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ABSTRACT

Introduction:  Acute ischemic stroke (AIS) 
remains a major cause of disability and death 
despite effective reperfusion therapies, intra-
venous thrombolysis (IVT) and mechanical 
thrombectomy (MT). Systemic inflammation 
critically shapes ischemic injury and recovery, 
but the prognostic value of inflammatory bio-
markers in reperfused patients is unclear, and 
previous reviews have not consistently addressed 
pre-treatment inflammatory markers in patients 
treated with IVT or MT.

Methods:  We conducted a systematic review 
and meta-analysis in accordance with the Pre-
ferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines. Pub-
Med, Cochrane Library, Web of Science, and 
Scopus were searched through November 30, 
2024, for studies assessing associations between 
circulating inflammatory biomarkers measured 
before IVT or MT and 3-month functional out-
come (modified Rankin Scale, mRS). Data were 
pooled using random-effects models, with odds 
ratios (OR) and 95% confidence intervals (CI) 
calculated for poor outcome (mRS 3–6).
Results:  Thirty-seven studies (8780 patients) 
met inclusion criteria; ten contributed to meta-
analysis. Four biomarkers were evaluable in IVT-
treated cohorts. Higher pre-treatment interleu-
kin-6 (IL-6) predicted poor outcome (pooled 
OR 1.80, 95% CI 1.42–2.28), as did osteopon-
tin (pooled OR 3.36, 95% CI 1.95–5.80). Tumor 
necrosis factor-α (TNF-α) showed a borderline 
association (pooled OR 1.05, 95% CI 1.00–1.10), 
whereas C-reactive protein (CRP) was not pre-
dictive (pooled OR 1.02, 95% CI 0.99–1.06). 
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Evidence in MT cohorts was limited and 
heterogeneous.
Conclusion:  Among patients with AIS treated 
with IVT, pre-treatment IL-6 showed the most 
consistent association with poor 3-month func-
tional outcome, whereas CRP showed no reliable 
prognostic association. Osteopontin emerged 
as a promising but preliminary candidate bio-
marker based on limited evidence, and TNF-α 
showed only modest prognostic relevance. 
Evidence in patients undergoing MT remains 
insufficient for quantitative conclusions. Larger 
standardized prospective studies are needed to 
validate inflammatory biomarkers and deter-
mine their added prognostic value beyond estab-
lished clinical and imaging predictors.

PLAIN LANGUAGE SUMMARY

Stroke is a major cause of death and long-term 
disability. Treatments such as intravenous 
thrombolysis and mechanical thrombectomy 
can restore blood flow in the brain, but even 
with timely treatment, many patients still expe-
rience poor recovery or die. This makes it impor-
tant to identify early, simple markers that can 
help doctors estimate a patient’s prognosis soon 
after hospital admission. Inflammation plays an 
important role in brain injury after stroke, espe-
cially when blood flow is restored. Substances in 
the blood, such as inflammatory proteins and 
signaling molecules, may reflect how strongly 
the body is reacting to the stroke. In this study, 
we reviewed and combined results from previ-
ously published research to examine whether 
these inflammatory markers, measured before 
treatment, are linked to patient outcomes after 
thrombolysis or thrombectomy. We found that 
higher levels of certain inflammatory mark-
ers—particularly interleukin-6 and osteopon-
tin—were associated with a greater risk of poor 
recovery after thrombolysis. In contrast, other 
commonly used markers, such as C-reactive 
protein, did not show a clear relationship with 
outcomes. Evidence in patients treated with 
thrombectomy was limited and less consistent. 
These findings suggest that some inflammatory 
markers may help identify patients at higher risk 

of poor outcomes early in their care. Because 
these markers can be measured from routine 
blood samples, they could potentially comple-
ment clinical assessment and brain imaging. 
However, larger and more standardized studies 
are needed before they can be routinely used in 
clinical practice.

Keywords:  Acute ischemic stroke; Intravenous 
thrombolysis; Mechanical thrombectomy; 
Reperfusion therapy; Inflammatory biomarkers; 
Cytokines; Chemokines; Therapeutic outcome

Key Summary Points 

Why carry out this study?

Acute ischemic stroke remains a leading 
cause of long-term disability and mortality, 
and outcome prediction before reperfusion 
therapy is still limited in clinical practice. 
Inflammatory processes critically influence 
ischemia–reperfusion injury, yet the prognos-
tic value of baseline circulating inflammatory 
biomarkers in this setting remains uncertain.

We conducted a systematic review and meta-
analysis to determine whether pre-treatment 
inflammatory biomarkers are associated with 
3-month outcomes in patients treated with 
intravenous thrombolysis or mechanical 
thrombectomy.

What was learned from the study?

Higher baseline levels of interleukin-6 and 
osteopontin were strongly linked to unfavora-
ble functional outcomes after thrombolysis, 
whereas tumor necrosis factor-α showed limited 
predictive value and C-reactive protein demon-
strated no meaningful association.

