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BACKGROUND AND PURPOSE: Stem cell-based therapy is a promising approach to repair brain damage after stroke. This
study was conducted to investigate changes in neuroimaging measures using stem cell-based therapy in patients with
ischemic stroke.

METHODS: In this prospective, open-label, randomized controlled trial with blinded outcome evaluation, patients
with severe middle cerebral artery territory infarct were assigned to the autologous mesenchymal stem cell (MSC)
treatment or control group. Of 54 patients who completed the intervention, 31 for the MSC and 13 for the control
groups were included in this neuroimaging analysis. Motor function was assessed before the intervention and 90
days after randomization using the Fugl-Meyer assessment scale. Neuroimaging measures included fractional
anisotropy values of the corticospinal tract and posterior limb of the internal capsule from diffusion tensor magnetic
resonance imaging and strength of connectivity, efficiency, and density of the motor network from resting-state
functional magnetic resonance imaging.

RESULTS: For motor function, the improvement ratio of the Fugl-Meyer assessment score was significantly higher in the
MSC group compared with the control group. In neuroimaging, corticospinal tract and posterior limb of the internal capsule
fractional anisotropy did not decrease in the MSC group but significantly decreased at 90 days after randomization in the
control group. Interhemispheric connectivity and ipsilesional connectivity significantly increased in the MSC group. Change
in interhemispheric connectivity showed a significant group difference.

CONCLUSIONS: Stem cell-based therapy can protect corticospinal tract against degeneration and enhance positive changes in
network reorganization to facilitate motor recovery after stroke.
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Nonstandard Abbreviations and Acronyms

CST corticospinal tract

DTI diffusion tensor imaging

FA functional anisotropy

FMA Fugl-Meyer assessment
FMA-LL lower limb score of FMA
FMA-T total score of FMA

fMRI functional MRI

MRI magnetic resonance imaging
MsC mesenchymal stem cell
PLIC posterior limb of the internal capsule
rs-fMRI resting-state functional MRI

STARTING-2 Stem Cell Application Researches
and Trials in Neurology-2

TO preintervention

T 90-day follow-up

to promote neurobiological recovery and recover
impaired functions after stroke." According to a meta-
analysis,? stem cell-based therapy can improve impaired
functions and quality of life in patients with stroke. Although
the mechanisms of stem cell-based therapies are under
investigation, multiple mechanisms including cell replace-
ment, bystander effects, neurotrophic influence, enhance-
ment of endogenous repair process, and immune and
inflammatory modulation have been suggested.”® These
mechanisms can contribute to neural circuit reconstruc-
tion and improve functional benefit, as reported in previ-
ous animal studies.*"® Particularly, induced neurogenesis,
axonal sprouting, and synaptogenesis enhancement by
stem cell-based therapy can cause positive changes in
injured tracts and connections.” In this respect, neuroim-
aging study can be helpful in providing further evidence.
Neuroimaging approaches have been used in several
animal studies®'9 A rat middle cerebral artery occlu-
sion model showed an increase of white matter integ-
rity of ischemic boundary regions under diffusion tensor
imaging (DTI) and recovery of normal activation in the
sensorimotor cortex on functional magnetic resonance
imaging (fMR1).81° In a human study, increased activation
of the primary motor and premotor cortices was observed
using fTMRI after stem cell-based therapy in patients
with ischemic stroke.” These studies indicate that stem
cell-based therapy might have led to plastic changes at
the synaptic and neuronal levels, and such neuroimaging
approaches are useful to provide important implications
for the effects of stem cell-based therapy. We performed
the STARTING-2 trial (Stem Cell Application Researches
and Trials in Neurology-2) to evaluate the efficacy of
autologous mesenchymal stem cell (MSC) therapy in
ischemic stroke and recently reported the results of
primary and secondary outcomes.'? In this clinical trial,

