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Purpose: Cell-based therapy is a promising approach for ischemic stroke
treatment. This systematic review and meta-analysis aimed to consolidate
clinical evidence on the use of neuroimaging to evaluate stem cell therapy
across all stages of stroke recovery.

Methods: A systematic search was conducted in 5 databases in July 2025.
They were included if neuroimaging analysis, regardless of cell source, route
administration or dosage were reported. The level of evidence and risk of bias
were assessed using the ROB-2 or ROBINS-I tool. Imaging data from all included
articles were extracted, and randomized-effect meta-analyses were performed
when two or more outcomes were available for any reported imaging parameter.
Results: Thirty articles were included in the systematic review, of which four were
eligible for meta-analysis. Meta-analysis of subacute stroke patients revealed no
significant differences in infarct volume reduction at 3 months (SMD = —0.50;
95% Cl: =1.15to 0.51; p = 0.13; I = 63%) or 1 year (SMD = -1.02; 95% Cl: —3.63
t01.60; p = 0.45; I? = 92%) between treatment and control group. Chronic stroke
patients exhibited less overall volume loss. There was a trend toward improved
white matter recovery and motor cortex activity, reflected in increased DTl and
fMRI parameters. SPIO-labeled autologous stem cells recently proved safe in
patients, with T2* imaging showing engraftment and migration.

Conclusion: Advanced neuroimaging offers a valuable non-invasive tool
for assessing the effects of stem cell therapy in ischemic stroke. However,
substantial heterogeneity in imaging protocols and reporting limits cross-study
comparisons. Standardization of neuroimaging methodology is essential to
advance future research and clinical translation.
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Introduction

Stroke remains one of the leading causes of death and long-term
disability worldwide. Among its subtypes, ischemic stroke accounts
for the vast majority of cases, arising from obstruction of cerebral
blood flow and subsequent brain tissue damage. The growing global
burden is striking: from 1990 to 2019, the incidence of ischemic
stroke increased by 70% and prevalence by over 100%, with parallel
rises in mortality and disability (1). These statistics underscore the
urgent need for more effective therapeutic strategies.

Currently, the most effective treatments for ischemic stroke are
reperfusion-based interventions, including intravenous thrombolysis
and endovascular therapy (EVT). While these approaches can restore
blood flow and improve outcomes, their clinical application is limited
by narrow therapeutic windows, strict eligibility criteria, and
incomplete functional recovery in many patients (2). As a result, a
substantial proportion of stroke survivors are left with persistent
neurological deficits, highlighting the unmet need for restorative
therapies that extend beyond the acute treatment window.

Stem cell therapy has emerged as a promising approach in this
context. Building on the 2012 Nobel Prize-winning discovery that
somatic cells can be reprogrammed into pluripotent stem cells,
preclinical and clinical studies have explored the potential of stem cells
to enhance brain repair after ischemic stroke. These studies suggest that
stem cells may exert beneficial effects through multiple mechanisms,
including promoting neurogenesis, angiogenesis, and synaptic
plasticity, as well as modulating neuroinflammation and immune
response (3-5). Clinical trials to date have demonstrated safety and
feasibility, with early signals of efficacy across different stem cell types,
transplantation routes, and stages after stroke onset (6-9).

Despite these advances, critical challenges remain in optimizing
stem cell therapy for stroke, particularly in objectively assessing
therapeutic effects in the human brain. Neuroimaging offers tools to
address this need, providing noninvasive biomarkers of structural and
functional brain changes. Techniques such as diffusion tensor imaging
(DTI), functional MRI (fMRI), perfusion imaging, and positron
emission tomography (PET) can reveal the mechanisms of action,
monitor brain repair, and potentially predict clinical outcomes. While
prior reviews have summarized stem cell mechanisms, delivery
methods, and safety, comparatively little attention has been given to the
role of neuroimaging in this field (2, 10-14).

The aim of this systematic review is therefore to synthesize current
evidence on structural and functional neuroimaging of stem cell
therapy in ischemic stroke. By focusing on imaging biomarkers, we
highlight how neuroimaging contributes to understanding treatment
mechanisms, evaluating efficacy, and guiding the future development
of regenerative therapies for stroke patients.

Methods

Ethics approval by an Institutional Review Board (IRB) was not
required for this systematic review.
Protocol and registration

The search strategy and written methodology were developed
with the assistance of the medical librarians, following the Preferred

Frontiers in Neurology

10.3389/fneur.2026.1718086

Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (15), the Peer-Review of Electronic Search Strategies
(PRESS) (16), the National Academies (IOM) Standards for Systematic
Reviews (17), and the Cochrane guidelines (18).

Inclusion and exclusion criteria

Studies were included if they were published in a peer-reviewed
journal, evaluated ischemic stroke in an adult population,
administered a specific type of stem cells or stimulating factors for
stroke, and included results based on one or more evaluations of
functional imaging parameters, including MRI or PET (Table 1).
Exclusion criteria were studies that were not full research articles,
animal studies, dissertations, or review articles. Additionally,
studies focusing on populations with hemorrhagic stroke or strokes
from sickle cell or moyamoya diseases were excluded. This selection
was chosen to enhance the focus on imaging related to arterial
ischemic infarcts.

Information sources and search strategy

MEDLINE, EMBASE, Scopus, Cochrane Central Register of
Controlled Trials and Web of Science were searched by a medical
librarian (EW). To identify any missing reports, we also hand-
searched the references lists from included studies and identified
articles meeting the inclusion criteria, contacting authors and
experts, and examining related articles in PubMed and Google
Scholar. An updated search was conducted in July 2025. Complete,
reproducible search strategies for each database are provided in the
Supplementary materials.

Study selection and data extraction

All titles, abstracts, and full manuscripts underwent review by
two unique individuals within the authorship team, utilizing
Covidence systematic review software. In cases of discrepancies,
two authors (BJ, MZ) conducted a joint review to reach a final
decision regarding study inclusion. To enhance transparency, the
predefined PICOS-based inclusion and exclusion criteria (Table 1)
were applied consistently throughout title/abstract and full-text
review. After full-text screening, we collected the data using a data
extraction form. Data collection included: stage of ischemic stroke
(acute [<7 days], subacute [1 ~ 12 weeks] or chronic [>3 months]),
route, dosage, and type of stem cells introduced, baseline NTHSS,
the number of subjects in the intervention and the control group (if
present), infarct size and how it was reported (volume, percentage,
and etc.), DTI parameters (FA, MD, and etc.), functional MRI, PET
changes, and other imaging parameters (such as SPIO labeled T2*).

Risk of bias assessment and level of
evidence

Two authors (B], YL) evaluated the risk of bias using the ROB-2
(Cochrane risk-of-bias tool) for the randomized control studies
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TABLE 1 Inclusion and exclusion criteria for studies identified in the search (PICOS).

Inclusion criteria Exclusion criteria

Population:
o Adult (age 18+)
Diagnosis:

« confirmed ischemic stroke (irrespective of stage)

Population:

o Pediatric patients

« Animal studies
Diagnosis of:

» Hemorrhagic stroke

o Stroke from sickle cell disease/Moyamoya disease

Intervention: Treated with stem cells/stimulating factors
o AD-MSCs: amniotic-derived mesenchymal stem cells
« BMMSCs: bone marrow mesenchymal stem cells

o HNSC: human neural stem cell

o MSCs: mesenchymal stem cells

o NPCs: neural progenitor cells

o NSPCs: neural stem/progenitor cells

« OECs: olfactory ensheathing cells

o PBSCs: peripheral blood stem cells

o SCs: Schwann cells

« UCB: umbilical cord blood

o UCMSCs: umbilical cord mesenchymal stromal cells
« Dental pulp stem cells

o CD34 + cells

o G-CSF: Granulocyte colony-stimulating factor

Intervention:

« Not treated with mentioned stems/stimulating factors
Publications without enough imaging and outcome data or not peer-reviewed:
o Abstracts

« Dissertations

« Book chapters

« Systematic reviews

« Commentary

« Interviews

« Study protocols

o PhD theses

Comparisons:

« With control group and/or

« With baseline and/or

« With contralesional hemisphere and/or

« Correlation with clinical biomarkers

No quantitative comparison /longitudinal assessment /clinical correlation.

