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Introduction

Stem Cell research act as a panacea for sequelae after stroke and has been extensively investigated as one of the most
promising treatment door [1,2]. Great optimism has resulted from bone marrow-derived stem cells (BMSC) ever since the
reestablishment of functionality of injured organs was postulated successfully [3]. Mononuclear stem cells (MNC) have ex-
perimented ethically but none of the reports could yield a statistically significant difference in the outcome measures in stroke
[4,5].

These cells are capable of producing broad-spectrum cytokines, chemokines, growth factors, and ECM molecules
[6,7]. The secreted factors promote cell proliferation and cytoprotection through the production of antioxidants and an-
ti-apoptotic molecules [8]. Two of the most prominent growth factors; brain derived neurotrophic growth factor (BDNF)
& vascular endothelial growth factor (VEGF) promote neuronal differentiation, synaptic plasticity, and axonal sprouting

enhancing sensorimotor recovery [9].

Imaging technologies are essential for stem cell tracking in-vivo in both experimental and clinical studies. Function-
al MRI (fMRI) acts as a bio surrogate marker that measures neural activity for studying functional improvement post stroke
[10]. The fMRI response can be evoked by direct modulation of the nervous system using physical therapy, pharmacological
agents, sensory stimuli like artificial intelligence, cognitive tasks, and the very recent cell transplantation. Stem cells act via

two gate theory; direct tissue integration or by paracrine effects [12]. Although the exact mechanisms are not known, some
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of the explored possibilities are; activation of alternative, already
existing or dormant neuronal networks, rewiring of new circuits,

and neuroplastic reorganizations [11].

This research is an approach to improve our under-
standing regarding mechanisms underlying functional recovery
of cell therapy and the neurobiological correlates of hand move-
ment coupled with growth factor estimation. The primary objec-
tive was to study the efficacy of mononuclear stem cells through
functional imaging with growth factor estimation after stroke
and safety, feasibility being the secondary objective. We present

here functional imaging and growth factor estimation at 8 weeks.

Methods

The inclusion criteria are the same as our last published
paper from this RCT [9]. Patients diagnosed with ischemic
stroke from 3 months to 2 years of index event with the power
of hand muscles at least 2, Brunnstrom stage of recovery: II-IV,
NIHSS (National Institute of Health stroke scale) of between 4
and 15, conscious/comprehendible were recruited between Nov
2016-Aug 2018. Twenty (n=20) age-matched individuals act-
ed as healthy controls. We screened 40 patients, 10 refused to
participate in the trial and 6 had deranged baseline laboratory
values, hence twenty-four patients (n=24) were randomized to
two groups. Autoimmune disorders, immune-compromised
subjects, chronic liver, and renal failure, progressive neurological
worsening, neoplasia contraindication to MRI, and pregnancy
formed the exclusion. Patients were randomized (computer-as-
sisted) into two groups; one group receiving intravenous MNC
and other placebo/ saline infusion. All patients were adminis-
tered 8 weeks of neuromotor rehabilitation. The groups were re-
ferred to as group 1 & group 2 without treatment allocation be-
ing disclosed. Patients were screened, educated about stem cells
& bone marrow aspiration technique. Written informed consent,
complete medical history, examination, and baseline laborato-
ry tests were performed. The patients were examined by a neu-
rologist and neuro physiotherapist for clinical and functional
assessment [9,13,14]. The outcome measures were MRC scale,
tone (Ashworth), fuglmeyer score (FM) for upper limb, Brunn-
strom stage of stroke recovery, modified Barthel index (mBI) &
Edinburgh scale of handedness. The study was approved by IC-
SCRT (Institute committee for stem cell research and therapy)
and is registered with CTRI (CTRI/2014/09/005028). Safety and
efficacy endpoints were assessed at 7th day, 8 weeks, 6 months,
and one year of stem cell transplantation. Serum growth factors
(VEGF and BDNF) & fMRI were measured at baseline, 8 weeks,

6 months, and one year. The clinical outcome measures were

blinded to one of the assessors.

BOLD activation pattern

Block design with alternate baseline and activation task
with a total of 90 whole-brain EPI measurements (TR =4520 ms,
TE=44 ms, slices =31, slice thickness=4 mm) formed the fMRI
protocol on 1.5 T MR system (Avanto M/s Siemens, Erlangen,
Germany) using a head coil. Ten age-matched healthy controls
underwent imaging for comparison with baseline stroke data
[15].

