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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.
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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-a (TNF-a) 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-a
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

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-a 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-a (TNF-
a), 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/OSE10/
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
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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
ZBE) 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 ZBE) 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 (Cls) 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 I? 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-a, 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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Screening

Identification of studies via databases and registers

Records identified through database
searching (n=2434)

!

Records screened (n = 2154)

— | Records excluded (n =2024)

!

Reports sought for retrieval

— | Reports not retrieved (n = 0)

(n=130)
!

Reports assessed for eligibility
(n=130)

—— | Reports excluded (n=93):

Studies included in qualitative
synthesis (systematic review) (n = 37)
Studies included in quantitative
synthesis (meta-analysis) (n = 10)

Records removed before screening:

Duplicate records removed (n = 280)

* No access to full text (n=4)

* Missing data on reperfusion therapy
(n=30)

* No patients received reperfusion
therapy (n=12)

* Venous blood sampling performed at
the wrong time (n=11)

* No association between the biomarker
and clinical outcome (mRS) in patients
treated with reperfusion therapy (n=36)

Fig. 1 PRISMA flowchart of literature search and study selection. PRISMA Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

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
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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
tactor-a (TNF-a) (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/CCLS) (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-a—
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 hemozr-
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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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 (I>°=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.

exp(b) %
Author (95% ClI) Weight
Li et al, 2023 —— 1.89 (1.66, 2.16) 53.81
Pavluk et al, 2020 - 5.85 (1.46, 23.48) 2.76
Tang et al, 2024 —_— 1.62(1.28,1.93) 43.44
Overall, DL (12 = 59.5%, p = 0.084) <> 1.80(1.42, 2.28) 100.00

5 1

NOTE: Weights are from random-effects model

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

mRS modified Rankin Scale

Author

Mendioroz et al (2011)

Meseguer et al (2020)

Overall, DL (12 = 0.0%, p = 0.436)

exp(b) %
(95% Cl) Weight
5.01 (1.60, 15.72) 22.73
2.94 (1.61, 5.56) 77.27
<> 3.36 (1.95, 5.80) 100.00

.5 1

NOTE: Weights are from random-effects model

Fig. 3 Bascline osteopontin and poor functional outcome (mRS 3-6) 3 months after intravenous thrombolysis. 72RS modi-

fied Rankin Scale
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Publication Bias

Assessment of publication bias was only feasi-
ble for CRPD, 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-a 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

Author

Li et al, 2023 e

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

Rodrigez et al (2013)

Tang et al, 2024 —

Overall, DL (12 = 63.8%, p = 0.063)

AN

exp(b) %
(95% CI) Weight
1.02 (0.98, 1.05) 45.82
1.21 (1.02, 1.53) 5.05
1.06 (1.02, 1.09) 49.13

1.05 (1.00, 1.10) 100.00

5 1

NOTE: Weights are from random-effects model

15

Fig.4 Baseline TNF-a and poor functional outcome (mRS 3-6) 3 months after intravenous thrombolysis. 7NF-a. tumor

necrosis factor-a, 7R S modified Rankin Scale
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Author

Chang et al, 2023

Li et al, 2023

Ma et al, 2022

Pavluk et al, 2020

Tiainen et al, 2013

Zhang et al, 2024

Overall, DL (12 = 48.2%, p = 0.085)

exp(b)
(95% Cl)

1.03 (0.84, 1.36)

1.001 (0.999, 1.003)

—— 0.99 (0.90, 1.09)

0.66 (0.30, 1.43)

= 1.07 (1.01, 1.14)

- 1.05 (1.00, 1.10)

1.02 (0.99, 1.06)

%
Weight

2.07

43.88

10.79

0.21

19.46

23.60

100.00

T
1
NOTE: Weights are from random-effects model

Fig.5 Bascline CRP and poor functional outcome (mRS 3-6) 3 months after intravenous thrombolysis. CRP C-reactive

protein, 72RS modified Rankin Scale

Funnel plot with pseudo 95% confidence limits
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Fig. 6 Funnel plot of meta-analysis: baseline CRP and 3-month poor outcome (mRS 3-6) after intravenous thrombolysis.
CRP C-reactive protein, RS 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-a 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-a 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-xB- 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-a (TNF-a),
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-a 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
tollow-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.

Medical Writing/Editorial Assistance. No
external medical writing or editorial support,
including Al-assisted tools, was utilized in the
preparation of this manuscript.

Author Contribution. Istvan Szegedi and
Zsolt Barnabas Eles conducted the literature
search and data extraction and were responsible
for writing the original draft of the manuscript.
Attila Nagy performed the formal statistical anal-
ysis and, together with Zsolt Barnabas Eles, pre-
pared the figures and tables. Zsuzsa Bagoly con-
ceived and supervised the study and contributed
to manuscript writing, reviewing, and editing.