Outcome: Imaging-based quantitative measures, including:
« Structural MRI (e.g., infarct volume, T2Flair high signal)
« DTI (e.g, FA, MD)

« Perfusion imaging (e.g., CBE, CBV, MTT)

« fMRI (task-based or resting-state)

« MR spectroscopy (metabolite ratios)

o SPIO labeled imaging

« PET (e.g., SUVr)

No imaging or lower-resolution / non-quantitative imaging modalities (e.g., CT,

SPECT, ultrasound)

(19), and ROBINS-I (Risk of Bias in Non-Randomized Studies of
Interventions) tool for non- randomized control studies (20). The
following domains were assessed: confounding, selection of
participants, classification of interventions, deviations from
intended interventions, missing data, measurement of outcomes,
selection of reported results, and overall risk of bias. The risk of bias
was then classified as high, moderate, or low according to the
ROB-2 and ROBINS-I tool. The corresponding author was
contacted to retrieve missing data. To grade the overall strength of
evidence from the included studies, the level of evidence of each
included study was assessed by The Oxford Centre for Evidence-
Based Medicine Levels of Evidence and scored accordingly
(CEBM) (21).

Reporting bias assessment

If at least 10 studies were available for an outcome, we planned to
assess reporting bias using funnel plots.

Frontiers in Neurology
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Statistical analysis

We employed a random-effects meta-analysis to combine the
study results. Meta-analyses were conducted using Review
Manager version 5.4 software (RevMan 2020). For continuous
variables, we computed the standard mean difference (SMD) and
95% confidence interval (CI). In cases where numerical outcome
data were not directly reported in the original publications,
graphical data were extracted. We obtained these values either by
contacting the corresponding authors or, when necessary, by
digitizing published figures using Web Plot Digitizer' (22). This
ensured inclusion of studies that otherwise lacked extractable
numerical data. Heterogeneity was quantified with the I* statistic,
with values of 25, 50, and 75% considered low, moderate, and

1 https://apps.automeris.io/wpd/
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high, respectively. A two-tailed p value < 0.05 was considered
statistically significant.

Results
Search results

A total of 3,838 articles from 5 databases were initially identified.
After removing duplicates, 2,685 articles remained. Full-text review
was completed on 106 studies, and 30 studies were included in this
review (Figure 1). Studies were excluded for the following reasons: (1)
not peer-reviewed (n = 45); (2) no imaging to outcome analysis or
insufficient imaging data (n = 15); (3) ineligible population (n = 11);

10.3389/fneur.2026.1718086

(4) non-English (n = 3); (5) wrong intervention (n = 1); (6) wrong
indication (n = 1).

Characteristics and quality of evidence of
included studies

Of the 30 included studies, 22 were clinical trials, with 8 studies
involving sub-analyses of the same study. These studies were
conducted in various regions: 4 in North America, 5 in Europe, 12 in
Asia, and 1 in Africa (Table 2). All studies incorporated MRI or
PET. Among them, 16 studies compared infarct sizes between baseline
and the latest available follow-up based on T1-weighted images, 6
included the identification of abnormal high signals on T2 FLAIR

Studies from databases/registers (n = 3838)
Scopus (n =720)
Embase (n = 781)
Web of Science (n = 1873)
PubMed (n = 389)
CENTRAL (n =75)

References from other sources (n = 2)
Citation searching (n = 2)
Grey literature (n = 0)

c
o
=}
©
=
&
b=
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@
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References removed (n = 1155)
Duplicates identified manually (n = 4)

Duplicates identified by Covidence (n = 1151)
Marked as ineligible by automation tools (n = 0)
Other reasons (n =0)

Studies screened (n = 2685) —>| Studies excluded (n = 2579)
Studies sought for retrieval (n = 106) —>! Studies not retrieved (n = 0)
oo
c
7
Q N
5 Studies excluded (n =76
A Studies assessed for eligibility (n = 106) —> case report (n =(9) )
not English (n =3)
animal studies (n = 8)
meeting abstract (n = 22)
Wrong indication (n=1)
Wrong intervention (n = 1)
cInical trial protocol (n = 10)
Wrong patient population (n = 3)
no imaging outcome evaluation (n = 15)
not original research article (n = 4)
VY
Studies included in review (n = 30)
FIGURE 1
PRISMA flowchart illustrating the process of selecting studies included.
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TABLE 2 Basic characteristics of included studies.

Clinical trial ' Stage of Intervention Control  Route of Cell type Infarct fMRI Perf-usion PET Others level of
stroke (# subjects) (# subjects)  introduction size evidencet
Autologous bone
Kawabor et al. Subacute SPIO-T2*
N-RCT 7 None 1C marrow derived + 4
(38) (9 ~ 12 day) /SWI
stromal cells
Autologous bone-
Moniche et al. marrow derived
RCT (IBIS) Acute (<7 Days) 38 36 1A + 1B
(30) mononuclear stem
cell
Chronic (1.6, 6, Adipose tissue
Chiuetal. (34) |N-RCT 3 None 1C + + 4
2.4 years) derived stem cells
Autologous bone-
RCT subacute marrow
Bang et al. (40) 39 15 1A% + 1B
(STARTING-2) | (<=90 days) mesenchymal stromal
cell
autologous bone-
RCT Subacute marrow
Lee et al. (44) 31 13 1A% + + 1B
(STARTING-2) | (<=90 days) mesenchymal stromal
cell
Autologous bone-
Subacute marrow derived
Law etal. (21) RCT 9 8 v + 1B
(<2 months) mesenchymal stromal
cells
Autologous bone-
Acute marrow derived
Haque etal. (27) | N-RCT 25 20 v + + 2B
(<72h) mononuclear stem
cell
Autologous bone-
RCT (ISIS- Subacute marrow derived
Jaillard et al. (45) 16 15 v + 2B
HERMES) (31 £ 7 days) mesenchymal stromal
cell
Autologous bone-
Acute marrow derived
Haque et al. (28) |N-RCT 9 None v + MRS 2B
(72 h) mononuclear stem
cell
Chronic
Zhangetal. (33) |N-RCT 9 None 1C NSI-566 cells + + + + 4
(3-24 months)
(Continued)
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TABLE 2 (Continued)