Functional MRI Motor task

A self-paced small hand muscle activation motor task
was given to patients (minimum 0.5Hz) i.e., fist clenching/ex-
tension of the wrist/extension of the affected hand. This was fol-
lowed by bilateral hand movement. If a mismatch between the
target and actual performance or artifact was observed, the mea-
surement was repeated. Adequate rest was provided between the

two tasks.

Post-processing

fMRI data were analyzed using SPM8 software (Wel-
come Department of Cognitive Neurology, London, UK) run-
ning under the MATLAB environment (Math works). The func-
tional images were realigned, normalized, and then smoothed by
a 6-mm Gaussian filter. The design matrix was created with MNI
(Montreal Neurological Institute) coordinates with the number
of cluster counts activated. These MNI coordinates were convert-
ed to Talairach coordinates and correlated with atlas to get the
anatomical location in the brain. The volume of the lesion was
analyzed using J-IMAGE software (NIH) [9].

High-resolution T1-weighted structural MR imag-
es were spatially co registered into Talairach space and used to
generate ROIs for each individual subject. ROIs were created
for the primary motor area (M1), premotor cortex (PMC), and
supplementary motor area (SMA) based on anatomical defini-
tions of the functional areas. Activation clusters within each ROI
were measured in bilateral motor regions using an uncorrected
threshold of P < .001. The lateralization of cortical activity during
the affected hand pinch was calculated from the number of active
voxels in each ROI bilaterally. The LI was calculated as (I-C ) /
(I+C), where I is the active voxel count for the specified region
in the ipsilesional hemisphere and C is the active voxel count for
the region in the contralesional hemisphere while performing

the task with the affected hand. LI values range between —1.0 and
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+1.0, where +1.0 indicates that all the cortical activity occurred
within the ipsilesional ROI and -1.0 indicates that all the cortical

activity occurred within the contralesional cortical motor area.

Results

Clinical

No serious adverse events were reported in the study
until the first follow up. The baseline and clinical characteristics
of all patients are presented in table 1. To make results readable,

we denoted the groups as 1& 2 without the treatments being dis-

closed (RCT design). There was no significant difference in clin-
ical scores between group 1 and group 2 at 8 weeks in mBI (65.4
versus 63.2; p=0.72), FM(39.4 vs 41;p=0.53), ashworth (1 vs 2;
p=0.29) & MRC (3 vs 2; p=0.17) where as pre and post-treatment
scores were statistically significant for both groups 1& 2 respec-
tively (p<0.05). For VEGE, the baseline level was 336+78.6 pg/ml
in group 1 and 370+91.3 pg/ml in group 2 indicating a relatively
similar biomarker level at baseline (95% CI~ 5.6 to 3.2; p=0.067).
All patients showed improvement pre and post-therapy(p<0.05),
but no statistically significant difference observed between the
two groups at 8 weeks (mean 453.5+89.1 vs. 408.4+93.3 pg/ml,
95% CI~13.3-6.7, p=0.67). The median values for VEGF be-

Group 1 Group 2 P-value Healthy controls
N=10 N=10 N=20
Male 8 7 12
Female 2 3 8
Age 48.6+7.1 48.149.1
Avg. time of stroke onset 11.5 10.6
Risk factors
Hypertension 7 (70%) 6 (60%) 0.15 12
Diabetes mellitus 5(50%) 3 (30%) 0.87 6
Hypercholesterolemia 6(60%) 4 (40%) 0.56 10
Smoking 4 (40%) 4 (40%) 0.49 13
Alcohol consumption 3 (30%) 2 (20%) 1.0
Tobacco abuse - - -
CAD - - -
Clinical & imaging parameters
Baseline
FM 23.9 21.4 0.42
mBI 46.7 46.2 0.86
cluster counts Rt BA 4 378.1 739.4 0.15
cluster counts Rt BA 6 688.2 715 0.91
cluster counts Lt BA4 385.9 697.4 0.15
cluster counts Lt BA 6 870.7 550.6 0.10
LIBA 4 -0.13 -0.15 0.21
LIBA 6 -0.06 -0.21 0.81
% signal intensity 0.24 0.47 0.44
At 8 weeks
FM 39.7 34.1 0.53
mBI 65.9 61 0.72
cluster counts Rt BA 4 537.9 845.5 0.15
cluster counts Rt BA 6 1235 1177.5 0.87
cluster counts Lt BA4 712 1260 0.15
cluster counts Lt BA 6 1795 956.8 0.03
LIBA 4 0.26 0.24 0.85
LIBA 6 0.43 0.21 0.12
% signal intensity 0.24 0.29 0.42

Table 1. Baseline and clinical data of patients categorized into groups 1 & 2.
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tween groups 1 and 2 were also non-significant at 8 weeks (442.1
vs. 400.3 pg/ml, p=0.67).BDNF behaved in a similar path with-
out showing significant changes between groups 1 & 2 (95CI%
~ 5.6 to 7.8; p=0.57) although the mean in group 1 was slightly
higher than group 2 (32.8 ng/ml vs 27.3 ng/ml, 95%CI~p=0.57).