These results suggest that selected inflamma-
tory biomarkers may improve early prognos-
tic assessment, but also highlight substantial 
gaps in evidence—particularly in thrombec-
tomy populations—requiring well-designed 
prospective validation and multimodal 
model integration.
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INTRODUCTION

Acute ischemic stroke (AIS) remains a leading 
cause of death and disability worldwide. Timely 
reperfusion strategies—intravenous thromboly-
sis (IVT) and mechanical thrombectomy (MT)—
have revolutionized treatment, providing the 
best opportunity for functional recovery when 
initiated promptly [1]. However, despite suc-
cessful recanalization, patient outcomes remain 
heterogeneous, with substantial variability in 
functional recovery, risk of mortality, and sus-
ceptibility to complications such as hemor-
rhagic transformation (HT) [2]. This highlights 
the urgent need for prognostic biomarkers that 
can refine patient selection, guide therapeutic 
decisions, and improve risk stratification in the 
acute setting.

Beyond vascular occlusion and reperfusion, 
systemic inflammation has emerged as a central 
determinant of stroke etiology, progression, and 
outcome [3, 4]. Cytokines, chemokines, adhe-
sion molecules, and other inflammatory media-
tors are key modulators of ischemic brain injury, 
influencing endothelial integrity, blood–brain 
barrier disruption, and thromboinflammation 
[5, 6]. Their circulating levels can be measured 
with established laboratory techniques, and 
accumulating evidence suggests that several 
inflammatory biomarkers may hold prognostic 
relevance in AIS.

Observational studies have investigated asso-
ciations between various cytokines and clinical 
outcomes following AIS, including functional 
independence, mortality, and HT. Among the 
most studied are C-reactive protein (CRP), inter-
leukin (IL)-6 and tumor necrosis factor-α (TNF-
α), while other mediators such as chemokines, 
adhesion molecules, and other acute-phase pro-
teins have also been implicated. However, find-
ings remain inconsistent, likely reflecting dif-
ferences in study design, timing of biomarker 
assessment, definitions of outcomes, and adjust-
ment for confounding variables.

Despite extensive research on inflam-
mation in stroke, few reviews have con-
centrated on pre-treatment inflammatory 
markers in patients treated with reperfusion 
therapies (IVT and/or MT), where the dynamics 

of ischemia–reperfusion injury may critically 
influence biomarker behavior and prognos-
tic value [7, 8]. Given that reperfusion triggers 
both protective and injurious inflammatory 
responses, a focused evaluation of these pro-
cesses in this context is especially important.

To address this gap, we performed a system-
atic review and meta-analysis of available evi-
dence on the association between circulating 
inflammatory biomarkers and clinical outcomes 
in patients with AIS undergoing IVT or MT.

METHODS

The study methodology was based on the Pre-
ferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) 2020 statement 
[9]. The review protocol was registered on the 
Open Science Framework (OSF), providing a 
permanent, time-stamped public record of the 
methodology (https://​doi.​org/​10.​17605/​OSF.​IO/​
B42CW).

Search Strategy

We conducted a comprehensive search across 
several online databases, including PubMed 
(MEDLINE), the Cochrane Library, Web of Sci-
ence, and Scopus. Our focus was on studies 
assessing cytokines, chemokines, and other 
circulating inflammatory biomarkers measured 
in peripheral blood prior to reperfusion ther-
apy in patients with AIS, and their association 
with long-term functional outcomes. A detailed 
description of the applied search strategy and 
database-specific filters is provided in the Sup-
plementary Material. No publication date restric-
tions were applied. The search was finalized on 
November 30, 2024.

Study Selection

The review question and eligibility criteria were 
structured according to the PICOTS framework 
for prognostic factor studies [10]. Briefly, the 
population comprised adult patients with acute 

https://doi.org/10.17605/OSF.IO/B42CW
https://doi.org/10.17605/OSF.IO/B42CW
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ischemic stroke treated with reperfusion ther-
apy; the index prognostic factors were circulat-
ing inflammatory biomarkers measured before 
treatment; outcomes included poor functional 
outcome, mortality, hemorrhagic transforma-
tion, and symptomatic intracerebral hemor-
rhage; timing referred to pre-treatment bio-
marker assessment and primarily 3-month or 
90-day clinical outcome assessment; and the set-
ting was acute hospital-based reperfusion-treated 
stroke care.

Eligible studies were required to meet the fol-
lowing inclusion criteria: (1) enrollment of adult 
patients (age ≥ 18 years) with acute ischemic 
stroke who underwent recanalization therapy 
(IVT or MT); (2) imaging used to exclude intrac-
ranial hemorrhage and confirm ischemic stroke; 
(3) investigation of the relationship between 
venous blood inflammatory biomarkers and 
clinical outcomes; (4) blood samples collected 
prior to recanalization therapy; (5) clinical out-
come reported using the modified Rankin Scale 
(mRS). To ensure comparability across studies, 
poor functional outcome for the quantitative 
synthesis was defined as an mRS score of 3–6, 
or equivalently mRS > 2, at 3 months or 90 days 
after stroke onset. Studies using substantially 
different dichotomizations of functional out-
come, such as mRS 4–6, were recorded and pre-
sented descriptively in the tables but were not 
included in the meta-analysis [11]. The primary 
time point of interest was 3 months (or 90 days) 
after stroke onset, and only studies reporting 
outcomes at this time point were included in 
the quantitative synthesis. Studies assessing 
functional outcome at other follow-up durations 
were also recorded and are presented descrip-
tively in the tables. Exclusion criteria were as fol-
lows: reviews, conference abstracts, case reports, 
editorials, and letters. Studies not published in 
English and animal studies were also excluded. 
Duplicates were removed using EndNote refer-
ence management software. During the initial 
screening, two independent reviewers (IS and 
ZBÉ) evaluated titles and abstracts. Full texts of 
potentially relevant papers were retrieved, and 
final eligibility was determined through full-text 
review. Any disagreements were resolved by dis-
cussion and consensus.