Clinical trial ' Stage of Intervention Control  Route of Cell type Infarct fMRI Perf-usion PET Others level of
stroke (# subjects) (# subjects)  introduction size evidencet
Bone-marrow
N-RCT Acute
Vahidy et al. (39) 25 None v derived mononuclear 2B
(SIVMAS) (<72h)
stem cell
Steinberg et al. Chronic
N-RCT 18 None 1C SB623 cells 4
(37) (6-60 months)
Kalladka et al. N-RCT chronic
7 None 1C CTXOEO3 cells + 4
(46) (PISCES) (6-60 months)
Autologous bone-
Subacute marrow derived
Ghalietal. (24) |N-RCT 21 18 1A + 2B
(1-12 week) mononuclear stem
cell
Kalladka et al. N-RCT Chronic
11 None 1C CTXOEO3 cells 4
(35) (PISCES) (6-60 months)
Steinberg et al. Chronic
N-RCT 18 None 1C SB623 cells 4
(36) (6-60 months)
Wanamake et al. | N-RCT Chronic 5 5 1C Mesenchymal stem + 2B
(32) (6-60 months) cells
Taguchi et al. N-RCT Acute 7/12 0/59 v Autologous bone- + 4
(49) (<10 days) marrow derived
mesenchymal stromal
cell
Banerjee et al. N-RCT Acute 5 None 1A Autologous + 4
(29) (<7 days) CD34 + selected
stem/progenitor cell
Prasad et al. (25) | RCT Subacute 57 60 1\% autologous bone- + 1B
(7-30 days) marrow derived
mononulcear cells
Chenetal. (41) |RCT chronic 15 15 1C GCS-F + autologous 2B
(6-60 months) peripheral blood
hematopoietic stem
cells
England et al. RCT Subacute 14/40 6/20 subcutaneous G-CSF + 1B
(23) (3-30 days)
Bhasin et al. (43) | N-RCT Chronic 12 12 v Autologous bone- + 2B
(3-24 months) marrow derived
mesenchymal stromal
cell
(Continued)
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TABLE 2 (Continued)

Clinical trial Stage of Intervention Control  Route of Cell type Infarct fMRI Perf-usion PET Others level of
stroke (# subjects) (# subjects) introduction size evidencet
Boy et al. (62) N-RCT Acute 18 None subcutaneous G-CSF + 4
(<12h)
Honmou et al. N-RCT subacute and 12 None v Autologous bone- + + 4
(42) chronic marrow derived
(36-133 days) mesenchymal sromal
cell
Savitz et al. (63) |N-RCT Acute 10 None 1A% Autologous bone- +(IER) 4
(1 ~ 3 day) marrow derived
mesenchymal stromal
cell
Shyuetal. (48)  RCT Acute 7 3 subcutaneous G-CSF + + 2B
(<7 days)
Bangetal. (31)  RCT chronic 5 5/25 v Autologous bone- + 2B
(41-61 days) marrow derived
mesenchymal stromal
cell
Meltzer et al. N-RCT Chronic 11 None 1C LBS-Neurons + 4
(47) (6-72 months)
Kondziolka et al. | N-RCT Chronic 11 None 1C LBS-Neurons + + 4
(50) (6-72 months)

NSI-566 cells: human neural stem cells clonally derived from human fetal spinal cord without genetic modification; SB623 cells: allogeneic modified bone marrow-derived mesenchymal stem cells with a plasmid vector encoding the human Notch-1 intracellular
domain; CTXO0E03 cells: human neural stem cells clonally derived from human fetal cortical epithelium; LBS-Neuron: produced from the NT2/D1 human precursor cell line. IC: Intracerebral. RCT: randomized, controlled clinical trial. N-RCT: not randomized,
controlled clinical trial. tThe levels of evidence, as defined by the Oxford Centre for Evidence-Based Medicine (21), range from Level 1A, which includes systematic reviews of well-conducted randomized controlled trials (RCTs), to Level 5, which consists of expert
opinions without critical appraisal. Intermediate levels include individual RCTs (Level 1B), systematic reviews of cohort studies (Level 2A), individual cohort studies or low-quality RCTs (Level 2B), systematic reviews of case-control studies (Level 3A), individual

case—control studies (Level 3B), and case series or poor-quality observational studies (Level 4). Each level reflects the methodological rigor and reliability of the evidence provided.
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images immediately after treatment, 9 included analysis of DTI
images, 4 involved functional MRI analysis, 2 studies analyzed
perfusion MRI changes, and 5 included PET analysis.

There were 10 randomized controlled clinical trials, 4
non-randomized controlled clinical trials, 14 case series, and 2
observational case—control study that were included in this systematic
review. These reflected a mixture of Class 1B (n = 6), Class 2B (n = 10),
and Class 4 (n = 14) studies. Specifically, three studies reported on
infarct size 90 days after treatment (23-25), and two studies provided

data at the 1-year mark (24, 26).

Risk of bias within and across studies

The included studies showed varying levels of bias (Figures 2, 3).
Among the randomized controlled trials, four were rated as high risk
of bias and six as low risk. All non-randomized studies were judged to
have serious risk of bias, primarily due to confounding, such as
differences in rehabilitation received by participants. The absence of
control groups was especially common in intracerebral implantation
trials, where sham procedures were not feasible. No study was rated
as having critical or unclear risk of bias. Given this review’s focus on
imaging, the lack of blinding was identified as the most frequent
limitation, particularly in studies where regions of interest were
manually delineated.

Summary of imaging findings

o Infarct volume changes

Although 16 studies investigated infarction volume (Table 2) on
structural T1 images, quantitative data were available from 9 studies
(23-31). Volume change analysis was available in 4 studies, all
conducted in subacute stroke patients (23-26). The treatment group
(72 subjects) showed non-significant volume reduction compared to
control (59 subjects) group (SMD -0.50; 95% CI [-1.15, 0.51];
p =0.13; I* = 63%; Figure 4A). No significant difference was found
between the two groups at 12 months which was derived from 2
studies (24, 26) (SMD -1.02; 95% CI [—3.63, 1.60]; p = 0.45; I* = 92%;
Figure 4B). For chronic stroke, 2 studies showed a trend toward less
overall volume loss after mesenchymal stem cell implantation by
either measuring the secondary dilation of the adjacent ventricle or
using automated brain volume quantification (31, 32).

o T2 FLAIR

Six studies (n = 41) using intracranial administration in chronic
stroke patients reported hyperintense signals on T2 FLAIR (33-37).
Of these, 21/41 patients exhibited hyperintensity, most prominently
in the premotor cortex.

In general, signals appeared as early as 3 days post-implantation,
peaked at 7-14 days, and resolved within 1-2 months or, in some
cases, persisted up to 24 months (35, 36, 38). One study quantified
lesion size and found significant correlations with clinical
improvements in ESS, NIHSS, F-M total score, and FMMS at 1 year,
and in ESS and NIHSS at 2 years (36, 37). The transient FLAIR

Frontiers in Neurology

10.3389/fneur.2026.1718086

hyperintensity, showing negative diffusion appearance, was interpreted
as vasogenic edema, possibly reflecting blood-brain barrier disruption
due to neurotrophic factor release (e.g., VEGF) or inflammatory
response.

o DTI

Nine studies investigated DTI, seven of which focused on the
corticospinal tract (CST) (27, 33, 35, 39-44). Five studies reported
positive quantitative findings (27, 39-41, 44). General patterns
included: an initial FA decrease followed by gradual recovery at
1-2 years in acute stroke patients treated with stem cells (27, 39), and
FA preservation in subacute patients compared with controls (44).

FA values showed subtle changes over time, detectable at the
hundredth decimal place, prompting the use of relative FA
(rFA = ipsilesional/contralesional) as a more robust metric (27).
Haque et al. found that rFA of the rostral pontine CST negatively
correlated with NIHSS score at 1, 3, and 12 months (27). Chen
introduced FNA (fiber numbers asymmetry) from tractography,
noting increased fiber numbers correlated with lower NIHSS scores
in treated patients (41). ROIs around the needle track found a
non-significant FA increase near the putamen and cortex (35).

« Functional MRI

Four studies were identified (43-46), comprising two motor task
and two resting-state fMRI studies.

Motor task fMRI: Both studies (intravenous route, chronic or
subacute stroke, with control groups) demonstrated significant
improvement in primary motor cortex (BA4) activation (43, 45).
Supplementary motor cortex (BA6) also showed improvement at
2 months but not at 6 months when measured by laterality index (43).