Bold

We observed that laterality index of ipsilesional BA 4
& 6 was statistically insignificant between both the groups (95
% CI~ -0.45 to -0.12; p=0.45 and 95% CI~ -0.33 to-0.17; p=0.06
respectively). In groupl, LI of BA 4 increased from -0.13 to 0.26
(p=0.003) and LI BA6 increased from -0.06 to 0.43 (p=0.001).In
group 2, LI BA4 increased from -0.15 to 0.24 and -0.21 to 0.21 for
LI BAG6 (table 2). It was observed that there was a 59.2% increase
in cluster counts of left BA6 and 56.2% increase in right BA6
in group 2. Similarly, the primary motor cortex (BA4) showed
an increase in cluster counts in groupl and 2 with a statistically
significant increase in post-treatment (p=0.006). The % signal in-
tensity was nonsignificant between the groups (p=0.43) although
it increased from 0.04 to 0.58 in group 1 & 0.04 to 0.36 in group
2. The mean gain in % signal intensity of the motor cortex region
was calculated and we observed that group 1 had higher gains

than group 2 patients (8.2 vs 5.8, p= 0.67).
Correlation of growth factors with BOLD parameters

Serum BDNF correlated well with FM score at 8
weeks in group 1 (r=0.72, p=0.05) as compared to group 2
(r=0.68,p=0.09) (figurel).VEGF did not show any strong cor-
relation with FM (figure 2) (group 1; r=0.45, p=0.89: group 2;
r=0.37, p=0.67); hence we correlated laterality index (LI)of ip-
silesional cortex with serum VEGE Two patients in group 2 had
negative LI with a mean VEGF of 430.5 pg/ml, though the cor-
relation line was progressively linear for these patients with pos-
itive LI (r=0.53,p=0.12).In group 1, LI showed a positive correla-
tion with serum VEGF in all 10 subjects (r=0.62, p=0.04) with
an increasing mean at 8 weeks (figure 3) as compared to group 2
(95% CI~1.4 to 2.3, r=0.58, p=0.56).

Discussion

The novelty of the research is to understand the para-
crine mechanisms of stem cells through functional imaging and
growth factor up regulation. We reviewed Pubmed, Embase,
and Scopus sincerely for stroke recovery and delightfully quote
that ours is the first paper to have reported such a phenomenon
clinically. The salient conclusion was the safety and feasibility of
autologous intravenous MNC in chronic stroke as documented

earlier [9,16]. It is an acknowledged fact that the endogenous re-

pair mechanism starts after an acute insult and is approximately
completed in the early months. The exogenous recovery contin-
ues over a longer period, through cell-based therapies, gene ther-

apy, neuromotor rehabilitation [17].

One of the most fascinating abilities of CNS is to re-
organize after any injury. fMRI has provided important insights
into the reorganization of the motor cortices after stroke [18,19].
Coupled with cell transplantation, the therapeutics in stroke re-
covery have been intrigued and well answered by BOLD & DTI.
The reported fMRI derived patterns of motor system activation
following stroke are variable and their interpretation regarding
the recovery process is controversial. We observed an increased
number of cluster counts in the motor cortex post-therapy in
both groups (groupl>group2) which suggests therapy-induced
neural plasticity occurring in the brain with cell transplanta-
tion and/or exercise regime. Increased BOLD activation was
observed in BA6 than BA4 in all patients suggesting the role of
BA6 in motor execution, precision, and bimanual hand activa-
tion with coordination (figure 4) [20]. To support the hypothesis
that chronic stroke patients with less than full recovery are more
likely to activate a number of primary, non-primary motor, cin-
gulate and cerebellar regions [21], our results also showed the
same trend indicating increased LI of motor cortices (BA 4 &
6) post-treatment in both the groups. The InveST(Intravenous
Autologous Bone Marrow Mononuclear Cell Therapy for Isch-
emic Stroke) trial tested whether an intravenous infusion of au-
tologous bone marrow mononuclear cells between 7 to 30 days
(acute to sub-acute) after stroke onset could result in a reduction
of the infarct volume and could improve neurological function at
day 180 of follow up [22], however, we did not find any change in

the lesion volume (data not shown).