Stem cell-based therapy is a promising approach
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neuroimaging data were acquired for DTl and resting-
state fMRI (rs-fMRI). By examining changes in neuroim-
aging measures, we aimed to investigate the effects of
stem cell-based therapy on macroscopic neural network
reorganization in patients with stroke.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Trial Design and Participants

The STARTING-2 trial was an investigator-initiated, prospective,
randomized, open-label, controlled trial with blinded outcome
evaluation (PROBE [Prospective Randomized Open, Blinded
End-Point] design). The trial protocol details are described else-
where.'® Participants were enrolled from four university medical
centers and transferred to Samsung Medical Center to receive
comprehensive rehabilitation and undergo serial MRI examina-
tions. The selection of participants was based on clinical and
radiological features. Blood-brain barrier manipulation using
intravenous mannitol before MSC treatment and comprehensive
and objective measurements using multimodal MRI and detailed
functional assessments were performed.

Eligible participants were adults age 30 to 75 years who had
moderate-to-severe persistent neurological deficits (National
Institutes of Health Stroke Scale score of 6 to 21 points),
stroke observed within 90 days of the onset of symptoms, and
nonlacunar infarcts within the middle cerebral artery territory
but sparing more than half of the ipsilateral subventricular zone.
Inclusion and exclusion criteria are shown in the trial protocol.'®

Participants were randomly assigned at a ratio of 2:1 to the
MSC group or control group using computer-generated random-
permuted blocks, each with 6 subjects. A total of 54 participants
were completed for this study (39 patients in the MSC group
and 15 patients in the control group). Of these, MRI scans could
not be performed for 5 participants due to the application of a
preliminary study protocol without MRI (n=2), refusal by partici-
pants (n=2), and metal implant in the brain (n=1). Two patients
showed bilateral brain lesions without clinical symptoms or signs
from one hemisphere. In addition, there was a failure of spatial
normalization of MRI preprocessing procedures in 3 participants.

Finally, data analyses were performed on 44 patients with
ischemic stroke (31 participants in the MSC and 13 in the con-
trol groups). The flowchart of the study is shown in Figure 1.
Demographic and clinical information for all patients in the 2
groups is summarized in Table 1.

The clinical trial protocol and consent form were approved
by the Korean Food and Drug Administration (No. 12218)
and the Institutional Review Board of Samsung Medical
Center, Seoul, Republic of Korea (IRB-2011-10-047). The
trial was registered and reported according to the CONSORT
(Consolidated Standards of Reporting Trials) statement.'*
Written informed consent was obtained from all patients and/
or their first-degree relatives.

Treatments

All participants received conventional rehabilitation therapy
(physical, occupational, speech/language, or cognitive reha-
bilitation therapy as needed) during the inpatient rehabilitation
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Figure 1. Flowchart of the neuroimaging study.
MRI indicates magnetic resonance imaging.

period. Participants in the MSC group additionally underwent
MSC treatment. Methods for bone marrow aspiration, MSC
isolation, cell preparation, and intravenous infusion were as
previously described, except for the amount of aspirated bone
marrow and the use of autologous serum for ex vivo cultivation
of MSCs.'213151¢ The control group received the same amount
of rehabilitation therapy without injection of MSC.

Motor Function Assessments

Motor function of all participants was evaluated with the Fugl-
Meyer Assessment (FMA)' by a licensed occupational therapist
blinded to group allocations. The therapist completed standardized
training programs including instructional lectures, test patient vid-
eos, and standardized scoring sheets before the assessment. The
total score of FMA (FMA-T), upper limb score of FMA (FMA-UL),
and lower limb score of FMA (FMA-LL) were recorded separately.
FMA has well-established reliability and validity as an indicator of
motor impairment severity across stroke recovery time points.'”
Motor function assessments were performed at baseline (prein-
tervention [TO]) and 90 days after randomization (90-day follow-up
[T1]). The improvement ratio of each score was calculated to mea-
sure functional improvement considering the baseline FMA score,
which is the most influential factor in improvement of FMA score.
The formula is a relative change method'® and is defined as follows:

FMA (T1)— FMA (T0)
FMA (T0)

Improvement ratio =

22 January 2022

Determination of Motor-Evoked Potential

Response

Determination of motor-evoked potential response was per-
formed by single-pulse transcranial magnetic stimulation. A
transcranial magnetic stimulation system (Magstim Rapid2
stimulator; Magstim, Ltd, Carmarthenshire, United Kingdom)
and 70-mm figure-8 coil were used. Electromyography elec-
trodes were attached to the contralateral first dorsal interos-
seous muscle. Using the international 10 to 20 system, the
vertex (Cz) point was marked, and the initial scalp location was
identified at 5 cm lateral to the intersection line from the ver-
tex to the preauricular point. The presence or absence of the
motor-evoked potential response was analyzed by moving the
coil in 1-cm steps in each direction for an interval of 5 s. The
motor-evoked potential response was determined as present if
the stimuli produced motor-evoked potentials 250 pV peak-to-
peak amplitude in 5 of 10 subsequent trials.

MRI Data Acquisition

The DTI, rs-fMRI, and T1-weighted structural data were
acquired using a 3T Philips ACHIEVA MR scanner (Philips
Medical Systems, Best, the Netherlands). During the MRI scan,
participants were instructed to keep their eyes closed without
thinking about anything in particular and to remain motionless.
Total scan time was around 18 minutes. The MRI data were
acquired with the following settings: DTl data, b=1000 s/mm?,

Stroke. 2022;53:20-28. DOI: 10.1161/STROKEAHA.121.034505
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Table 1. Demographic and Clinical Characteristics of
Participants

Group ‘ MSC (n=31) ‘ Control (n=13)
Age,y

Mean+SD ‘ 63.4+14.0 ‘ 61.5+13.0
Sex (n)

Male 15 9

Female 16 4
Lesion side (n)

Right 15 6

Left 16 7
Lesion volume, cc

Mean+SD ‘ 125.0+115.7 ‘ 127.3£122.7
Duration after stroke onset, d

Mean+SD ‘ 24.6%+21.0 ‘ 20.9+11.9
MEP response at TO

Presence 5 2

Absence 24 11

N/A 2 0

MEP indicates motor-evoked potential; MSC, mesenchymal stem cell; N/A,
not available; and TO, preintervention.

45 noncolinear gradient directions, 60 axial slices, slice thick-
ness=225 mm, no gap, matrix size=112 x 112, repetition
time=8770 ms, echo time=60 ms, and field of view=220x220
mm; rs-fMRI data, 100 volumes, 35 axial slices, slice thick-
ness=4 mm, no gap, matrix size=128x128, repetition
time=3000 ms, echo time=35 ms, and field of view=220x220
mm; T1-weighted structural data, 124 axial slices, slice thick-
ness=1.6 mm, no gap, matrix size=512x512, repetition
time=13.9 ms, echo time=6.89 ms, flip angle=8°, and field of
view=240x240 mm.

MRI Data Processing and Measurements

Lesion Volume

The lesions were drawn manually on the diffusion-weighted
image using FSLview 4.0.1 (part of FSL software package
5.0.9). Lesion volumes were warped to Montreal Neurological
Institute standard space using the transformation matrix
obtained from spatial normalization of DTl data. Lesion volumes
were flipped for participants with lesions in the left hemisphere,
and all lesion volumes were overlaid on the right hemisphere.
The lesion distribution of each group was visualized using
MRIcroGL (McCausland Center for Brain Imaging, University
of South Carolina, http://www.cabiatl.com/mricrogl; Figure 2).
Lesion volume was calculated by counting the number of
lesioned voxels on the spatially normalized lesion map and mul-
tiplying by voxel volume.