Resting-state fMRI: One study (n = 31 treated, n = 13 controls)
showed increased ipsilesional connectivity at 90 days post-treatment,
with no changes in interhemispheric connectivity and only a trend
toward increased network efficiency and density (44). Another small
study (n = 7, no controls, intracerebral putamen injection) reported
increased connectivity with the bilateral caudate and contralateral
thalamus, and decreased connectivity with the ipsilateral parietal lobe
at 1 month. Connectivity changes correlated with spasticity scores,
and overall rs-fMRI connectivity increased across six deep gray matter
regions at 1 month (46).

o PET

Five studies were included, all using automated image registration
and processing (33, 47-50). FDG-PET (3 studies) showed increased
lesion-to-perilesional SUVr at 10-20 months and beyond (33), with
positive correlations between peri-lesional metabolism and clinical
outcomes (15, 47, 48). ["O]JH,O PET demonstrated increased
contralesional rCBF and bilateral regional metabolic rate of oxygen
consumption (rCMRO2) at 6 months (49).

Crossed cerebellar diaschisis was consistently observed
pre-transplantation. One study quantified a reduction post-
transplantation but without statistical significance (33), while another
described qualitative reduction only (49). Meltzer et al. reported
recovery and NIHSS/ESS

correlations between metabolic

improvements (47).
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Reference Outcome D1 D2 D3 D4 D5  Overall
Bang 2005 infarct volume . . . . . . ' Low risk
Bang 2022 omadtvti. @ & ® © 6 @ I Some concerns
England 2012 mactvome @ & ® ® ® @ @ rienrisk
Chen 2014 DTI FNA ® 06 ' 0
Jaillard 2020 fMRI . . . . ‘ . D1 Randomisation process
Law 2021 infarct volume . . . . . . D2 Deviations from the intended interventions
Lee 2022 DTI & rsMRI . ‘ . . . . D3 Missing outcome data
Prasad 2014 infarct volume . . . . . ‘ D4 Measurement of the outcome
Shyu 2006 infarct volume & PET ! . . . ! ‘ DS Selection of the reported result
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FIGURE 2
Summary of risk of bias assessment as determined with the RoB-2 tool in the 10 randomized controlled trials.

o Perfusion

MRI perfusion analysis was identified in 2 studies (33, 42). ASL
perfusion study demonstrated significant lesion-to-perilesional CBF
ratio differences at 10-20 months and > 20 months, but not at
6-10 months (33). One single-subject was found to have a CBF
increase in peri-infarct tissue 7 days post-injection (42).

o Other Modalities

SPIO Tracking: SPIO (superparamagnetic iron oxide) labeling has
long been used in preclinical animal models to monitor the migration
and survival of transplanted stem cells. Recent clinical evidence has
now demonstrated its feasibility in humans (38). Transplanted cells
were initially detected at the injection site, with signal intensity
declining within the first month. New hypointense T2* signals
emerged in the peri-infarct region between 1 and 6 months and
persisted for at least 1 year. These de novo signals, predominantly
located near the subventricular zone, were interpreted as
migrated cells.

Magnetic Resonance Spectroscopy (MRS): One study (n = 8)
found significant increases in N-acetylaspartate (NAA) between 3 and
6 months, with NAA positively correlating with NIHSS at 3 months.
This temporal metabolite changes were suggested to reflect therapeutic
effects (28).
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Discussion

This systematic review synthesizes current evidence on the
application of neuroimaging in evaluating stem cell therapy for
ischemic stroke. While clinical outcomes remain the primary
endpoints in stroke trials, neuroimaging provides a complementary
lens by uncovering biological processes that underlie recovery. These
imaging-based findings are particularly valuable in early-phase
studies, where treatment effects may be subtle or delayed, and can help
identify biomarkers of therapeutic efficacy. Together, the reviewed
evidence suggests that neuroimaging has the potential not only to
measure outcomes but also to guide mechanistic understanding and
optimize treatment strategies.

Interpretation of imaging findings

Given that most spontaneous recovery occurs within the first
3-6 months post-stroke (51), our meta-analysis focused on subacute
patients to minimize confounding from natural recovery (52). Despite
this refinement, the pooled results demonstrated no statistically
significant differences in infarct volume between treatment and
control groups at both 3 and 12 months. This reinforces the
recognition that infarct volume is an insensitive marker of stem cell
effects. Our findings, therefore, emphasize the limited value of infarct

frontiersin.org


https://doi.org/10.3389/fneur.2026.1718086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Jiang et al. 10.3389/fneur.2026.1718086
- Bias due to - . .
Bias due to Bias in selection l.has l_n deviations from Bias due to Biasin Bias in selection Overall
Study ) L. classification of . .. measurement of of the reported .
founding of particif . intended missing data Bias
inter . . outcomes result
interventions
Banerjee 2014 Serious Low Low Low Low Low Low Serious
Bhasin 2012 Serious Low Low Low Low Low Low Serious
Boy 2011 Serious Low Low Low Low Low Low Serious
Chiu 2022 Serious Low Low Low Low Serious Low Serious
Ghali 2016 Serious Low Low Low Low Low Low Serious
Haque 2021 Serious Low Low Low Low Serious Low Serious
Haque 2019 Serious Low Low Low Low Serious Low Serious
Vahidy 2019 Serious Low Low Serious Low Serious Low Serious
Honmou 2011 Serious Low Low Low Low Serious Low Serious
Kalladka 2016 Serious Low Low Low Low Serious Low Serious
Kalladka 2019 Serious Low Low Low Moderate Serious Low Serious
Kawabori 2024 Serious Low Low Low Low Low Low Serious
Kondziolka 2000 Serious Low Low Low Low Moderate Low Serious
Meltzer 2001 Serious Low Low Low Low Moderate Low Serious
Savitz 2011 Serious Low Low Low Low Low Low Serious
Steinberg 2016 Serious Low Low Low Low Serious Low Serious
Steinberg 2019 Serious Low Low Low Low Serious Low Serious
Taguchi 2015 Serious Low Low Serious Moderate Serious Low Serious
‘Wanamaker 2015 Serious Low Low Low Low Low Low Serious
Zhang 2019 Serious Low Low Low Low Low Low Serious
FIGURE 3
Summary of risk of bias assessment in the non-randomized clinical trials as determined with the ROBINS-I tool.
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FIGURE 4
Meta-analysis of infarct volume changes among subacute ischemic stroke patients undergoing therapy. (A) Infarct volume change at 3 months after
treatment. (B) Infarct volume change at 1 year after treatment. Forest plots display standardized mean differences (SMDs) with 95% confidence intervals
using a random-effects model, comparing intervention and control groups.

volume as a surrogate endpoint for regenerative therapies and
highlight the need to rely on advanced neuroimaging biomarkers that

are more closely tied to neural repair and functional recovery.

Advanced modalities such as DTI, fMRI, and PET offer a more
nuanced picture. DTT findings suggest that stem cell therapy may help
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tract, although absolute FA changes were minimal (53-55). The use of

rFA and tractography-derived measures such as fiber number
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asymmetry reflects the field’s effort to detect subtle changes that may
relate to motor recovery. However, heterogeneity in acquisition and
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processing methods remains a major barrier to interpretation, limiting
the comparability of results across studies.

Functional and metabolic imaging extend these observations
beyond the lesion site. Functional MRI studies demonstrated
increased motor cortex activation and changes in interhemispheric
connectivity, while PET revealed contra-lesional increases in perfusion
and metabolism (49). Together, these findings support the concept of
bilateral reorganization and neuroplasticity, consistent with preclinical
evidence that stem cell therapy may facilitate network-level
compensation rather than purely local repair (56-59). Such
mechanisms may be critical for explaining functional recovery when
direct cell replacement is unlikely.