Ethical Approval

This article is based exclusively on previously 
published research and did not involve any new 
data collection from human participants or ani-
mals conducted by the authors.

Data Extraction

Two investigators (IS and ZBÉ) independently 
extracted the relevant information. The fol-
lowing data items were collected: type of reca-
nalization therapy, inflammatory biomarkers 
investigated, first author and year of publica-
tion, sample size, time of outcome assessment, 
definition of clinical outcome and number of 
patients with assessed outcome, odds ratios 
(OR) with corresponding 95% confidence inter-
vals (CI) for the association between biomarkers 
and outcomes, confounders adjusted for in the 
statistical models, and the number of patients 
receiving both thrombolytic and endovascular 
treatment. If studies included patients treated 
with and without recanalization, only data from 
the recanalization subgroup were considered. 
In studies assessing multiple biomarkers, each 
biomarker was analyzed separately. If outcomes 
were reported at multiple time points, all were 
extracted. In addition to functional outcome, 
we also recorded secondary endpoints such as 
mortality and intracerebral hemorrhage (ICH). 
The included studies and their data were cat-
egorized into two main groups and one smaller 
group based on whether patients received IVT, 
MT, or reperfusion treatment in general.

Quality Assessment

The quality of each study was appraised using 
a modified version of the Quality Assessment 
of Diagnostic Accuracy Studies (QUADAS) tool 
[12]. The checklist, provided in the Supplemen-
tary Material, consists of 15 items rated as yes 
(+), no (−), or unclear (?), with a maximum score 
of 15. For each study, the total quality score was 
calculated by summing the number of items 
rated as “yes.” All eligible studies were included 
in this review regardless of their quality rating.
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Although QUADAS was originally developed 
for diagnostic accuracy studies, this modified 
tool was selected because the present review 
required structured assessment of several 
domains related to diagnostic confirmation, 
biomarker measurement, blinding, and clinical 
endpoint ascertainment. Items were adapted to 
the context of prognostic biomarker studies.

Statistical Analysis

For the quantitative synthesis, study-specific 
odds ratios (ORs) with corresponding 95% 
confidence intervals (CIs) were extracted from 
individual studies for the association between 
pre-treatment inflammatory biomarkers and 
poor functional outcome. For the quantitative 
synthesis, poor functional outcome was defined 
as a modified Rankin Scale (mRS) score of 3–6, 
or equivalently mRS > 2, at 3 months or 90 days 
after stroke onset. Studies using substantially dif-
ferent dichotomizations of functional outcome, 
such as mRS 4–6, were recorded and summarized 
descriptively but were not included in the meta-
analysis. No new effect size calculations were 
performed from raw data.

The quantitative synthesis was based on odds 
ratios reported in the original studies. These 
estimates were extracted as reported, and no 
additional adjustment or recalculation from raw 
data was performed. Information on covariate 
adjustment in the original studies was extracted 
descriptively where available and is presented in 
the study summary tables.

Effect estimates were extracted according to 
the scale reported in the original publications, 
including continuous, log-transformed, or cate-
gorical biomarker definitions. Because individual 
participant data were not available, biomarker 
effects could not be standardized to a common 
exposure scale across studies. Therefore, pooled 
ORs should be interpreted as summary estimates 
of association rather than directly interchange-
able measures of prognostic effect.

For each biomarker, pooled estimates were cal-
culated using a random-effects model with the 
DerSimonian–Laird method, given the expected 
clinical and methodological heterogeneity 
across studies. Between-study heterogeneity was 

assessed using Cochran’s Q test and quantified 
with the I2 statistic, with values > 50% consid-
ered to indicate substantial heterogeneity.

Potential publication bias was explored visu-
ally using funnel plots, in which the log OR was 
plotted against its standard error. No formal 
tests for funnel plot asymmetry, such as Egger’s 
regression, were performed, because the number 
of included studies per biomarker was below the 
recommended threshold for reliable testing.

Given the heterogeneity of the included stud-
ies, pooled estimates were interpreted cautiously. 
All analyses were performed with Stata 17 (Stata-
Corp LLC, College Station, TX, USA).