Extraction of Fractional Anisotropy Values From DTI Data
To extract functional anisotropy (FA) values of the corticospinal
tract (CST) and posterior limb of the internal capsule (PLIC),
individual DTl data points were preprocessed using the FDT
(FMRIB's [Functional Magnetic Resonance Imaging of the
Brain] Diffusion Toolbox) implemented in the FSL software
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package 509 (FMRIB Software Library, FMRIB, Oxford,
United Kingdom, http://www.fmrib.ox.ac.uk/fsl). Corrections for
eddy currents and head motion were performed, and the brain
was skull-stripped using the brain extraction tool algorithm. The
DTIfit algorithm was used to fit a tensor model and reconstruct
FA maps, which were registered to Montreal Neurological
Institute standard space (FMRIB58_FA standard space image)
using the nonlinear registration algorithms of the tract-based
spatial statistics technique. Lesioned voxels were masked out,
and stroke lesion was not considered during spatial registra-
tion. The spatially normalized FA maps were assessed visually.
To obtain the FA value of the CST, the CST template descend-
ing from the primary motor cortex (M1) obtained from probabi-
listic tractography in the nine healthy DTI data was used.'® To
obtain the FA value of the PLIC, the Johns Hopkins University
white matter atlas (JHU ICBM-DTI-81)% was used. The CST
and PLIC were binarized and masked on spatially normalized
FA maps. The FA values of the CST and PLIC were obtained
by averaging within each region. The proportional FA values
(affected/unaffected hemisphere) were used as the integrity
measure for each region.

Functional Network From rs-fMIRI Data

Preprocessing of rs-fMRI data included slice timing and
head motion correction, outlier detection for scrubbing
using ART-based identification, registration to structural
images, segmentation, lesion-masked spatial normalization,
and spatial smoothing with a 6-mm full-width half-maximum
gaussian kernel. All processes were performed with the
SPM12 package (Welcome Trust Centre for Neuroimaging,
University College London, London, United Kingdom;
http://www.fil.ion.uclac.uk/spm). Nuisance signals were
removed with a linear regression of several parameters,
including head motion parameters, temporal parameters for
each of the white matter, ventricle, and global signals, and
scrubbing parameters for outlier volumes. Band-pass filter-
ing between 0.009 and 0.08 Hz and linear detrending was
performed to remove constant offsets and linear trends.
These processes were performed with MATLAB R2016a
(Mathworks, Natick, MA).

The functional network was constructed with 24 predefined
(motor-related) regions (Table | in the Data Supplement)
obtained from a previous meta-analysis®' of 36 neuroimaging
studies for upper extremities of patients with stroke. Lesioned
voxels were masked out. The network was constructed by cal-
culating the Pearson correlation for the mean time course of
each region, defined as the 10-mm diameter sphere around the
predefined Montreal Neurological Institute coordinates.

Measures of the Motor Functional Network

Strength of Connectivity

The strength of the ipsilesional, contralesional, and interhemi-
spheric connectivity in the motor network was obtained by
averaging the strength of connections within the ipsilesional
hemisphere and contralesional hemisphere and between
homotopic regions in bilateral hemispheres.

Network Efficiency and Network Density
The network efficiency and network density are graph the-
oretical measures. Network efficiency is inversely related
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Control

Figure 2. Lesion maps.

Stroke lesions were flipped for patients with lesions on the left side. All lesions were overlaid on the right side. MSC indicates mesenchymal

stem cell.

to path length, which is the minimum number of connec-
tions required to travel from one network node to another.
Therefore, the measure indicates how efficiently information
is exchanged in the network structure.?2-2* Network density
is the proportion of the number of existing connections to
the number of possible connections in the network.?® These
measures are defined as follows:

N CION
Network efficiency = 1 Y 2”“/’7’“/
ni n—1
A c
Network density =
n(n-1)

where n is the number of regions, d; is the shortest path
length between region i and region j and c is the number of
existing connections.