The recent clinical study showed SPIO-labeled stem cell
tracking is safe and feasible (38). Their imaging observations offer
valuable insight into the spatiotemporal dynamics of cell therapy
and may help clarify the underlying therapeutic mechanisms. The
detection of de novo signal changes in peri-infarct regions up to
1 year highlights the potential for long-term cell survival and
migration. Although preliminary, these findings underscore the
value of imaging as a tool for monitoring cell fate and optimizing
delivery strategies.

Findings across PET, ASL perfusion, and SPIO tracking converge
on the peri-infarct region as an interesting target of stem cell-
mediated repair. Rather than altering the infarct core, stem cell
therapy appears to enhance perfusion and metabolism in the peri-
lesional rim (PIR) while transplanted cells migrate and persist there
for months, often near the subventricular zone. This pattern supports
the concept of the PIR as a “receptive niche,” where viable tissue and
microvasculature provide a substrate for angiogenesis, neuroplasticity,
and synaptic remodeling. Such processes help explain why infarct
volume remains insensitive to treatment effects. These insights suggest
that future trials should prioritize PIR-specific imaging biomarkers,
which may better capture the mechanisms of repair and their
relationship to functional recovery.

Our synthesis based on current evidence shows that the value of
neuroimaging depends not only on modality but also on timing.
FLAIR and DTI can provide important information across phases,
whereas functional and metabolic changes are best captured after
1 month when physiologic remodeling is most pronounced. SPIO
tracking offers additional insights into cell fate during the first year.
While dense longitudinal imaging would maximize detection of these
processes, it is often impractical and costly. A more scientific and cost-
effective approach may be to prioritize a few critical timepoints — for
example, early subacute (safety and acute response), 3-6 months
(network reorganization and perfusion changes), and 12 months
(durability of effects). These strategically selected windows balance
feasibility and may help optimize the design of future trials.

Clinical implications for radiologists

As stem cell therapies move closer to clinical adoption, radiologists
will increasingly encounter patients who have undergone these
interventions. Characteristic findings may include early post-operative
high T2 FLAIR signal and contrast enhancement along the needle
track with gradual resolution (36), growth of new tissue inside the
cavity (33); and less extensive volume loss on future follow-up studies
(32). Complications such as subdural and epidural hematoma and
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parenchymal hemorrhage have been reported by other review articles
(60, 61). If stem cells were labeled with supermagnetic iron
nanoparticles, they may show dark signals on susceptibility-weighted
or T2*-weighted images 24 h after introduction, which fade gradually
after 1 month and migrate afterwards (38). Moreover, systemic
distribution, such as spleen involvement after intravenous infusion,
reinforces the need for whole-body perspectives when interpreting
imaging in this setting (3). Awareness of these patterns will be helpful
for distinguishing expected treatment effects from other pathologies.

Need for imaging standardization and
centralized processing

A major barrier to progress remains the lack of standardized imaging
pipelines and reporting practices. To enable reproducibility and facilitate
data pooling, future studies may consider adopt centralized processing
frameworks such as fMRIPrep for functional MRI and QSIPrep for
diffusion imaging and use shared anatomical templates and standardized
data formats (e.g., BIDS). Incorporating automated analysis can reduce
inter-rater variability and increase transparency, particularly in
multicenter studies. Sharing raw data between groups may also increase
the confidence in any reported results.

Several limitations must be taken into account. A notable
challenge in this field is the heterogeneous reporting of neuroimaging
characteristics post-treatment. The small sample size in the meta-
analysis raises concerns about its validity and requires further
validation. Many early-phase trials are small, so small-study bias is
possible. These studies were included because they provided the only
imaging data available, but their limited size reduces precision and
generalizability and underscores the need for larger trials. Sub-analyses
based on the route of introduction and correlations with clinical
biomarkers were not feasible. The included studies exhibited bias, with
most non-RCTs lacking a sham control group, highlighting the
necessity for improved study designs to minimize biases and capture
specific outcomes. Despite these limitations, this represents the most
current systematic review and meta-analysis exploring the role of
neuroimaging after stem cell treatment.

Conclusion

This systematic review highlights the value of neuroimaging in
advancing the evaluation of stem cell therapy for ischemic stroke.
Although many uncertainties remain regarding the most sensitive
imaging biomarker, current evidence suggests that infarct volume is
an insensitive marker of stem cell effects, advanced imaging can detect
subtle but biologically meaningful changes, particularly in the peri-
infarct region and across brain networks. These findings are clinically
relevant for radiologists, who may increasingly encounter post-
therapy imaging features, and scientifically important for informing
the design of future trials that incorporate imaging biomarkers as
endpoints. To move the field forward, larger, well-controlled studies
with standardized pipelines, blinded image analysis, and data sharing
are essential. Collectively, our findings indicate that while much is still
unknown, neuroimaging provides a critical window into how stem
cell therapies may reshape the injured brain and guide the
development of regenerative strategies.

frontiersin.org


https://doi.org/10.3389/fneur.2026.1718086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Jiang et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author/s.

Author contributions

BJ: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing - review & editing. MZ: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Project
administration, Validation, Writing - original draft, Writing — review &
editing. ET: Data curation, Formal analysis, Investigation, Methodology,
Supervision, Writing — original draft, Writing — review & editing. YL:
Data curation, Investigation, Validation, Writing — original draft,
Writing - review & editing. AF: Data curation, Investigation, Writing —
original draft, Writing — review & editing. W-KW: Investigation,
Supervision, Validation, Writing — original draft, Writing — review &
editing. MM: Writing - original draft, Writing — review & editing. MW:
Writing - original draft, Writing - review & editing. GS:
Conceptualization, Resources, Supervision, Writing — original draft,
Writing - review & editing. GZ: Conceptualization, Resources,
Supervision, Writing — original draft, Writing - review & editing.

Funding

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

References

1. Feigin, VL, Brainin, M, Norrving, B, Martins, S, Sacco, RL, Hacke, W, et al. World
stroke organization (WSO): global stroke fact sheet 2022. Int J Stroke. (2022) 17:18-29.
doi: 10.1177/17474930211065917

2. Boncoraglio, GB, Ranieri, M, Bersano, A, et al. Stem cell transplantation for
ischemic stroke. Cochrane Database Syst Rev. (2019) 9:CD007231. doi: 10.1002/14651858.
CD007231.pub3

3. Anthony, S, Cabantan, D, Monsour, M, and Borlongan, CV. Neuroinflammation,
stem cells, and stroke. Stroke. (2022) 53:1460-72. doi: 10.1161/strokeaha.
121.036948

4. Boltze, J, and Perez-Pinzon, MA. Focused update on stroke neuroimmunology:
current progress in preclinical and clinical research and recent mechanistic insight.
Stroke. (2022) 53:1432-7. doi: 10.1161/strokeaha.122.039005

5. Gao, J, Yao, M, Chang, D, and Liu, J. mTOR (mammalian target of rapamycin):
hitting the bull’s eye for enhancing neurogenesis after cerebral ischemia? Stroke. (2023)
54:279-85. doi: 10.1161/STROKEAHA.122.040376

6. Yamashita, T, Kushida, Y, Abe, K, and Dezawa, M. Non-tumorigenic pluripotent
reparative muse cells provide a new therapeutic approach for neurologic diseases. Cells.
(2021) 10:961. doi: 10.3390/cells10040961

7. Nito, C, Suda, S, Nitahara-Kasahara, Y, Okada, T, and Kimura, K. Dental-pulp stem
cells as a therapeutic strategy for ischemic stroke. Biomedicine. (2022) 10:737. doi:
10.3390/biomedicines10040737

