C, Guo F, Fan D, Yang L, et al. Methyl-
prednisolone as Adjunct to Thrombectomy for Acute Intracra-
nial Internal Carotid Artery Occlusion Stroke: Post Hoc Sec-
ondary Analysis of the MARVEL Randomized Clinical Trial.
JAMA Network Open. 2025; 8: €2459945. https://doi.org/10.
1001/jamanetworkopen.2024.59945

Wang Y, Huang L, Li J, Duan J, Pan X, Menon BK, et
al. Efficacy and safety of corticosteroids for stroke and trau-
matic brain injury: a systematic review and meta-analysis.
Systematic Reviews. 2025; 14: 54. https://doi.org/10.1186/
s13643-025-02803-5

Hernandez-Jiménez M, Abad-Santos F, Cotgreave I, Gallego J,
Jilma B, Flores A, et al. Safety and Efficacy of ApTOLL in Pa-
tients With Ischemic Stroke Undergoing Endovascular Treat-
ment: A Phase 1/2 Randomized Clinical Trial. JAMA Neu-
rology. 2023; 80: 779-788. https://doi.org/10.1001/jamaneurol
.2023.1660

YangL,Kan Y,RenC, Li S, Li C, Wu L, et al. Pre-thrombectomy
cerebral edema affects outcomes in acute stroke patients treated
with thrombectomy. International Journal of Medical Sciences.
2025; 22: 2354-2361. https://doi.org/10.7150/ijms.105692
Heitkamp A, Hierholzer SM, Heitkamp C, Winkelmeier L,
Meyer L, Bechstein M, et al. Key to better outcomes in stroke
intervention: early versus complete reperfusion in first pass
recanalization. Journal of Neurology. 2025; 272: 504. https:
//doi.org/10.1007/s00415-025-13235-5

Schleicher RL, Vorasayan P, McCabe ME, Bevers MB, Davis
TP, Griffin JH, et al. Analysis of brain edema in RHAPSODY.
International Journal of Stroke: Official Journal of the Interna-
tional Stroke Society. 2024; 19: 68—75. https://doi.org/10.1177/
17474930231187268

Xu J, Chen XY, Wang HY, Shang YF, Shen PP, Zhang S, et al.
Hemodynamic predictors of early neurological deterioration and
clinical outcome after endovascular treatment in large artery oc-
clusion. Heliyon. 2024; 10: €24746. https://doi.org/10.1016/j.he
liyon.2024.e24746

&% IMR Press

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Wu K, Yuan Z, Chen W, Yi T, Chen X, Ma M, et al. A nomo-
gram predicts early neurological deterioration after mechani-
cal thrombectomy in patients with ischemic stroke. Frontiers in
Neurology. 2023; 14: 1255476. https://doi.org/10.3389/fneur.
2023.1255476

Liu L, He CY, Yang JX, Zheng ST, Zhou J, Kong Y, et al. Predic-
tion models for post-thrombectomy brain edema in patients with
acute ischemic stroke: a systematic review and meta-analysis.
Frontiers in Neurology. 2023; 14: 1254090. https://doi.org/10.
3389/fneur.2023.1254090

Xue S, Zhou X, Yang ZH, Si XK, Sun X. Stroke-induced dam-
age on the blood-brain barrier. Frontiers in Neurology. 2023; 14:
1248970. https://doi.org/10.3389/fheur.2023.1248970

Yang B, Chen X, Li F, Zhang J, Dong D, Ou H, et al. Stress
hyperglycemia increases short-term mortality in acute ischemic
stroke patients after mechanical thrombectomy. Diabetology &
Metabolic Syndrome. 2024; 16: 32. https://doi.org/10.1186/
s13098-024-01272-5

Katsanos AH, Joundi RA, Palaiodimou L, Ahmed N, Kim JT,
Goyal N, et al. Blood Pressure Trajectories and Outcomes Af-
ter Endovascular Thrombectomy for Acute Ischemic Stroke.