Statistical Analysis

Normality testing was performed using the Shapiro-Wilk test.
The independent ttest and the y? test were performed to evalu-
ate significant differences in clinical characteristics. To examine
the efficacy of motor recovery after MSC therapy by adjust-
ing for baseline, group differences in change in FMA scores
and imaging measures were investigated by ANCOVA. The
paired t test was performed to analyze significant changes in
FMA scores and imaging measures within a group. In addition,
Hedges g was used to evaluate the effect size of the change
in FMA scores within a group. Hedges g=0.2, 0.5, and 0.8 are
interpreted as small, medium, and large effects, respectively.?®
The independent t test was performed to evaluate significant
group differences in the improvement ratio of FMA scores.
Statistical significance was assumed at A<0.05. All data were
analyzed using SPSS version 24.0 (SPSS, Inc, Chicago, IL) and
MATLAB R2016a (Mathworks, Natick, MA).

24 January 2022

RESULTS

Demographic and clinical characteristics at baseline
(preintervention) showed no significant difference
between the MSC and control groups. In the lesion map
(Figure 2), lesion distributions were similar between the
MSC and control groups. There was no difference in
lesion volume or any FMA score or functional imaging
measure between groups at preintervention.

Changes in Motor Function

The FMA-T, FMA-UL, and FMA-LL values showed sig-
nificant improvements in the MSC and control groups.
However, effect sizes were different between groups.
FMA-T and FMA-LL in the MSC group were interpreted
as a medium effect size contrary to the control group,
which showed a small effect size (Table 2). There were
no significant group differences in change in FMA scores
(ANCOVA; FMA-T, =156, P=0.219; FMA-UL, /=0.86,
P=0.359; FMA-LL, /=1.95, P=0.170).

Improvement ratios of FMA-T, FMA-UL and
FMA-LL  were 899%1385%, 123.1£243.8%,
and 75.9+104.8%, respectively, in the MSC group and
32.84+3b6.3%, 33.4+35.4%, and 39.8+£56.0% in the
control group. The improvement ratio of FMA-T was sig-
nificantly higher in the MSC group compared with the
control group (P=0.043). In addition, the improvement
ratio of FMA-UL and FMA-LL tended to be higher in
the MSC group than in the control group, although the
differences were not significant (P=0.058 and 0.158,
Figure 3).

Stroke. 2022;53:20-28. DOI: 10.1161/STROKEAHA.121.034505
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Table 2. Changes of Motor Functions in Mesenchymal Stem Cell Therapy and Control Groups

Efficacy of MSC Treatment for Ischemic Stroke

Group TO T P value Hedges g ES
FMA-T MSC 18.7£16.1 30.8+£283.0 <0.001 0.546 Medium
Control 24.3+23.5 29.24+25.2 0.0063 0.227 Small
FMA-UL MSC 10.1£11.3 17.9+£16.6 0.0015 0.481 Small
Control 14.9+£17.3 17.8+£19.0 0.0089 0.208 Small
FMA-LL MSC 8.61+6.2 12,9172 <0.001 0.592 Medium
Control 9.4175 11.4£7.2 0.0324 0.243 Small

ES indicates effect size; FMA-LL, lower limb score of Fugl-Meyer assessment; FMA-T, total score of Fugl-Meyer assessment;
FMA-UL, upper limb score of Fugl-Meyer assessment; MSC, mesenchymal stem cell; TO, preintervention; and T1, 90-d follow-up.

Changes in Neuroimaging Measures

In DTI data analysis (Figure 4A), the CST and PLIC
FA values at T1 significantly decreased in the control
group compared with those at preintervention (CST FA,
P=0.030; PLIC FA, P=0.027). In contrast, the FA values
at T1 did not show a significant decrease from preinter-
vention in the MSC group.