8. Wang, H, Sun, M, Sun, J, Gong, P, Liu, N, and Wang, M. Dental pulp stem cell
therapy in ischemic stroke: a meta-analysis of preclinical studies. ] Stroke
Cerebrovasc Dis. (2022) 31:106453. doi: 10.1016/j.jstrokecerebrovasdis.2022.106453

9. Yarygin, KN, Namestnikova, DD, Sukhinich, KK, Gubskiy, IL, Majouga, AG, and
Kholodenko, IV. Cell therapy of stroke: do the intra-arterially transplanted
mesenchymal stem cells cross the blood-brain barrier? Cells. (2021) 10. doi: 10.3390/
cells10112997

Frontiers in Neurology

12

10.3389/fneur.2026.1718086

Conflict of interest

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

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

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

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2026.1718086/
full#supplementary-material

10. Yan, S-S, Campos de Souza, S, Xie, Z-D, and Bao, YX. Research progress in clinical
trials of stem cell therapy for stroke and neurodegenerative diseases. Ibrain. (2023)
9:214-30. doi: 10.1002/ibra.12095

11. Wang, K, Rong, L, Wei, X, Zhang, Q, and Xiao, L. The effectiveness of various
cytotherapeutic strategies for the treatment of ischemic stroke: a Bayesian network meta-
analysis of randomized controlled trials. Neurol Sci. (2020) 41:1705-17. doi: 10.1007/
510072-020-04312-w

12. Kawabori, M, Shichinohe, H, Kuroda, S, and Houkin, K. Clinical trials of stem cell
therapy for cerebral ischemic stroke. Int J Mol Sci. (2020) 21:7380. doi: 10.3390/
{jms21197380

13. Thompson, M, Mei, SHJ, Wolfe, D, Champagne, ], Fergusson, D, Stewart, DJ, et al.
Cell therapy with intravascular administration of mesenchymal stromal cells continues
to appear safe: an updated systematic review and meta-analysis. eClinMed. (2020) 19.
doi: 10.1016/j.eclinm.2019.100249

14. McColgan, P, Sharma, P, and Bentley, P. Stem cell tracking in human trials: a meta-
regression. Stem Cell Rev Rep. (2011) 7:1031-40. doi: 10.1007/s12015-011-9260-8

15. Page, MJ, McKenzie, JE, Bossuyt, PM, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

16. McGowan, J, Sampson, M, Salzwedel, DM, Cogo, E, Foerster, V, and Lefebvre, C.
PRESS peer review of electronic search strategies: 2015 guideline statement. J Clin
Epidemiol. (2016) 75:40-6. doi: 10.1016/j.jclinepi.2016.01.021

17. Eden ], Levit L, Berg A, and Morton S. (eds.) Institute of Medicine (US) Committee
on Standards for Systematic Reviews of Comparative Effectiveness Research In: Finding
what works in health care: Standards for systematic reviews. Washington (DC): National
Academies Press (US) (2011). doi: 10.17226/13059

18. Sutton, AJ, Duval, S], Tweedie, RL, Abrams, KR, and Jones, DR. Empirical
assessment of effect of publication bias on meta-analyses. BM]J. (2000) 320:1574-7. doi:
10.1136/bmj.320.7249.1574

frontiersin.org


https://doi.org/10.3389/fneur.2026.1718086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2026.1718086/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2026.1718086/full#supplementary-material
https://doi.org/10.1177/17474930211065917
https://doi.org/10.1002/14651858.CD007231.pub3
https://doi.org/10.1002/14651858.CD007231.pub3
https://doi.org/10.1161/strokeaha.121.036948
https://doi.org/10.1161/strokeaha.121.036948
https://doi.org/10.1161/strokeaha.122.039005
https://doi.org/10.1161/STROKEAHA.122.040376
https://doi.org/10.3390/cells10040961
https://doi.org/10.3390/biomedicines10040737
https://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106453
https://doi.org/10.3390/cells10112997
https://doi.org/10.3390/cells10112997
https://doi.org/10.1002/ibra.12095
https://doi.org/10.1007/s10072-020-04312-w
https://doi.org/10.1007/s10072-020-04312-w
https://doi.org/10.3390/ijms21197380
https://doi.org/10.3390/ijms21197380
https://doi.org/10.1016/j.eclinm.2019.100249
https://doi.org/10.1007/s12015-011-9260-8
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.jclinepi.2016.01.021
https://doi.org/10.17226/13059
https://doi.org/10.1136/bmj.320.7249.1574

Jiang et al.

19. Sterne, JAC, Savovi¢, ], Page, MJ, Elbers, RG, Blencowe, NS, Boutron, I, et al. RoB
2: a revised tool for assessing risk of bias in randomised trials. BM]J. (2019) 366:14898.
doi: 10.1136/bm;.14898

20. Sterne, JA, Hernan, MA, Reeves, BC, et al. ROBINS-I: a tool for assessing risk of
bias in non-randomised studies of interventions. BMJ. (2016) 355:i4919. doi: 10.1136/
bmj.i4919

21. Oxford Centre for Evidence-Based Medicine: Levels of evidence. (March 2009).
Oxford: Oxford Centre for Evidence-Based Medicine; 2009. Available online at: https://
www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence

22. Tawfik, GM, Dila, KAS, Mohamed, MYFE, Tam, DNH, Kien, ND, Ahmed, AM, et al.
A step by step guide for conducting a systematic review and meta-analysis with
simulation data. Trop Med Health. (2019) 47:46. doi: 10.1186/s41182-019-0165-6

23. England, TJ, Abaei, M, Auer, DP, Lowe, J, Jones, DR, Sare, G, et al. Granulocyte-
colony stimulating factor for mobilizing bone marrow stem cells in subacute stroke: the
stem cell trial of recovery enhancement after stroke 2 randomized controlled trial.
Stroke. (2012) 43:405-11. doi: 10.1161/STROKEAHA.111.636449

24. Ghali, AA, Yousef, MK, Ragab, OA, and ElZamarany, EA. Intra-arterial infusion of
autologous bone marrow mononuclear stem cells in subacute ischemic stroke patients. Front
Neurol. (2016) 7:228. doi: 10.3389/fneur.2016.00228

25. Prasad, K, Sharma, A, Garg, A, Mohanty, S, Bhatnagar, S, Johri, S, et al. Intravenous
autologous bone marrow mononuclear stem cell therapy for ischemic stroke: a
multicentric, randomized trial. Stroke. (2014) 45:3618-24. doi: 10.1161/
STROKEAHA.114.007028

26. Law, ZK, Tan, HJ, Chin, SP, Wong, CY, Wan Yahya, WNN, Muda, AS, et al. The
effects of intravenous infusion of autologous mesenchymal stromal cells in patients with
subacute middle cerebral artery infarct: a phase 2 randomized controlled trial on safety,
tolerability and efficacy. Cytotherapy. (2021) 23:833-40. doi: 10.1016/j.jcyt.2021.03.005

27.Haque, ME, Hasan, KM, George, S, Sitton, C, Boren, S, Arevalo, OD, et al.
Longitudinal neuroimaging evaluation of the corticospinal tract in patients with stroke
treated with autologous bone marrow cells. Stem Cells Transl Med. (2021) 10:943-55.
doi: 10.1002/sctm.20-0369

28. Haque, ME, Gabr, RE, George, SD, Boren, SB, Vahidy, FS, Zhang, X, et al. Serial
cerebral metabolic changes in patients with ischemic stroke treated with autologous
bone marrow derived mononuclear cells. Front Neurol. (2019) 10:141. doi: 10.3389/
fneur.2019.00141