Funding. This study was supported by the
MTA-DE Lendiilet “Momentum” Hemostasis and

Stroke Research Group of the Hungarian Acad-
emy of Sciences and the Hungarian Research
Network (HUN-REN-DE) Cerebrovascular
Research Group. The journal’s Rapid Service Fee
was funded by the MTA-DE Lendiilet “Momen-
tum” Hemostasis and Stroke Research Group.

Data Availability. All data analyzed in this
study were obtained from previously published
sources and are presented within the tables of
this manuscript.

Declarations

Conflict of Interest. Istvan Szegedi, Zsolt
Barnabds Eles, Attila Nagy, and Zsuzsa Bagoly
declare no conflict of interest.

Ethical Approval. This article is based
exclusively on previously published research
and does not involve any new data collection
from human participants or animals conducted
by the authors.

Open Access.  This article is licensed under a
Creative Commons Attribution-NonCommercial
4.0 International License, which permits any
non-commercial use, sharing, adaptation, distri-
bution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the
original author(s) and the source, provide a link
to the Creative Commons licence, and indicate
if changes were made. The images or other third
party material in this article are included in the
article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material.
If material is not included in the article’s Crea-
tive Commons licence and your intended use is
not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain per-
mission directly from the copyright holder. To
view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc/4.0/.

A\ Adis


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Neurol Ther

REFERENCES

Powers W], Rabinstein AA, Ackerson T, Adeoye
OM, Bambakidis NC, Becker K, et al. Guidelines
for the early management of patients with acute
ischemic stroke: 2019 update to the 2018 guide-
lines for the early management of acute ischemic
stroke: a guideline for healthcare professionals
from the American Heart Association/American
Stroke Association. Stroke. 2019;50(12):e344-418.
https://doi.org/10.1161/STR.0000000000000211.

Sun LC, Li WS, Chen W, Ren Z, Li CX, Jiang Z,
et al. Thrombolytic therapy for patients with acute
ischemic stroke: systematic review and network
meta-analysis of randomized trials. Front Neurol.
2024;15:1490476. https://doi.org/10.3389/fneur.
2024.1490476.

Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosen-
berg GA. Neuroinflammation: friend and foe for
ischemic stroke. J Neuroinflamm. 2019;16(1):142.
https://doi.org/10.1186/s12974-019-1516-2.

Simats A, Liesz A. Systemic inflammation after
stroke: implications for post-stroke comorbidities.
EMBO Mol Med. 2022;14(9):e16269. https://doi.
0rg/10.15252/emmm.202216269.

Szepanowski RD, Haupeltshofer S, Vonhof SE,
Frank B, Kleinschnitz C, Casas Al. Thromboin-
flammatory challenges in stroke pathophysiol-
ogy. Semin Immunopathol. 2023;45(3):389-410.
https://doi.org/10.1007/s00281-023-00994-4.

Candelario-Jalil E, Dijkhuizen RM, Magnus T.
Neuroinflammation, stroke, blood-brain barrier
dysfunction, and imaging modalities. Stroke.
2022;53(5):1473-86. https://doi.org/10.1161/
STROKEAHA.122.036946.

Jiang J, Tan C, Zhou W, Peng W, Zhou X, Du J,
et al. Plasma C-reactive protein level and outcome
of acute ischemic stroke patients treated by intra-
venous thrombolysis: a systematic review and
meta-analysis. Eur Neurol. 2021;84(3):145-50.
https://doi.org/10.1159/000514099.

Krishnamoorthy S, Singh G, Jose KJ, Soman B,
Foerch C, Kimberly WT, et al. Biomarkers in the
prediction of hemorrhagic transformation in acute
stroke: a systematic review and meta-analysis. Cer-
ebrovasc Dis. 2022;51(2):235-47. https://doi.org/
10.1159/000518570.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I,
Hoffmann TC, Mulrow CD, et al. The PRISMA
2020 statement: an updated guideline for report-
ing systematic reviews. BM]J. 2020;372:n71.
https://doi.org/10.1136/bmj.n71.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Riley RD, Moons KGM, Snell KIE, Ensor J, Hooft
L, Altman DG, et al. A guide to systematic review
and meta-analysis of prognostic factor studies.
BM]J. 2019;364:k4597. https://doi.org/10.1136/
bmj.k4597.

van Swieten JC, Koudstaal PJ, Visser MC, Schouten
H]J, van Gijn J. Interobserver agreement for the
assessment of handicap in stroke patients. Stroke.
1988;19(5):604-7. https://doi.org/10.1161/01.str.
19.5.604.

Garcia-Berrocoso T, Giralt D, Bustamante A, Etgen
T, Jensen JK, Sharma JC, et al. B-type natriu-
retic peptides and mortality after stroke: a sys-
tematic review and meta-analysis. Neurology.
2013;81(23):1976-85. https://doi.org/10.1212/01.
wnl.0000436937.32410.32.