In rs-fMRI data analysis (Figure 4B), the strength of
ipsilesional connectivity in the motor network signifi-
cantly increased in the MSC group (P=0.042) but not in
the control group. The strength of contralesional connec-
tivity in the MSC and control groups did not change at T1
compared to preintervention. However, the strength of
interhemispheric connectivity significantly decreased in
the control group (P=0.030) but not in the MSC group.
There was a significant group difference in change in
the strength of interhemispheric connectivity (ANCOVA,
=4.87, P=0.033). The network efficiency and network
density did not show significant changes in either group.
However, nonsignificant trends were demonstrated in
network efficiency and density, which tended to increase
in the MSC group and decrease in the control group.

Alterations of local connectivity in the motor network
were investigated in each group (Figure 4C). In the
MSC group, most connections with ipsilesional regions,

including sensorimotor cortices, were increased at T1. In
contrast, most connections were decreased at T1 in the
control group.

DISCUSSION

In this subanalysis of the STARTING-2 trial, MSC therapy
might be effective to facilitate motor recovery and posi-
tive changes in motor network reorganization by inves-
tigating changes in the CST and PLIC FA values of DTl
and the interhemispheric and ipsilesional functional con-
nectivity of rs-fMRI.

Our main study recently reported no significant difference
between groups in modified Rankin Scale as a primary out-
come.'? However, secondary and exploratory end point anal-
yses suggested a clinically significant improvement in motor
function of the MSC group. In participants of this neuroim-
aging study, effect sizes of FMA-T and FMA-LL in the MSC
group were larger than those in the control group. Addition-
ally, the improvement ratio of FMA-T was significantly greater
in the MSC group than in the control group. Specifically, the
control group showed a small standard deviation of motor
improvement ratio, which might indicate that motor improve-
ment is similar among patients with severe stroke. In con-
trast, a large standard deviation of motor improvement ratio

FMA-T FMA-UL FMA-LL
250.0% % 400.0% 200.0%
350.0% 180.0%
200.0% 160.0%
300.0%
140.0%
150.0% 250.0% 120.0%
200.0% 100.0%
100.0% 150.0% 80.0%
60.0%
100.0%
10/
50.0% 89.9% 40.0%
50.0%
20.0% 39.8%
32.8% ,?]4—\ 0 °
0.0% 0.0% 0.0%
MSC group Control group MSC group Control group MSC group Control group

Figure 3. Improvement ratio of motor function in both groups.

FMA-LL indicates lower limb score of Fugl-Meyer assessment; FMA-T, total score of Fugl-Meyer assessment; FMA-UL, upper limb score of Fugl-

Meyer assessment; and MSC, mesenchymal stem cell.
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Figure 4. Changes in neuroimaging measures on diffusion tensor imaging (DTI) and resting-state functional magnetic
resonance imaging (rs-fMRI).

A, Altered white matter integrity on diffusion tensor imaging. Changes in fractional anisotropy (FA) values of the corticospinal tract (CST) and posterior limb of
the internal capsule (PLIC) on diffusion tensor imaging. FA values of both white matter regions did not change in the mesenchymal stem cell (MSC) group, but
the values significantly decreased in the control group (“<0.05). B, Altered global connectivity on rs-fMRI. Global connectivity of the ipsilesional connectivity,
interhemispheric connectivity, network efficiency, and network density tended to increase in the mesenchymal stem cell therapy group and decrease in the control
group. The strength of ipsilesional connectivity significantly increased in the MSC group. The strength of interhemispheric connectivity significantly decreased in
the control group, and there was a significant difference between changes in the strength of interhemispheric connectivity in both groups (*F<0.05). C, Altered
local connectivity on rs-fMRI. Left and center matrices represent the strength of local connectivity in the motor network at preintervention and follow-up,
respectively. Right matrices and glass-brain views represent significantly altered connectivity. Red indicates an increased connection after the intervention,

and blue indicates a decreased connection. alPS indicates anterior intraparietal sulcus; Cbll, cerebellum; contra, contralesional; IFG, inferior frontal gyrus; IFS,
inferior frontal sulcus; ipsi, ipsilesional; M1, precentral gyrus; PMd, dorso-lateral precentral gyrus/sulcus; PMy, ventro-lateral precentral gyrus/sulcus; RCZ, rostral
cingulate zone; S1, postcentral gyrus; S2, parietal operculum; SMA, medial superior frontal gyrus; TO, preintervention; and T1, 90-d follow-up.
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after MSC therapy might infer that MSC therapy induces
greater changes in some patients with stroke.