RESULTS

Study Selection

The database search initially retrieved 2434 
records. After duplicate removal, 2154 articles 
were screened based on titles and abstracts 
(Fig. 1). Of these, 130 publications underwent 
full-text review, resulting in 37 studies that ful-
filled the inclusion criteria for the systematic 
review: 26 focusing on IVT [13–38], 10 on MT 
[39–48], and one addressing reperfusion therapy 
in general [49]. Based on the quality assessment, 
only 10 of the 37 studies provided sufficiently 
comparable outcome definitions and effect esti-
mates for inclusion in the meta-analysis, cover-
ing four biomarkers: CRP, IL-6, TNF-α, and oste-
opontin. All included studies were conducted 
in IVT-treated patients. Only studies reporting 
poor functional outcome as mRS 3–6 or mRS > 2 
at 3 months or 90 days were included in the 
quantitative synthesis. Studies using different 
outcome thresholds, including mRS 4–6, were 
summarized descriptively but excluded from 
pooling. Outcome data regarding mortality and 
hemorrhagic transformation were insufficient to 
allow quantitative synthesis. None of the MT 
studies were suitable for meta-analysis due to 
heterogeneity in study design, biomarker assess-
ment, and outcome reporting.
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Study Characteristics

Thirty-seven studies, including 8780 patients 
(6682 patients treated with IVT, 1886 patients 

treated with MT, and 212 patients treated with 
general reperfusion therapy), reported a total 
of 26 different inflammatory biomarkers. Due 
to the large number of biomarkers, we divided 

Fig. 1   PRISMA flowchart of literature search and study selection. PRISMA Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses
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them into subgroups, such as acute-phase pro-
teins, sepsis markers, cytokines, chemokines, 
neutrophil extracellular trap (NET)-related mark-
ers, cell surface activation and adhesion mol-
ecules, and vascular inflammation and tissue 
remodeling markers. In the context of IVT, the 
analyzed biomarkers included C-reactive pro-
tein (CRP) (16 studies), serum amyloid A (SAA) 
(1), IL-11 (1), IL-10 (1), IL-6 (6), tumor necrosis 
factor-α (TNF-α) (5), IL-38 (1), monocyte che-
moattractant protein-1/C–C motif chemokine 
ligand 2 (MCP-1/CCL2) chemokine (1), regu-
lated upon activation, normal T cell expressed 
and secreted/C–C motif chemokine ligand 5 
(RANTES/CCL5) (1), neutrophil-elastase (NE) 
(1), myeloperoxidase (MPO) (1), cell-free DNA 
(1), vascular cell adhesion molecule 1 (VCAM-1) 
(1), intercellular adhesion molecule 1 (ICAM-1) 
(1), platelet endothelial cell adhesion molecule 
1 (PECAM-1) (1), CD40 ligand (CD40L) (1), 
osteopontin (2), cystatin C (1), matrix metal-
loproteinase (MMP)-2 (1), MMP-3 (1), MMP-9 
(3), pro-MMP-10 (1), MMP-13 (1), and endosta-
tin (1), reported in a total of 26 publications 
(Table 1). The following 10 publications were 
analyzed in relation to endovascular therapy 
(thrombectomy): CRP (9), SAA (1), procalcitonin 
(1), IL-6 (2), MCP-1/CCL2 (1), MMP-9 (1), and 
vascular endothelial growth factor (VEGF) (1) 
(Table 2). One study did not specify which rep-
erfusion therapy was used in patients, but two 
inflammatory biomarkers—IL-6 and TNF-α—
were examined in relation to long-term out-
come (Table S1). Detailed information on the 
measurement units and assay platforms used for 
inflammatory biomarker assessment across the 
included reperfusion therapy studies is provided 
in Table S2. The sample size of the included 
studies varied between 29 and 1242 participants. 
Thirteen studies provided data on more than 
one inflammatory biomarker. All studies assessed 
functional outcomes using the modified Rankin 
Scale (mRS), while some also reported additional 
outcomes, including hemorrhagic transforma-
tion (HT), symptomatic intracerebral hemor-
rhage (sICH), and mortality. In most cases, 
unfavorable outcome was defined as an mRS 
score > 2 at 3 months or 90 days. In several stud-
ies, clinical outcomes were examined at multiple 
time points. Overall, four studies reported mRS 

outcomes at discharge, 36 studies at 3 months 
or 90 days, two studies at 1 year, and one study 
assessed clinical outcomes at 3 years following 
stroke onset. Among the publications related 
to MT, all studies reported the proportion of 
patients who also received additional IVT. In 
contrast, 23 of the publications related to IVT 
did not report whether MT was performed or 
explicitly listed it as an exclusion criterion. 

Quality Assessment

The quality of the included studies was gener-
ally moderate, with a median score of 8 out of a 
possible 15 points (range 5–11) (Supplementary 
Material). All 37 studies confirmed stroke diag-
nosis through expert evaluation and neuroim-
aging, applied the same diagnostic procedures 
to all participants, and did not use biomarkers 
to define clinical endpoints. Only seven studies 
documented blinding of biomarker measure-
ments, and six reported blinding of clinical data 
collection. Eight studies did not specify whether 
all participants completed follow-up or did not 
provide reasons for withdrawal. Predefined bio-
marker cutoff values for outcome prediction 
were applied in just two studies. Conflict-of-
interest statements were absent or declared as 
“none” in 33 reports. Nineteen studies were pro-
spective, while five failed to provide at least two 
essential details, such as the study period, end of 
follow-up, or median follow-up time. All studies 
clearly prespecified clinical endpoints, and only 
two included a sample size calculation. Thirty 
studies reported a list of candidate variables with 
corresponding effect estimates (OR and 95% CI) 
for multivariate analyses; however, in nine of 
these, the inflammatory biomarker under inves-
tigation was not included in the model. Twenty-
two studies specified the assay methodology.