29. Banerjee, S, Bentley, P, Hamady, M, Marley, S, Davis, ], Shlebak, A, et al. Intra-
arterial Immunoselected CD34+ stem cells for acute ischemic stroke. Stem Cells Transl
Med. (2014) 3:1322-30. doi: 10.5966/sctm.2013-0178

30. Moniche, F, Cabezas-Rodriguez, JA, Valverde, R, Escudero-Martinez, I,
Lebrato-Hernandez, L, Pardo-Galiana, B, et al. Safety and efficacy of intra-arterial bone
marrow mononuclear cell transplantation in patients with acute ischaemic stroke in
Spain (IBIS trial): a phase 2, randomised, open-label, standard-of-care controlled,
multicentre trial. Lancet Neurol. (2023) 22:137-46. doi: 10.1016/S1474-4422(22)00526-9

31.Bang, OY, Lee, JS, Lee, PH, and Lee, G. Autologous mesenchymal stem cell
transplantation in stroke patients. Ann Neurol. (2005) 57:874-82. doi: 10.1002/ana.20501

32. Wanamaker, CP, Fakhran, S, and Alhilali, LM. Qualitative and quantitative analysis of
MR imaging findings in patients with middle cerebral artery stroke implanted with
mesenchymal stem cells. ATNR Am ] Neuroradiol. (2015) 36:1063-8. doi: 10.3174/ajnr.a4232

33.Zhang, G, Li, Y, Reuss, JL, Liu, N, Wu, C, Li, J, et al. Stable intracerebral
transplantation of neural stem cells for the treatment of paralysis due to ischemic stroke.
Stem Cells Transl Med. (2019) 8:999-1007. doi: 10.1002/sctm.18-0220

34. Chiu, T-L, Baskaran, R, Tsai, S-T, Huang, CY, Chuang, MH, Syu, WS, et al.
Intracerebral transplantation of autologous adipose-derived stem cells for chronic
ischemic stroke: a phase I study. J Tissue Eng Regen Med. (2022) 16:3-13. doi: 10.1002/
term.3256

35. Kalladka, D, Sinden, J, Pollock, K, Haig, C, McLean, J, Smith, W, et al. Human
neural stem cells in patients with chronic ischaemic stroke (PISCES): a phase 1, first-in-
man study. Lancet. (2016) 388:787-96. doi: 10.1016/50140-6736(16)30513-X

36. Steinberg, GK, Kondziolka, D, Wechsler, LR, Lunsford, LD, Coburn, ML, Billigen, JB,
etal. Clinical outcomes of transplanted modified bone marrow-derived mesenchymal stem
cells in stroke. Stroke. (2016) 47:1817-24. doi: 10.1161/strokeaha.116.012995

37. Steinberg, GK, Kondziolka, D, Wechsler, LR, Lunsford, LD, Kim, AS, Johnson, JN,
et al. Two-year safety and clinical outcomes in chronic ischemic stroke patients after
implantation of modified bone marrow-derived mesenchymal stem cells (SB623): a
phase 1/2a study. ] Neurosurg. (2019) 131:1462-72. doi: 10.3171/2018.5.JNS173147

38. Kawabori, M, Kuroda, S, Shichinohe, H, Kahata, K, Shiratori, S, Tkeda, S, et al.
Intracerebral transplantation of MRI-trackable autologous bone marrow stromal cells
for patients with subacute ischemic stroke. Med. (2024) 5:432-444.e4. doi: 10.1016/j.
medj.2024.02.009

39. Vahidy, FS, Haque, ME, Rahbar, MH, Zhu, H, Rowan, P, Aisiku, IP, et al. Intravenous
bone marrow mononuclear cells for acute ischemic stroke: safety, feasibility, and effect size
from a phase I clinical trial. Stem Cells. (2019) 37:1481-91. doi: 10.1002/stem.3080

40. Bang, OY, Kim, EH, Cho, YH, Oh, MJ, Chung, JW, Chang, WH, et al. Circulating
extracellular vesicles in stroke patients treated with mesenchymal stem cells: a biomarker

analysis of a randomized trial. Stroke. (2022) 53:2276-86. doi: 10.1161/
STROKEAHA.121.036545

Frontiers in Neurology

13

10.3389/fneur.2026.1718086

41. Chen, D-C, Lin, S-Z, Fan, J-R, Lin, CH, Lee, W, Lin, CC, et al. Intracerebral
implantation of autologous peripheral blood stem cells in stroke patients: a randomized
phase II study. Cell Transplant. (2014) 23:1599-612. doi: 10.3727/096368914X678562

42. Honmou, O, Houkin, K, Matsunaga, T, Niitsu, Y, Ishiai, S, Onodera, R, et al.
Intravenous administration of auto serum-expanded autologous mesenchymal stem
cells in stroke. Brain. (2011) 134:1790-807. doi: 10.1093/brain/awr063

43.Bhasin, A, Srivastava, MV, Bhatia, R, Mohanty, S, Kumaran, S, and Bose, S.
Autologous intravenous mononuclear stem cell therapy in chronic ischemic stroke.
J Stem Cells Regen Med. (2012) 8:181-9. doi: 10.46582/jsrm.0803011

44. Lee, ], Chang, WH, Chung, J-W, Kim, SJ, Kim, SK, Lee, JS, et al. Efficacy of
intravenous mesenchymal stem cells for motor recovery after ischemic stroke: a
neuroimaging study. Stroke. (2022) 53:20-8. doi: 10.1161/STROKEAHA.121.034505

45, Jaillard, A, Hommel, M, Moisan, A, Zeffiro, TA, Favre-Wiki, IM,
Barbieux-Guillot, M, et al. Autologous mesenchymal stem cells improve motor recovery
in subacute ischemic stroke: a randomized clinical trial. Transl Stroke Res. (2020)
11:910-23. doi: 10.1007/s12975-020-00787-z

46. Kalladka, D, Sinden, ], McLean, J, Moreton, FC, Huang, X, and Muir, KW.
Increased deep grey matter functional connectivity of poststroke hNSC implanted
ipsilesional putamen. J Neurol Neurosurg Psychiatry. (2019) 90:959-60. doi: 10.1136/
jnnp-2018-319022

47. Meltzer, CC, Kondziolka, D, Villemagne, VL, Wechsler, L, Goldstein, S,
Thulborn, KR, et al. Serial [18F]fluorodeoxyglucose positron emission tomography after
human neuronal implantation for stroke. Neurosurgery. (2001) 49:586-92. doi:
10.1097/00006123-200109000-00011

48. Shyu, W-C, Lin, S-Z, Lee, C-C, Liu, DD, and Li, H. Granulocyte colony-stimulating
factor for acute ischemic stroke: a randomized controlled trial. CMAJ. (2006)
174:927-33. doi: 10.1503/cma;j.051322

49. Taguchi, A, Sakai, C, Soma, T, Kasahara, Y, Stern, DM, Kajimoto, K, et al.
Intravenous autologous bone marrow mononuclear cell transplantation for stroke:
Phasel/2a clinical trial in a homogeneous Group of Stroke Patients. Stem Cells Dev.
(2015) 24:2207-18. doi: 10.1089/s¢d.2015.0160

50. Kondziolka, D, Wechsler, L, Goldstein, S, Meltzer, C, Thulborn, KR, Gebel, ], et al.
Transplantation of cultured human neuronal cells for patients with stroke. Neurology.
(2000) 55:565-9. doi: 10.1212/wnl.55.4.565

51. Kwakkel, G, Kollen, BJ, van der Grond, J, and Prevo, AJ. Probability of regaining
dexterity in the flaccid upper limb: impact of severity of paresis and time since onset in
acute stroke. Stroke. (2003) 34:2181-6. doi: 10.1161/01.STR.0000087172.16305.CD