Alterations of white matter integrity and functional con-
nectivity were investigated using DTl and rs-fMRI data.
The FA value obtained from DTI represents an index for
the amount of diffusion asymmetry within a voxel. The
FA value is used frequently to examine the degree of
damage of white matter tracts and their recovery after
stroke because it is highly sensitive to microstructural
changes.?® The FA value changes according to ischemia,
myelination, axonal damage, and maturation.?” In general,
the FA value of a damaged tract decreases from the acute
to the chronic stage after stroke due to Wallerian degen-
eration.°% In our study, CST and PLIC FA values signifi-
cantly decreased only in the control group. However, these
values did not decrease in the MSC group. This phenom-
enon suggests that stem cell-based therapy might modu-
late degeneration of the damaged tract by stroke.

Network measures obtained from rs-fMRI in patients
with stroke tend to be lower than those of healthy sub-
jects37%8 In alterations of intrahemispheric connectivity,
the strength of ipsilesional connectivity was increased
only in the MSC group. Contralesional connectivity in both
groups and ipsilesional connectivity in the control group
did not show significant change. These results imply that
stem cell-based therapy might directly involve a damaged
hemisphere. Furthermore, changes in interhemispheric
connectivity differed between 2 groups. The strength of
connectivity significantly decreased in the control group
but not in the MSC group. Interhemispheric connectivity
is an important measure to reflect damage to CST and is
related to functional outcome and recovery2+% In particu-
lar, the value is significantly lower than that of healthy sub-
jects due to the interhemispheric imbalances caused by
stroke.®'32 Network efficiency and density also are impor-
tant network measures in the damaged brain.3-%¢ These
measures did not show significant changes between or
within the 2 groups. However, alterations of interhemi-
spheric connectivity were demonstrated to increase in the
MSC group and decrease in the control group. In altera-
tions of local connectivity, significantly decreased connec-
tivity was dominant in the control group, but significantly
increased connectivity was dominant in the MSC group.
According to a previous imaging study*® it might be dif-
ficult to expect positive changes in network measures by
rs-fMRI from subacute to chronic phases of patients with
severe stroke. Nevertheless, network measures demon-
strated relatively positive changes in the severely impaired
patients with stroke of the MSC group of this study.

This study has some limitations. There was relatively
weak statistical significance to demonstrate the effect
of MSC therapy on the improvement of motor function in
patients with stroke. In neuroimaging analysis, a significant
difference between groups was noticed only in alteration of
interhemispheric connectivity, although some trends were
observed in other measures. The number of participants in
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the control group was not sufficient compared to that in
the MSC group and might have decreased the statistical
power to investigate differences in changes of functional
and imaging values between 2 groups. A future study is
recommended with a larger sample size.

In conclusion, intravenous application of precondi-
tioned autologous MSC might improve motor function in
patients with major stroke. In addition, the neuroimaging
approach was useful to measure the effectiveness of stem
cell-based therapy on plastic changes of neural networks.
This neuroimaging study purports tentative conclusions
as follows. Stem cell-based therapy might be effective in
motor network reorganization after stroke, as shown by
changes in FA value of motor-specific white matter tracts
and strength of interhemispheric and ipsilesional con-
nectivity in rs-fMRI. Also, MSC therapy might be engaged
directly in the damaged area, as seen through a change in
the strength of ipsilesional connectivity. Stem cell-based
therapy may help to facilitate motor recovery from stroke
by reducing degeneration and leading to positive network
reorganization. To provide additional evidence and to sup-
port the clinical application, further studies are needed to
determine the characteristics of responders and nonre-
sponders to stem cell-based therapy after stroke.
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