Association Between IL‑6 and 3‑Month Poor 
Outcome After Intravenous Thrombolysis

Three studies comprising a total of 581 patients 
evaluated the prognostic significance of IL-6 
(Fig. 2) [18, 24, 30]. The pooled OR was 1.80 
(95% CI 1.42–2.28), showing a robust and 
statistically significant association between 
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elevated IL-6 and worse outcomes. Substan-
tial heterogeneity was observed (I2 = 59.5%, 
p = 0.084), largely driven by one study with an 
imprecisely estimated strong effect. Nonethe-
less, the direction of association was consist-
ently positive across all included studies. The 
findings highlight IL-6 as a promising inflam-
matory biomarker associated with poor clinical 
prognosis.

Association Between Osteopontin and 
3‑Month Poor Outcome After Intravenous 
Thrombolysis

Two studies, including 329 patients, examined 
the association between osteopontin levels and 
clinical outcome (Fig. 3) [20, 21]. The pooled OR 
was 3.36 (95% CI 1.95–5.80), indicating a strong 
and significant association between elevated 
osteopontin and unfavorable prognosis. No 
heterogeneity was detected (I2 = 0.0%, p = 0.436), 
with both studies demonstrating consistent 
results in the same direction. Although the evi-
dence is limited to two reports, the magnitude 
of effect suggests that osteopontin may serve as 
a promising biomarker of adverse outcome.

Association Between TNF‑α and 3‑Month 
Poor Outcome After Intravenous 
Thrombolysis

The prognostic role of TNF-α was investi-
gated in three studies (Fig. 4), encompassing 
574 patients [18, 28, 30]. The pooled OR was 
1.05 (95% CI 1.00–1.10), representing a bor-
derline significant association. Substantial het-
erogeneity was observed (I2 = 63.8%, p = 0.063). 
Two studies demonstrated significant positive 
associations (OR = 1.21, 95% CI 1.02–1.53; 
OR = 1.06, 95% CI 1.02–1.09), while one 
reported no significant relationship (OR = 1.02, 
95% CI 0.98–1.05). Taken together, these find-
ings suggest that TNF-α may contribute to poor 
functional outcome, although the overall effect 
remains modest and heavily influenced by the 
large neutral study.
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Association Between CRP and 3‑Month Poor 
Outcome After Intravenous Thrombolysis

Six studies with a combined sample size 
of 2119 patients assessed the relationship 
between C-reactive protein (CRP) levels and 
outcome (Fig. 5) [13, 18, 19, 24, 31, 37]. The 
pooled OR was 1.02 (95% CI 0.99–1.06), sug-
gesting no significant relationship between 
elevated CRP and adverse prognosis. Hetero-
geneity was moderate (I2 = 48.2%, p = 0.085), 
reflecting some variability across studies. While 

one study showed a clear positive association 
(OR = 1.07, 95% CI 1.01–1.14), another demon-
strated only a borderline effect (OR = 1.05, 95% 
CI 1.00–1.10), whereas most studies reported 
null or inconsistent results. The overall direc-
tion of effect was weak and largely influenced 
by a high-weight study with no association, 
indicating that CRP may be a less reliable pre-
dictor in this setting.

Fig. 2   Baseline IL-6 and poor functional outcome (mRS 3–6) 3 months after intravenous thrombolysis. IL-6 interleukin-6, 
mRS modified Rankin Scale

Fig. 3   Baseline osteopontin and poor functional outcome (mRS 3–6) 3 months after intravenous thrombolysis. mRS modi-
fied Rankin Scale
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Publication Bias

Assessment of publication bias was only feasi-
ble for CRP, as this was the only biomarker with 
a sufficient number of studies. Given the lim-
ited dataset, no formal statistical tests were per-
formed. Instead, visual inspection of the funnel 
plot (Fig. 6) was carried out. The plot appeared 
reasonably symmetric, suggesting no clear evi-
dence of publication bias; however, interpreta-
tion remains restricted by the small number of 
studies included.

DISCUSSION

In this systematic review and meta-analysis, 
IL-6 showed the most consistent association 
with poor 3-month functional outcome after 
IVT among the biomarkers suitable for quan-
titative synthesis. Osteopontin also showed 
a strong association in the limited number of 
available studies, whereas TNF-α showed only a 
modest and borderline effect, and CRP did not 
demonstrate a reliable prognostic association. 
These findings should be interpreted cautiously 
given the predominantly observational evidence 
base and substantial heterogeneity in patient 

populations, biomarker measurement, covariate 
adjustment, and outcome definitions.