Chang Q, Li YQ, Xue M, Yu CQ, He JL, Duan X.
Serum amyloid A is a potential predictor of prog-
nosis in acute ischemic stroke patients after intra-
venous thrombolysis. Front Neurol. 2023. https://
doi.org/10.3389/fneur.2023.1219604.

Chen X, Xu X, Li Y, Liu F, Zhang B, Zuo L. Asso-
ciation between fibrinogen-to-albumin ratio and
functional prognosis of 3 months in patients with
acute ischemic stroke after intravenous thrombol-
ysis. Brain Behav. 2024. https://doi.org/10.1002/
brb3.3364.

Gensicke H, Seiffge DJ, Polasek AE, Peters N,
Bonati LH, Lyrer PA, et al. Long-term outcome
in stroke patients treated with IV thrombolysis.
Neurology. 2013;80(10):919-25. https://doi.org/
10.1212/WNL.0b013e3182840c35.

Inang Y, Giray S, inang¢ Y. Mean platelet volume,
c-reactive protein, and prognosis in patients
with acute ischemic stroke following intrave-
nous thrombolytic treatment. Med Sci Monit.
2018;24:3782-8. https://doi.org/10.12659/MSM.
906813.

Li LZ, Han ZP, Wang RL, Fan JF, Zheng YM, Huang
YY, et al. Association of admission neutrophil
serine proteinases levels with the outcomes of
acute ischemic stroke: a prospective cohort study.
J Neuroinflamm. 2023. https://doi.org/10.1186/
$12974-023-02758-1.

Li X, Zhang J, Wang Q, Xiang L, Dong J. Reha-
bilitation training can significantly increase the
serum IL-11 levels and improve the prognosis in
ischemic stroke patients. Mediat Inflamm. 2023.
https://doi.org/10.1155/2023/1865760.

Ma X, Yang J, Wang X, Wang X, Chai S. The clini-
cal value of systemic inflammatory response index
and inflammatory prognosis index in predict-
ing 3-month outcome in acute ischemic stroke

A\ Adis


https://doi.org/10.1161/STR.0000000000000211
https://doi.org/10.3389/fneur.2024.1490476
https://doi.org/10.3389/fneur.2024.1490476
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.15252/emmm.202216269
https://doi.org/10.15252/emmm.202216269
https://doi.org/10.1007/s00281-023-00994-4
https://doi.org/10.1161/STROKEAHA.122.036946
https://doi.org/10.1161/STROKEAHA.122.036946
https://doi.org/10.1159/000514099
https://doi.org/10.1159/000518570
https://doi.org/10.1159/000518570
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.k4597
https://doi.org/10.1136/bmj.k4597
https://doi.org/10.1161/01.str.19.5.604
https://doi.org/10.1161/01.str.19.5.604
https://doi.org/10.1212/01.wnl.0000436937.32410.32
https://doi.org/10.1212/01.wnl.0000436937.32410.32
https://doi.org/10.3389/fneur.2023.1219604
https://doi.org/10.3389/fneur.2023.1219604
https://doi.org/10.1002/brb3.3364
https://doi.org/10.1002/brb3.3364
https://doi.org/10.1212/WNL.0b013e3182840c35
https://doi.org/10.1212/WNL.0b013e3182840c35
https://doi.org/10.12659/MSM.906813
https://doi.org/10.12659/MSM.906813
https://doi.org/10.1186/s12974-023-02758-1
https://doi.org/10.1186/s12974-023-02758-1
https://doi.org/10.1155/2023/1865760

Neurol Ther

20.

21.

22.

23.

24.

25.

26.

27.

28.

patients with intravenous thrombolysis. Int ] Gen
Med. 2022;15:7907-18. https://doi.org/10.2147/
JGM.S384706.

Mendioroz M, Fernandez-Cadenas I, Rosell A,
Delgado P, Domingues-Montanari S, Ribé M,
et al. Osteopontin predicts long-term functional
outcome among ischemic stroke patients. J] Neu-
rol. 2011;258(3):486-93. https://doi.org/10.1007/
$s00415-010-5785-z.

Meseguer E, Diallo D, Labreuche J, Charles H,
Delbosc S, Mangin G, et al. Osteopontin predicts
three-month outcome in stroke patients treated by
reperfusion therapies. J Clin Med. 2020. https://
doi.org/10.3390/jcm9124028.

Montaner J, Fernandez-Cadenas I, Molina CA, Rib6
M, Huertas R, Rosell A, et al. Poststroke C-reactive
protein is a powerful prognostic tool among can-
didates for thrombolysis. Stroke. 2006;37(5):1205-
10. https://doi.org/10.1161/01.STR.0000217744.
89208.4e.