52. Tang, Y, Wang, Z, Teng, H, Ni, H, Chen, H, Lu, ], et al. Safety and efficacy of bone
marrow mononuclear cell therapy for ischemic stroke recovery: a systematic review and
meta-analysis of randomized controlled trials. Neurol Sci. 45:1885-96. doi: 10.1007/
510072-023-07274-x

53. Alexander, AL, Lee, JE, Lazar, M, and Field, AS. Diffusion tensor imaging of the
brain. Neurotherapeutics. (2007) 4:316-29. doi: 10.1016/j.nurt.2007.05.011

54.Shen, LH, Li, Y, and Chopp, M. Astrocytic endogenous glial cell derived
neurotrophic factor production is enhanced by bone marrow stromal cell transplantation
in the ischemic boundary zone after stroke in adult rats. Glia. (2010) 58:1074-81. doi:
10.1002/glia.20988

55. Baker, EW, Platt, SR, Lau, VW, Grace, HE, Holmes, SP, Wang, L, et al. Induced
pluripotent stem cell-derived neural stem cell therapy enhances recovery in an ischemic
stroke pig model. Sci Rep. (2017) 7:10075. doi: 10.1038/541598-017-10406-x

56. Garbuzova-Davis, S, Haller, E, Williams, SN, Haim, ED, Tajiri, N,
Hernandez-Ontiveros, DG, et al. Compromised blood-brain barrier competence in
remote brain areas in ischemic stroke rats at the chronic stage. ] Comp Neurol. (2014)
522:3120-37. doi: 10.1002/cne.23582

57. Shi, K, Tian, D-C, Li, Z-G, Ducruet, AF, Lawton, MT, and Shi, FD. Global brain
inflammation in stroke. Lancet Neurol. (2019) 18:1058-66. doi: 10.1016/
S1474-4422(19)30078-X

58. Takano, T, Tian, G-F, Peng, W, Lou, N, Libionka, W, Han, X, et al. Astrocyte-
mediated control of cerebral blood flow. Nat Neurosci. (2006) 9:260-7. doi: 10.1038/nn1623

59. Jiang, Q, Zhang, ZG, Ding, GL, Silver, B, Zhang, L, Meng, H, et al. MRI detects
white matter reorganization after neural progenitor cell treatment of stroke. NeuroImage.
(2006) 32:1080-9. doi: 10.1016/j.neuroimage.2006.05.025

60. Server, A, Bargallo, N, Floisand, Y, Sponheim, J, Graus, F, and Hald, JK. Imaging
spectrum of central nervous system complications of hematopoietic stem cell and solid
organ transplantation. Neuroradiology. (2017) 59:105-26. doi: 10.1007/s00234-017-1804-4

61. Chaudhary, RK, Dhakal, P, Aryal, A, and Bhatt, VR. Central nervous system
complications after allogeneic hematopoietic stem cell transplantation. Future Oncol.
(2017) 13:2297-312. doi: 10.2217/fon-2017-0274

62.Boy, S, Sauerbruch, S, Kraemer, M, Thorsten, S, Felix, S, Gerhard, S, et al.
Mobilisation of Hematopoietic CD34+ Precursor Cells in Patients with Acute Stroke Is
Safe - Results of an Open-Labeled Non Randomized Phase I/II Trial. PLoS ONE. (2011)
6:€23099. doi: 10.1371/journal.pone.0023099

63. Savitz, SI, Misra, V, Kasam, M, Harrinder, ], Charles, SC, Susan, A, et al. Intravenous
autologous bone marrow mononuclear cells for ischemic stroke. Annals of Neurology.
(2011) 70:59-69. doi: 10.1002/ana.22458

frontiersin.org


https://doi.org/10.3389/fneur.2026.1718086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1136/bmj.i4919
https://doi.org/10.1136/bmj.i4919
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://doi.org/10.1186/s41182-019-0165-6
https://doi.org/10.1161/STROKEAHA.111.636449
https://doi.org/10.3389/fneur.2016.00228
https://doi.org/10.1161/STROKEAHA.114.007028
https://doi.org/10.1161/STROKEAHA.114.007028
https://doi.org/10.1016/j.jcyt.2021.03.005
https://doi.org/10.1002/sctm.20-0369
https://doi.org/10.3389/fneur.2019.00141
https://doi.org/10.3389/fneur.2019.00141
https://doi.org/10.5966/sctm.2013-0178
https://doi.org/10.1016/S1474-4422(22)00526-9
https://doi.org/10.1002/ana.20501
https://doi.org/10.3174/ajnr.a4232
https://doi.org/10.1002/sctm.18-0220
https://doi.org/10.1002/term.3256
https://doi.org/10.1002/term.3256
https://doi.org/10.1016/S0140-6736(16)30513-X
https://doi.org/10.1161/strokeaha.116.012995
https://doi.org/10.3171/2018.5.JNS173147
https://doi.org/10.1016/j.medj.2024.02.009
https://doi.org/10.1016/j.medj.2024.02.009
https://doi.org/10.1002/stem.3080
https://doi.org/10.1161/STROKEAHA.121.036545
https://doi.org/10.1161/STROKEAHA.121.036545
https://doi.org/10.3727/096368914X678562
https://doi.org/10.1093/brain/awr063
https://doi.org/10.46582/jsrm.0803011
https://doi.org/10.1161/STROKEAHA.121.034505
https://doi.org/10.1007/s12975-020-00787-z
https://doi.org/10.1136/jnnp-2018-319022
https://doi.org/10.1136/jnnp-2018-319022
https://doi.org/10.1097/00006123-200109000-00011
https://doi.org/10.1503/cmaj.051322
https://doi.org/10.1089/scd.2015.0160
https://doi.org/10.1212/wnl.55.4.565
https://doi.org/10.1161/01.STR.0000087172.16305.CD
https://doi.org/10.1007/s10072-023-07274-x
https://doi.org/10.1007/s10072-023-07274-x
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1002/glia.20988
https://doi.org/10.1038/s41598-017-10406-x
https://doi.org/10.1002/cne.23582
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1038/nn1623
https://doi.org/10.1016/j.neuroimage.2006.05.025
https://doi.org/10.1007/s00234-017-1804-4
https://doi.org/10.2217/fon-2017-0274
https://doi.org/10.1371/journal.pone.0023099
https://doi.org/10.1002/ana.22458

Jiang et al.

Glossary
ROB-2 - Risk of Bias

ROBINS-I - Risk of Bias In Non-Randomized Studies - of
Interventions (ROBINS-I)

EVT - Endovascular therapy

DALY - Disability Adjusted Life Years

DTI - Diffusion tensor imaging

fMRI - Functional magnetic resonance imaging
PET - Positron emission tomography

PRISMA - Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

PICOS - Population/Patient, Intervention, Comparison, Outcome,
and Study Design

SPECT - Single-photon emission computed tomography
CEBM - Centre for Evidence-Based Medicine

FA - fractional anisotropy

AD - Axial diffusivity

RCT - Randomized clinical trial

ESS - European Stroke Scale
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NIHSS - National Institutes of Health Stroke Scale
F-M - Fugl-Meyer

FMMS - Fugl-Meyer motor scale score

CST - cortical spinal tract

PLIC - posterior limb of internal capsule

FNA - fiber numbers asymmetry

BA4 - primary motor area

MI-4a - anterior BA4

MI-4p - posterior BA4

BAG6 - Supplementary motor cortex

FDG - 18F-fluorodeoxyglucose

SUV - Standardized uptake value

CBE - cerebral blood flow

rCMRO?2 - regional metabolic rate of oxygen consumption
OEEF - oxygen extraction fraction

ASL - arterial spin labeling
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