IL-6 emerged as the most promising and 
reproducible prognostic biomarker in our analy-
sis. Across all included studies, elevated baseline 
IL-6 levels were consistently associated with poor 
functional outcome, and the pooled effect esti-
mate confirmed a strong and statistically signifi-
cant relationship. IL-6 is a pleiotropic cytokine 
rapidly released after cerebral ischemia by neu-
rons, glial cells, and endothelial cells. It activates 
JAK/STAT signaling, induces hepatic production 
of acute-phase proteins such as CRP, and pro-
motes leukocyte recruitment, blood–brain bar-
rier disruption, and infarct expansion [50, 51]. 
In the setting of reperfusion, elevated IL-6 lev-
els likely reflect an exaggerated inflammatory 
response that amplifies ischemia–reperfusion 
injury, thereby limiting neurological recovery 
and functional outcome.

Osteopontin, an extracellular matrix glyco-
protein with cytokine-like properties, emerged as 
a potentially valuable biomarker. It is expressed 
by neurons, glial cells, and endothelial cells 
after cerebral ischemia. It binds to integrins and 
CD44 receptors, mediating leukocyte recruit-
ment, matrix remodeling, and blood–brain bar-
rier disruption in the acute phase, while also 
participating in repair processes during recovery 
[52, 53]. Although evidence is currently limited 
to two studies, both demonstrated a strong and 

Fig. 4   Baseline TNF-α and poor functional outcome (mRS 3–6) 3 months after intravenous thrombolysis. TNF-α tumor 
necrosis factor-α, mRS modified Rankin Scale
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Fig. 5   Baseline CRP and poor functional outcome (mRS 3–6) 3 months after intravenous thrombolysis. CRP C-reactive 
protein, mRS modified Rankin Scale

Fig. 6   Funnel plot of meta-analysis: baseline CRP and 3-month poor outcome (mRS 3–6) after intravenous thrombolysis. 
CRP C-reactive protein, mRS modified Rankin Scale
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consistent association with poor 3-month func-
tional outcome, and the absence of heteroge-
neity supports the importance of this finding. 
These results suggest that osteopontin may rep-
resent a powerful prognostic marker once vali-
dated in larger, prospective cohorts.

TNF-α is a proinflammatory cytokine pro-
duced by activated microglia, astrocytes, and 
infiltrating leukocytes in the ischemic brain. It 
promotes neuronal apoptosis, oxidative stress, 
and blood–brain barrier disruption through 
upregulation of adhesion molecules and matrix 
metalloproteinases, thereby amplifying ischemic 
and reperfusion injury [54, 55]. While two 
studies demonstrated significant associations 
with poor functional outcome, one large study 
reported neutral results, resulting in only a bor-
derline pooled effect with substantial hetero-
geneity. These findings suggest that although 
TNF-α contributes to ischemic and reperfusion 
injury, its utility as a circulating prognostic bio-
marker is weaker and more context-dependent 
than that of IL-6.

CRP, as an acute-phase protein, is produced in 
the liver under the regulation of interleukin-6, 
and it plays a central role in systemic inflamma-
tion. Beyond serving as a biomarker, experimen-
tal studies suggest that CRP may contribute to 
ischemic injury by activating the complement 
cascade, enhancing leukocyte-endothelial inter-
actions, and promoting endothelial dysfunc-
tion, thereby facilitating blood–brain barrier 
breakdown and secondary tissue damage [56, 
57]. Despite these plausible mechanisms, our 
pooled analysis showed no significant associa-
tion between CRP levels and 3-month outcomes 
after IVT and although a few studies suggested 
worse prognosis with higher CRP, these were 
outweighed by larger neutral studies. This indi-
cates that CRP may reflect systemic inflamma-
tion without offering independent predictive 
information in the IVT setting.

Mechanistically, both IL-6 and osteopontin 
are closely involved in the neuroinflammatory 
response after ischemic stroke, although they 
may reflect partly different phases of injury. 
Following cerebral ischemia, damage-associated 
molecular pattern (DAMP)-mediated activation 
of resident glial cells, endothelial cells, and infil-
trating leukocytes induces pro-inflammatory 

cytokine release [58, 59]. IL-6 amplifies this 
response through NF-κB- and JAK/STAT-related 
signaling, promoting leukocyte recruitment, 
blood–brain barrier disruption, oxidative stress, 
and secondary tissue injury [60]. On the other 
hand, osteopontin is upregulated in the peri-
infarct and infarct core regions and participates 
in leukocyte adhesion, matrix remodeling, glial 
activation, and blood–brain barrier dysfunction, 
while also contributing to later repair mecha-
nisms such as angiogenesis and neural pro-
genitor cell migration [61, 62]. Thus, elevated 
circulating IL-6 and osteopontin may capture 
complementary aspects of post-ischemic neuro-
inflammation: IL-6 as a marker of acute inflam-
matory amplification, and osteopontin as a 
marker of inflammation-associated tissue remod-
eling and repair response.

Beyond the previously discussed biomarkers, 
several additional inflammatory and vascular 
markers have been investigated in IVT-treated 
patients, although most evidence derives from 
single studies with limited sample sizes. SAA 
showed the most consistent association with 
poor prognosis in a dose-dependent manner 
[13], while higher IL-10 and IL-11 levels were 
associated with more favorable outcomes [18, 
29]. In contrast, findings for other cytokines 
and chemokines, including IL-38, MCP-1, and 
RANTES, were inconclusive or neutral [21, 26, 
35].