Navarro-Sobrino M, Rosell A, Hernandez-Guilla-
mon M, Penalba A, Boada C, Domingues-Mon-
tanari S, et al. A large screening of angiogenesis
biomarkers and their association with neurologi-
cal outcome after ischemic stroke. Atherosclero-
sis. 2011;216(1):205-11. https://doi.org/10.1016/j.
atherosclerosis.2011.01.030.

Pawluk H, Grzesk G, Kolodziejska R, Kozakiewicz
M, Wozniak A, Grzechowiak E, et al. Effect of IL-6
and hsCRP serum levels on functional progno-
sis in stroke patients undergoing IV-thrombol-
ysis: retrospective analysis. Clin Interv Aging.
2020;15:1295-303. https://doi.org/10.2147/cia.
$258381.

Pawluk H, Kolodziejska R, Grzesk G, Kozakiewicz
M, Wozniak A, Pawluk M, et al. Selected mediators
of inflammation in patients with acute ischemic
stroke. Int J Mol Sci. 2022. https://doi.org/10.
3390/ijms231810614.

Pawluk H, Kotodziejska R, Grzesk G, Wozniak A,
Kozakiewicz M, Kosinska A, et al. The potential
role of RANTES in post-stroke therapy. Cells. 2023.
https://doi.org/10.3390/cells12182217.

Rocco A, Ringleb PA, Grittner U, Nolte CH, Sch-
neider A, Nagel S. Follow-up C-reactive protein
level is more strongly associated with outcome in
stroke patients than admission levels. Neurol Sci.
2015;36(12):2235-41. https://doi.org/10.1007/
$s10072-015-2342-7.

Rodriguez JA, Sobrino T, Orbe J, Purroy A, Mar-
tinez-Vila E, Castillo J, et al. ProMetalloprotein-
ase-10 is associated with brain damage and clini-
cal outcome in acute ischemic stroke. ] Thromb

29.

30.

31.

32.

33.

34.

33.

36.

37.

Haemost. 2013;11(8):1464-73. https://doi.org/10.
1111/jth.12312.

Rodriguez-Yafniez M, Castellanos M, Sobrino T, Brea
D, Ramos-Cabrer P, Pedraza S, et al. Interleukin-10
facilitates the selection of patients for systemic
thrombolysis. BMC Neurol. 2013. https://doi.org/
10.1186/1471-2377-13-62.

Tang DZ, Wang WW, Chen XX, Yin SH, Zhang L,
Liang XL, et al. Prognostic significance of serum
inflammatory markers in patients with acute
ischemic stroke undergoing revascularization ther-
apy. Clin Hemorheol Microcirc. 2024;88(4):513-
22. https://doi.org/10.3233/ch-242435.

Tiainen M, Meretoja A, Strbian D, Suvanto ],
Curtze S, Lindsberg PJ, et al. Body temperature,
blood infection parameters, and outcome of
thrombolysis-treated ischemic stroke patients. Int
J Stroke. 2013;8(8):632-8. https://doi.org/10.1111/
ijs.12039.

Topakian R, Strasak AM, Nussbaumer K, Haring
HP, Aichner FT. Prognostic value of admission
C-reactive protein in stroke patients undergoing
IV thrombolysis. J Neurol. 2008;255(8):1190-6.
https://doi.org/10.1007/s00415-008-0866-y.

Xu T, Xia L, Wu YC, Xu Y, Xu X, Zhang WY, et al.
High ratio of C-reactive protein to albumin is
associated with hemorrhagic transformation and
poor functional outcomes in acute ischemic stroke
patients after thrombolysis. Front Aging Neurosci.
2023. https://doi.org/10.3389/fnagi.2023.11091
44.

Yue YH, Li ZZ, Hu L, Zhu XQ, Xu XS, Sun HX, et al.
Clinical characteristics and risk score for poor
clinical outcome of acute ischemic stroke patients
treated with intravenous thrombolysis therapy.
Brain Behav. 2019. https://doi.org/10.1002/brb3.
1251.

Zare Rafie M, Esmaeilzadeh A, Ghoreishi A, Tah-
masebi S, Faghihzadeh E, Elahi R. IL-38 as an
early predictor of the ischemic stroke prognosis.
Cytokine. 2021. https://doi.org/10.1016/j.cyto.
2021.155626.

Zhang L, Wang C, Zhao M, Li X, Qu H, Xu ], et al.
Prognostic values serum Cav-1 and NGB levels
in early neurological deterioration after intrave-
nous thrombolysis in patients with acute ischemic
stroke. Clin Appl Thromb Hemost. 2023. https://
doi.org/10.1177/10760296231219707.