Hypertension (Dallas, Tex.: 1979). 2024; 81: 629-635. https:
//doi.org/10.1161/HYPERTENSIONAHA.123.22164

Tang W, Yi Y, Peng X, Xiao Z, Yan X, Chen H, et al. Baseline
ASPECTS predicts early neurological deterioration and func-
tional outcomes after endovascular thrombectomy in acute is-
chemic stroke. Frontiers in Neurology. 2025; 16: 1632149.
https://doi.org/10.3389/fneur.2025.1632149

Austin PC. An Introduction to Propensity Score Methods for
Reducing the Effects of Confounding in Observational Studies.
Multivariate Behavioral Research. 2011; 46: 399-424. https:
//doi.org/10.1080/00273171.2011.568786

Salvador E, Shityakov S, Forster C. Glucocorticoids and en-
dothelial cell barrier function. Cell and Tissue Research. 2014;
355: 597-605. https://doi.org/10.1007/s00441-013-1762-z

Ma H, Chen R, Han N, Ge H, Li S, Wang Y, et al. Association
Between Blood-Brain Barrier Disruption and Stroke-Associated
Pneumonia in Acute Ischemic Stroke Patients After Endovascu-
lar Therapy: A Retrospective Cohort Study. Clinical Interven-
tions in Aging. 2024; 19: 1611-1628. https://doi.org/10.2147/
CIA.S475887

Steffen P, Winkelmeier L, Kniep H, Geest V, Soltanipanah S,
Fiehler J, et al. Quantification of ischemic brain edema after me-
chanical thrombectomy using dual-energy computed tomogra-
phy in patients with ischemic stroke. Scientific Reports. 2024;
14: 4148. https://doi.org/10.1038/s41598-024-54600-0

17


https://doi.org/10.3803/EnM.2024.1951
https://doi.org/10.3803/EnM.2024.1951
https://doi.org/10.1001/jama.2024.0626
https://doi.org/10.1001/jama.2024.0626
https://doi.org/10.1001/jamanetworkopen.2024.59945
https://doi.org/10.1001/jamanetworkopen.2024.59945
https://doi.org/10.1186/s13643-025-02803-5
https://doi.org/10.1186/s13643-025-02803-5
https://doi.org/10.1001/jamaneurol.2023.1660
https://doi.org/10.1001/jamaneurol.2023.1660
https://doi.org/10.7150/ijms.105692
https://doi.org/10.1007/s00415-025-13235-5
https://doi.org/10.1007/s00415-025-13235-5
https://doi.org/10.1177/17474930231187268
https://doi.org/10.1177/17474930231187268
https://doi.org/10.1016/j.heliyon.2024.e24746
https://doi.org/10.1016/j.heliyon.2024.e24746
https://doi.org/10.3389/fneur.2023.1255476
https://doi.org/10.3389/fneur.2023.1255476
https://doi.org/10.3389/fneur.2023.1254090
https://doi.org/10.3389/fneur.2023.1254090
https://doi.org/10.3389/fneur.2023.1248970
https://doi.org/10.1186/s13098-024-01272-5
https://doi.org/10.1186/s13098-024-01272-5
https://doi.org/10.1161/HYPERTENSIONAHA.123.22164
https://doi.org/10.1161/HYPERTENSIONAHA.123.22164
https://doi.org/10.3389/fneur.2025.1632149
https://doi.org/10.1080/00273171.2011.568786
https://doi.org/10.1080/00273171.2011.568786
https://doi.org/10.1007/s00441-013-1762-z
https://doi.org/10.2147/CIA.S475887
https://doi.org/10.2147/CIA.S475887
https://doi.org/10.1038/s41598-024-54600-0
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Study Design and Patients
	2.2 Definition of Early Neurological Deterioration
	2.3 Index Time, Treatment Exposure, and Grouping
	2.4 Endovascular Treatment and Periprocedural Data
	2.5 Imaging Assessment and Outcome Definitions
	2.6 Clinical, Functional, and Safety Outcomes
	2.7 Statistical Analysis

	3. Results
	3.1 Patients
	3.2 Baseline Clinical Characteristics
	3.3 Admission Laboratory Variables
	3.4 Preprocedural Imaging, Endovascular Treatment, and Periprocedural Data
	3.5 Neurological and Treatment Characteristics After END
	3.6 Primary Imaging Outcome and Inter-Reader Agreement
	3.7 Neurological, Functional, and Safety Outcomes
	3.8 Multivariable Association Model and Internal Performance
	3.9 Propensity-Score and Reperfusion-Status Analyses

	4. Discussion
	Limitations

	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	Supplementary Material
	References