Among NET-related markers, neutrophil 
elastase showed the clearest association with 
poor outcome [17], whereas myeloperoxidase 
and cell-free DNA yielded inconsistent find-
ings, suggesting a possible adverse effect at 
some thresholds but null findings at others [21]. 
Adhesion and vascular remodeling markers also 
showed heterogeneous results: VCAM-1, ICAM-
1, pro-MMP-10, and endostatin were linked to 
worse outcomes in individual studies [21, 23, 
29], whereas MMP-2, MMP-3, MMP-9, MMP-13, 
and cystatin C largely showed null results [21, 
28, 29].

Overall, these exploratory findings suggest 
that certain markers—particularly SAA, IL-10, 
IL-11, neutrophil elastase, myeloperoxidase, pro-
MMP-10, and endostatin—may hold promise for 
refining risk stratification after IVT, while others 
appear less informative.
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Previous studies have consistently demon-
strated the prognostic relevance of inflamma-
tory biomarkers in ischemic stroke populations. 
Earlier systematic reviews and meta-analyses 
identified elevated CRP and IL-6 levels as signifi-
cant predictors of unfavorable functional out-
come and mortality after stroke [63–65]. More 
recent investigations have also supported the 
clinical utility of combined inflammatory bio-
marker assessment in stroke prognosis [66–68]. 
However, many prior studies evaluated bio-
marker levels at heterogeneous sampling time 
points during the acute and subacute phases of 
stroke. In contrast, the present meta-analysis 
exclusively included studies assessing baseline 
inflammatory biomarker levels obtained prior 
to thrombolytic treatment, thereby providing a 
more standardized evaluation of the prognostic 
relevance of pre-treatment inflammatory status.

In MT cohorts, CRP was the most frequently 
studied biomarker. Elevated CRP was often asso-
ciated with worse functional outcome and mor-
tality, although some studies reported neutral 
results after adjustment, indicating uncertain 
incremental prognostic value beyond established 
clinical predictors [39–45, 47, 48]. This indicates 
that while CRP reflects systemic inflammation, 
its prognostic value beyond established predic-
tors remains uncertain. SAA has also been inves-
tigated, with higher concentrations associated 
with disability, while its link to mortality was 
not statistically significant.

Other inflammatory mediators have been 
assessed only sporadically. IL-6 and procalci-
tonin (PCT) were assessed in relation to poor 
outcomes, but no quantitative effect was dem-
onstrated [41, 44, 45]. Chemokines such as 
MCP-1 showed no clear associations [41]. Mark-
ers of vascular inflammation and tissue remod-
eling were less consistently linked to outcome. 
Matrix metalloproteinase-9 (MMP-9) was stud-
ied in a small cohort, but no quantitative effect 
was demonstrated regarding poor outcome 
[44]. Similarly, vascular endothelial growth fac-
tor (VEGF) showed only a weak, nonsignificant 
trend toward worse outcomes [46].

The MT evidence was too fragmented to sup-
port quantitative synthesis. Although CRP was 
assessed in several studies, reported endpoints 
varied substantially, including poor functional 

outcome using different mRS thresholds, mor-
tality, hemorrhagic transformation, and symp-
tomatic intracerebral hemorrhage. Follow-up 
time points also differed, ranging from early 
post-procedural outcomes to 3-month or 90-day 
assessments. For most other biomarkers, includ-
ing IL-6, SAA, PCT, MCP-1, MMP-9, and VEGF, 
evidence was limited to one or two studies. In 
addition, MT cohorts differed in the propor-
tion of patients receiving bridging IVT and in 
adjustment for key prognostic factors. There-
fore, the currently available MT literature allows 
only descriptive interpretation, and biomarker-
specific pooled estimates would not be meth-
odologically reliable. Overall, CRP remains the 
most consistently studied inflammatory marker 
after MT, but its independent prognostic value 
remains uncertain. Evidence for other biomark-
ers is sparse and inconclusive.

Given the increasing role of MT in contem-
porary AIS management, recent studies have 
increasingly focused on the prognostic value of 
inflammatory and hemostatic biomarkers specif-
ically in thrombectomy-treated cohorts. Recent 
systematic reviews and meta-analyses have 
demonstrated the potential predictive relevance 
of biomarkers such as CRP/albumin ratio and 
D-dimer for post-thrombectomy outcomes and 
complications [69, 70]. Furthermore, a meta-
analysis from our group demonstrated that an 
elevated pre-treatment neutrophil-to-lympho-
cyte ratio (NLR) was consistently associated with 
poor functional outcome and increased mortal-
ity following reperfusion therapy, particularly in 
patients treated with MT [71]. A recent system-
atic review also highlighted the growing inter-
est and potential clinical utility of biomarker-
based prognostic stratification in MT cohorts 
[72]. These findings further support the clinical 
relevance of inflammatory biomarker assessment 
in modern reperfusion-treated stroke patients.