Zhang TR, Fu S, Cao XF, Xia YJY, Hu MY, Feng QH,
et al. Correlation of peripheral blood inflammatory
indicators to prognosis after intravenous throm-
bolysis in acute ischemic stroke: a retrospective

A\ Adis


https://doi.org/10.2147/IJGM.S384706
https://doi.org/10.2147/IJGM.S384706
https://doi.org/10.1007/s00415-010-5785-z
https://doi.org/10.1007/s00415-010-5785-z
https://doi.org/10.3390/jcm9124028
https://doi.org/10.3390/jcm9124028
https://doi.org/10.1161/01.STR.0000217744.89208.4e
https://doi.org/10.1161/01.STR.0000217744.89208.4e
https://doi.org/10.1016/j.atherosclerosis.2011.01.030
https://doi.org/10.1016/j.atherosclerosis.2011.01.030
https://doi.org/10.2147/cia.S258381
https://doi.org/10.2147/cia.S258381
https://doi.org/10.3390/ijms231810614
https://doi.org/10.3390/ijms231810614
https://doi.org/10.3390/cells12182217
https://doi.org/10.1007/s10072-015-2342-7
https://doi.org/10.1007/s10072-015-2342-7
https://doi.org/10.1111/jth.12312
https://doi.org/10.1111/jth.12312
https://doi.org/10.1186/1471-2377-13-62
https://doi.org/10.1186/1471-2377-13-62
https://doi.org/10.3233/ch-242435
https://doi.org/10.1111/ijs.12039
https://doi.org/10.1111/ijs.12039
https://doi.org/10.1007/s00415-008-0866-y
https://doi.org/10.3389/fnagi.2023.1109144
https://doi.org/10.3389/fnagi.2023.1109144
https://doi.org/10.1002/brb3.1251
https://doi.org/10.1002/brb3.1251
https://doi.org/10.1016/j.cyto.2021.155626
https://doi.org/10.1016/j.cyto.2021.155626
https://doi.org/10.1177/10760296231219707
https://doi.org/10.1177/10760296231219707

Neurol Ther

38.

39.

40.

41.

42.

43.

44.

45.

46.

study. Int ] Gen Med. 2024;17:985-96. https://doi.
0rg/10.2147/ijgm.S456144.

Zhao FF, Wang RL, Huang YY, Li LZ, Zhong LY, Hu
Y, et al. Elevated plasma syndecan-1 as glycocalyx
injury marker predicts unfavorable outcomes after
rt-PA intravenous thrombolysis in acute ischemic
stroke. Front Pharmacol. 2022. https://doi.org/10.
3389/fphar.2022.949290.

Du MY, Xu LL, Zhang XH, Huang X]J, Cao H, Qiu
F, et al. Association between inflammatory burden
index and unfavorable prognosis after endovas-
cular thrombectomy in acute ischemic stroke. ]
Inflamm Res. 2023;16:3009-17. https://doi.org/10.
2147/jir.5419087.

Huber T, Kleine JF, Kaesmacher J, Bette S, Poppert
H, Zimmer C, et al. Blood leukocytes as prognostic
parameter in stroke thrombectomy. Cerebrovasc
Dis. 2016;42(1-2):32-40. https://doi.org/10.1159/
000444369.

Mechtouff L, Bochaton T, Paccalet A, Da Silva CC,
Buisson M, Amaz C, et al. Association of interleu-
kin-6 levels and futile reperfusion after mechani-
cal thrombectomy. Neurology. 2021;96(5):E752-7.
https://doi.org/10.1212/wnl.0000000000011268.

Oh SW, Yi HJ, Lee DH, Sung JH. Prognostic sig-
nificance of various inflammation-based scores in
patients with mechanical thrombectomy for acute
ischemic stroke. World Neurosurg. 2020;141:e710-
7. https://doi.org/10.1016/j.wneu.2020.05.272.

Ozdogru D, Uysal OK, Erdem M, Soker EB, Ozturk
I, Avci A, et al. Fibrinogen to albumin ratio’s
prognostic value in ischemic stroke patients who
underwent mechanical thrombectomy. Ideggyogy
Sz. 2024. https://doi.org/10.18071/isz.77.0167.

Schuppner R, Dirks M, Grosse GM, Bockmann M,
Goetz F, Pasedag T, et al. ADAMTS-13 activity pre-
dicts outcome in acute ischaemic stroke patients
undergoing endovascular treatment. Thromb
Haemost. 2018;118(4):758-67. https://doi.org/10.
1055/5-0038-1637732.

Xiao MX, Zhao XL, Luo JQ, Zhu ZL, Wei LH, Li BB,
et al. High systemic inflammatory protein index
is associated with clinically ineffective reperfu-
sion in acute anterior circulation ischemic stroke
patients undergoing endovascular treatment.
Mol Neurobiol. 2024. https://doi.org/10.1007/
$12035-024-04068-w.

Xu BD, Wu ZD, Lin YZ, Liu Y], Liu LY, Zhang YS.
Association of plasma VEGF with futile recanali-
zation and intracranial angiogenesis in ischemic
stroke post-endovascular treatment. J Clin Neu-
rosci. 2024. https://doi.org/10.1016/j.jocn.2024.
110831.

48.

49.

50.

51.

52.

53.

54.

53.

Yeh §J, Chen CH, Lin YH, Tsai LK, Lee CW, Tang
SC, et al. Serum amyloid A predicts poor func-
tional outcome in patients with ischemic stroke
receiving endovascular thrombectomy: a case con-
trol study. ] Neurointerv Surg. 2023;15(1):75-81.
https://doi.org/10.1136/neurintsurg-2021-018234.

Yi HJ, Sung JH, Lee DH. Systemic inflammation
response index and systemic immune-inflamma-
tion index are associated with clinical outcomes
in patients treated with mechanical thrombec-
tomy for large artery occlusion. World Neurosurg.
2021;153:€282-9. https://doi.org/10.1016/j.wneu.
2021.06.113.

Yi X, Wu C, Wang H, Li Q, Zhao X, Heng ]J. Effect
of connective tissue growth factor and inflamma-
tory factors on the condition and prognosis of
patients undergoing reperfusion for acute ischemic
stroke. (1943-8141 (Print)).

Suzuki §, Tanaka K, Suzuki N. Ambivalent aspects
of interleukin-6 in cerebral ischemia: inflamma-
tory versus neurotrophic aspects. ] Cereb Blood
Flow Metab. 2009;29(3):464-79. https://doi.org/
10.1038/jcbfm.2008.141.

Zhou HH, Tang YL, Xu TH, Cheng B. C-reac-
tive protein: structure, function, regulation,
and role in clinical diseases. Front Immunol.
2024;15:1425168. https://doi.org/10.3389/fimmu.
2024.1425168.

Spitzer D, Guerit S, Puetz T, Khel MI, Armbrust M,
Dunst M, et al. Profiling the neurovascular unit
unveils detrimental effects of osteopontin on the
blood-brain barrier in acute ischemic stroke. Acta
Neuropathol. 2022;144(2):305-37. https://doi.org/
10.1007/s00401-022-02452-1.

Spitzer D, Puetz T, Armbrust M, Dunst M,
Macas J, Croll F, et al. Anti-osteopontin ther-
apy leads to improved edema and infarct size
in a murine model of ischemic stroke. Sci Rep.
2022;12(1):20925. https://doi.org/10.1038/
$41598-022-25245-8.

Chen AQ, Fang Z, Chen XL, Yang S, Zhou YF, Mao
L, et al. Microglia-derived TNF-alpha mediates
endothelial necroptosis aggravating blood brain-
barrier disruption after ischemic stroke. Cell Death
Dis. 2019;10(7):487. https://doi.org/10.1038/
$41419-019-1716-9.

Hosomi N, Ban CR, Naya T, Takahashi T, Guo P,
Song XY, et al. Tumor necrosis factor-alpha neu-
tralization reduced cerebral edema through inhibi-
tion of matrix metalloproteinase production after
transient focal cerebral ischemia. J] Cereb Blood
Flow Metab. 2005;25(8):959-67. https://doi.org/
10.1038/sj.jcbfm.9600086.

A\ Adis


https://doi.org/10.2147/ijgm.S456144
https://doi.org/10.2147/ijgm.S456144
https://doi.org/10.3389/fphar.2022.949290
https://doi.org/10.3389/fphar.2022.949290
https://doi.org/10.2147/jir.S419087
https://doi.org/10.2147/jir.S419087
https://doi.org/10.1159/000444369
https://doi.org/10.1159/000444369
https://doi.org/10.1212/wnl.0000000000011268
https://doi.org/10.1016/j.wneu.2020.05.272
https://doi.org/10.18071/isz.77.0167
https://doi.org/10.1055/s-0038-1637732
https://doi.org/10.1055/s-0038-1637732
https://doi.org/10.1007/s12035-024-04068-w
https://doi.org/10.1007/s12035-024-04068-w
https://doi.org/10.1016/j.jocn.2024.110831
https://doi.org/10.1016/j.jocn.2024.110831
https://doi.org/10.1136/neurintsurg-2021-018234
https://doi.org/10.1016/j.wneu.2021.06.113
https://doi.org/10.1016/j.wneu.2021.06.113
https://doi.org/10.1038/jcbfm.2008.141
https://doi.org/10.1038/jcbfm.2008.141
https://doi.org/10.3389/fimmu.2024.1425168
https://doi.org/10.3389/fimmu.2024.1425168
https://doi.org/10.1007/s00401-022-02452-1
https://doi.org/10.1007/s00401-022-02452-1
https://doi.org/10.1038/s41598-022-25245-8
https://doi.org/10.1038/s41598-022-25245-8
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1038/sj.jcbfm.9600086
https://doi.org/10.1038/sj.jcbfm.9600086

Neurol Ther

56.

57.

58.

59.

60.

61.