Importantly, pre-treatment inflammatory 
biomarkers may have a different biological 
meaning in MT cohorts, where large vessel 
occlusion—especially middle cerebral artery 
(MCA) occlusion—can induce a cytokine-driven 
inflammatory cascade with glial activation, pro-
inflammatory cytokine and leukocyte release, 
and blood–brain-barrier disruption [73]. In MT-
treated patients, this response is further shaped 
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by neutrophil activation, elevated fibrinogen, 
higher admission National Institutes of Health 
Stroke Scale (NIHSS) score, reperfusion-related 
leukocyte-endothelial adhesion, and microvas-
cular obstruction after reperfusion [74]. Because 
collateral-dependent blood flow strongly deter-
mines infarct growth after large vessel occlusion, 
poor collaterals may result in more extensive tis-
sue injury and a more pronounced inflamma-
tory response [75]. Consequently, biomarkers in 
MT studies may reflect collateral failure, infarct 
expansion, and thromboinflammatory reperfu-
sion injury more than a treatment-specific pre-
dictive signal comparable to IVT.

In conclusion, larger, prospective stud-
ies using standardized biomarker assessment, 
uniform outcome definitions, and consistent 
adjustment for MT-specific prognostic factors 
are needed to clarify their role in the thrombec-
tomy setting.

LIMITATIONS

Several limitations of this systematic review 
and meta-analysis should be acknowledged. 
Although 37 studies were included in the sys-
tematic review, the number of studies available 
for quantitative synthesis was only 10. Only four 
biomarkers—C-reactive protein (CRP), interleu-
kin-6 (IL-6), tumor necrosis factor-α (TNF-α), 
and osteopontin—were included in the meta-
analysis, and all pooled estimates were derived 
from cohorts treated with IVT. Data from 
patients undergoing MT were insufficient and 
too heterogeneous for quantitative pooling, lim-
iting the generalizability of the meta-analytic 
findings across all reperfusion therapies.

Substantial clinical and methodological heter-
ogeneity was present across the included studies. 
Most studies were observational and varied con-
siderably in terms of patient populations, sample 
size, stroke severity, reperfusion modality, bio-
marker assay methodology, timing of blood sam-
pling, covariate adjustment strategies, biomarker 
scaling, and definitions of poor functional out-
come. Although random-effects models were 
used to account for between-study variability, 
they cannot fully overcome heterogeneity in 

exposure measurement, model specification, and 
outcome definition. Therefore, pooled estimates 
should be interpreted as approximate summaries 
of association rather than definitive estimates of 
prognostic effect. Because only two to six studies 
were available for each pooled biomarker, for-
mal subgroup analyses, sensitivity analyses, and 
meta-regression were not feasible.

The pooled estimates were based on study-
level odds ratios reported in the original publica-
tions. No additional adjustment or recalculation 
from raw data was possible. Adjustment strat-
egies differed across studies, and key prognos-
tic variables such as age, baseline stroke sever-
ity, recanalization status, comorbidities, and 
renal function were not uniformly accounted 
for. Residual confounding therefore cannot be 
excluded.

Another important limitation is that bio-
marker effects were not reported on a uniform 
scale across studies. Some studies analyzed bio-
markers as continuous variables, whereas others 
used log-transformed values or categorical cut-
off thresholds. Cutoff values for inflammatory 
markers were inconsistent or absent in most 
studies, and individual participant data were not 
available to standardize effect estimates across a 
common biomarker scale. This limits the direct 
comparability of pooled odds ratios.

Although pre-treatment blood sampling was 
required for inclusion, exact sampling windows 
and assay methodologies were not consistently 
reported across studies. This may have intro-
duced additional methodological heterogene-
ity. Potential publication bias cannot be fully 
excluded. Formal statistical tests for funnel plot 
asymmetry were not feasible because of the 
small number of studies per biomarker, and only 
CRP had enough studies to allow visual funnel 
plot assessment. In addition, the limited number 
of studies reporting secondary outcomes such as 
mortality and hemorrhagic transformation pre-
cluded quantitative synthesis for these clinically 
relevant endpoints.

Together, these limitations indicate that the 
results should be interpreted cautiously and 
highlight the need for larger, standardized, pro-
spective studies using harmonized biomarker 
assays, consistent sampling time points, uniform 
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outcome definitions, and prespecified adjust-
ment strategies.

CONCLUSIONS

In conclusion, this systematic review and meta-
analysis underscores the prognostic potential of 
selected inflammatory biomarkers in patients 
undergoing IVT. IL-6 emerged as the most 
promising prognostic biomarker of poor func-
tional outcome, whereas CRP proved unreliable 
and TNF-α showed borderline effects. Osteo-
pontin may represent a promising but prelimi-
nary candidate biomarker, although current 
evidence is limited. Integration of inflamma-
tory biomarkers with imaging and clinical data 
could improve risk stratification, inform indi-
vidualized post-acute management—including 
follow-up strategies and therapeutic decision-
making—and potentially facilitate the develop-
ment of targeted anti-inflammatory therapies 
in reperfusion-treated AIS. Evidence in patients 
undergoing MT remains insufficient and too het-
erogeneous for quantitative conclusions. Larger 
standardized prospective studies are needed to 
determine whether inflammatory biomarkers 
add prognostic value beyond established clinical 
and imaging predictors across different reperfu-
sion treatment pathways.
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