62.

63.

64.

635.

Alawieh A, Elvington A, Tomlinson S. Comple-
ment in the homeostatic and ischemic brain.
Front Immunol. 2015;6:417. https://doi.org/10.
3389/fimmu.2015.00417.

Sheriff A, Kayser S, Brunner P, Vogt B. C-reactive
protein triggers cell death in ischemic cells. Front
Immunol. 2021;12:630430. https://doi.org/10.
3389/fimmu.2021.630430.

Endres M, Moro MA, Nolte CH, Dames C, Buck-
walter MS, Meisel A. Immune pathways in etiol-
ogy, acute phase, and chronic sequelae of ischemic
stroke. Circ Res. 2022;130(8):1167-86. https://doi.
0rg/10.1161/CIRCRESAHA.121.319994.

Kumari S, Dhapola R, Sharma P, Nagar P, Medhi
B, HariKrishnaReddy D. The impact of cytokines
in neuroinflammation-mediated stroke. Cytokine
Growth Factor Rev. 2024;78:105-19. https://doi.
org/10.1016/j.cytogfr.2024.06.002.

Shi K, Tian DC, Li ZG, Ducruet AF, Lawton MT, Shi
FD. Global brain inflammation in stroke. Lancet
Neurol. 2019;18(11):1058-66. https://doi.org/10.
1016/S1474-4422(19)30078-X.

Yan YP, Lang BT, Vemuganti R, Dempsey R]J.
Osteopontin is a mediator of the lateral migra-
tion of neuroblasts from the subventricular zone
after focal cerebral ischemia. Neurochem Int.
2009;55(8):826-32. https://doi.org/10.1016/j.neu-
int.2009.08.007.

Ladwig A, Walter HL, Hucklenbroich J, Willuweit
A, Langen KJ, Fink GR, et al. Osteopontin aug-
ments M2 microglia response and separates M1-
and M2-polarized microglial activation in per-
manent focal cerebral ischemia. Mediat Inflamm.
2017. https://doi.org/10.1155/2017/7189421.

Whiteley W, Jackson C, Lewis S, Lowe G, Rumley
A, Sandercock P, et al. Inflammatory markers and
poor outcome after stroke: a prospective cohort
study and systematic review of interleukin-6.
PLoS Med. 2009;6(9):e1000145. https://doi.org/
10.1371/journal.pmed.1000145.

Bustamante A, Sobrino T, Giralt D, Garcia-Berro-
coso T, Llombart V, Ugarriza I, et al. Prognostic
value of blood interleukin-6 in the prediction
of functional outcome after stroke: a system-
atic review and meta-analysis. ] Neuroimmunol.
2014;274(1-2):215-24. https://doi.org/10.1016/j.
jneuroim.2014.07.015.

BYuPYangXXuLShao2019C-reactive protein for
predicting all-cause mortality in patients with
acute ischemic stroke: a meta-analysisBiosci
Rep10.1042/BSR20181135Yu B, Yang P, Xu X,
Shao L. C-reactive protein for predicting all-cause
mortality in patients with acute ischemic stroke:

66.

67.

68.

69.

70.

71.

72.

73.

74.

a meta-analysis. 2019. Biosci Rep. https://doi.org/
10.1042/BSR20181135.

McCabe JJ, O'Reilly E, Coveney S, Collins R, Healy
L, McManus J, et al. Interleukin-6, C-reactive
protein, fibrinogen, and risk of recurrence after
ischaemic stroke: systematic review and meta-
analysis. Eur Stroke J. 2021;6(1):62-71. https://
doi.org/10.1177/2396987320984003.

McCabe JJ, Walsh C, Gorey S, Harris K, Hervella
D, Iglesias-Rey R, et al. C-reactive protein, inter-
leukin-6, and vascular recurrence after stroke: an
individual participant data meta-analysis. Stroke.
2023;54(5):1289-99. https://doi.org/10.1161/
STROKEAHA.122.040529.

Soldozy S, Yagmurlu K, Norat P, Elsarrag M, Cos-
tello J, Farzad F, et al. Biomarkers predictive of
long-term outcome after ischemic stroke: a meta-
analysis. World Neurosurg. 2022;163:e1-42.
https://doi.org/10.1016/j.wneu.2021.10.157.

de Liyis BG, Ardhaputra GYB, Liyis S, Wihandani
DM, Siahaan YMT, Pinatih KJP. High C-reactive
protein/albumin ratio predicts mortality and hem-
orrhage in stroke patients undergoing mechani-
cal thrombectomy: a systematic review and meta-
analysis. World Neurosurg. 2024;188:211-9 el.
https://doi.org/10.1016/j.wneu.2024.05.139.

Reda A, Ghozy S, Elfil M, Spirollari E, Gajjar A,
Al-Mufti F. Impact of D-dimer on the outcomes
of endovascular thrombectomy for acute ischemic
stroke: a systematic review and meta-analysis.
Interv Neuroradiol. 2024. https://doi.org/10.1177/
15910199241289628.

Szegedi I, Eles ZB, Nagy A, Bagoly Z. Venous blood
cell ratios as predictors of reperfusion outcomes
in ischemic stroke: a systematic review and meta-
analysis. Neurol Ther. 2026;15(2):561-80. https://
doi.org/10.1007/s40120-025-00881-0.

Rodrigues RF, Hidalgo RCT, Batista S, Lopes ]B,
Mantovani GP, Oliveira PHM, et al. Prognostic bio-
markers in ischemic stroke treated with mechani-
cal thrombectomy: a systematic review. Arq Neu-
ropsiquiatr. 2025;83(10):1-7. https://doi.org/10.
1055/5-0045-1812301.

Denes A, Ferenczi S, Kovacs KJ. Systemic inflam-
matory challenges compromise survival after
experimental stroke via augmenting brain inflam-
mation, blood-brain barrier damage and brain
oedema independently of infarct size. ] Neuro-
inflamm. 2011;8:164. https://doi.org/10.1186/
1742-2094-8-164.

Xu X, Yuan L, Wang W, Xu J, Yang Q, Zhu Y,
et al. Systemic inflammatory response syndrome
and outcomes in ischemic patients treated with

A\ Adis


https://doi.org/10.3389/fimmu.2015.00417
https://doi.org/10.3389/fimmu.2015.00417
https://doi.org/10.3389/fimmu.2021.630430
https://doi.org/10.3389/fimmu.2021.630430
https://doi.org/10.1161/CIRCRESAHA.121.319994
https://doi.org/10.1161/CIRCRESAHA.121.319994
https://doi.org/10.1016/j.cytogfr.2024.06.002
https://doi.org/10.1016/j.cytogfr.2024.06.002
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1016/j.neuint.2009.08.007
https://doi.org/10.1016/j.neuint.2009.08.007
https://doi.org/10.1155/2017/7189421
https://doi.org/10.1371/journal.pmed.1000145
https://doi.org/10.1371/journal.pmed.1000145
https://doi.org/10.1016/j.jneuroim.2014.07.015
https://doi.org/10.1016/j.jneuroim.2014.07.015
https://doi.org/10.1042/BSR20181135
https://doi.org/10.1042/BSR20181135
https://doi.org/10.1177/2396987320984003
https://doi.org/10.1177/2396987320984003
https://doi.org/10.1161/STROKEAHA.122.040529
https://doi.org/10.1161/STROKEAHA.122.040529
https://doi.org/10.1016/j.wneu.2021.10.157
https://doi.org/10.1016/j.wneu.2024.05.139
https://doi.org/10.1177/15910199241289628
https://doi.org/10.1177/15910199241289628
https://doi.org/10.1007/s40120-025-00881-0
https://doi.org/10.1007/s40120-025-00881-0
https://doi.org/10.1055/s-0045-1812301
https://doi.org/10.1055/s-0045-1812301
https://doi.org/10.1186/1742-2094-8-164
https://doi.org/10.1186/1742-2094-8-164

Neurol Ther

endovascular treatment. Clin Interv Aging. inducing immune modulation after brain injury.
2020;15:2331-40. https://doi.org/10.2147/CIA. J Neurosci. 2015;35(2):583-98. https://doi.org/10.
$281865. 1523/JNEUROSCI.2439-14.2015.

75. Liesz A, Dalpke A, Mracsko E, Antoine DJ, Roth S,
Zhou W, et al. DAMP signaling is a key pathway

A\ Adis


https://doi.org/10.2147/CIA.S281865
https://doi.org/10.2147/CIA.S281865
https://doi.org/10.1523/JNEUROSCI.2439-14.2015
https://doi.org/10.1523/JNEUROSCI.2439-14.2015

	Pre-Treatment Levels of Inflammatory Biomarkers as Predictors of Reperfusion Outcomes in Acute Ischemic Stroke: A Systematic Review and Meta-analysis
	Abstract
	Introduction: 
	Methods: 
	Results: 
	Conclusion: 

	Plain Language Summary
	Introduction
	Methods
	Search Strategy
	Study Selection
	Ethical Approval
	Data Extraction
	Quality Assessment
	Statistical Analysis

	Results
	Study Selection
	Study Characteristics
	Quality Assessment
	Association Between IL-6 and 3-Month Poor Outcome After Intravenous Thrombolysis
	Association Between Osteopontin and 3-Month Poor Outcome After Intravenous Thrombolysis
	Association Between TNF-α and 3-Month Poor Outcome After Intravenous Thrombolysis
	Association Between CRP and 3-Month Poor Outcome After Intravenous Thrombolysis
	Publication Bias

	Discussion
	Limitations
	Conclusions
	References