The effectiveness of stem cells to enhance function-
al recovery after stroke has been regularly reported during the
last decade in the literature [23]. Another recent phase 2, ran-
domized, placebo-controlled, dose-escalation trial of intrave-
nous multipotent adult progenitor cells showed no difference
between the multipotent adult progenitor cell group and placebo
groups in global stroke recovery at day 90 (odds ratio 1-08 [95%
CI 0-55-2-09], p=0-83) [24]. In a recent report of a regeneration
model of spinal cord injury, the C17.2 murine neural progenitor
cell line was grafted into the lesion [6,25]. Several growth factors
like NGE, BDNE, and GDNF were known to have released as an
observation of axonal sprouting of endogenous cells resulting in
outcome measures improvement. Another document suggests
that functional improvement of animals treated with stem cells

after stroke does not take place on the short term, but takes time
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Time

S.No Agel after Task | Baseline ek

sex

stroke
BA4 cluster LI BAG6 cluster LI BA | BA 4 Cluster LI BA 6 cluster LI
Group 1 counts BA4 | counts 6 counts BA4 | counts BA 6
R L R L R L R L

1 55/M | 12 LEM | 543 786 -0.18 | 642 1128 | -0.27 | 1543 657 0.40 | 1654 789 0.25
2 52/M | 9 RFEM | 1575 320 -0.66 | 1545 1075 -0.18 1213 876 -0.16 | 1756 3256 0.29
3 45/F | 5 LEM | 56 89 -0.22 | 456 231 0.33 234 129 0.28 | 2213 1876 0.43
4 36/M | 14 RFM | 0 0 0 340 120 -048 | 0 0 0 487 1239 0.35
5 57/M | 12 LEM | 23 56 -0.42 | 105 635 -0.42 | 190 67 0.48 | 998 432 0.36
6 60/M | 10 RFM | 456 673 0.19 1200 1756 0.12 560 721 0.12 1345 3217 0.41
7 53/M | 11 RFM | 387 126 -0.51 | 1100 568 -0.31 533 489 -0.04 | 786 1675 0.36
8 46/M | 7 LEM | 35 79 -0.38 | 367 679 -0.29 130 140 -0.03 | 1932 690 0.37
9 40/M | 8 RFM | 431 674 0.22 786 1239 0.22 652 1785 | 0.46 | 247 2312 0.80
10 42/F 9 RFM | 275 1056 0.59 342 1276 0.57 324 2256 | 0.74 | 932 3467 0.87
Mean 378.1 | 385.9 | -0.13 | 688.2 | 870.7 | -0.06 | 537.9 712 0.23 | 1235 1795.3 | 0.46

Group 2
1 33/M | 5 LFEM | 269 567 -0.35 | 569 789 -0.16 823 675 0.09 | 923 587 0.22
2 45/M | 9 RFM | 1179 890 -0.13 | 1652 635 -0.44 1318 1824 | 0.16 1478 1256 -0.08
3 58/M | 15 LFM | 23 78 -0.54 | 539 456 0.08 234 132 0.27 1799 534 0.54
4 56/M | 9 RFM | 538 1085 0.33 23 45 0.32 842 2019 | 0.41 156 78 -0.33
5 42/M | 18 LEM | 56 78 -0.16 | 679 265 0.43 435 321 0.15 1453 765 0.31
6 60/M | 8 LFM | 564 764 -0.15 | 2134 765 0.47 875 546 0.23 3476 789 0.63
7 61/M | 18 RFEM | 1456 1289 -0.06 | 456 643 0.17 1123 2890 | 0.44 | 783 1889 0.41
8 60/M | 6 LFM 1349 745 -0.28 | 432 876 0.33 1673 1543 -0.04 | 643 1638 0.43
9 47/F | 7 REM | 325 433 0.14 12 465 0.94 437 759 0.27 | 188 956 0.67
10 49/M | 10 RFM | 1635 865 -0.30 | 654 567 -0.07 695 1897 | 0.46 | 876 1076 0.102
Mean 7394 | 679.4 | -0.15 | 715 550.6 | 0.21 845.5 1260 | 0.24 | 1177.5 | 956.8 0.29

Table 2. BOLD activation pattern depicting cluster counts and Laterality index (LI) of patients in group 1 & group 2.

before the therapeutic effect becomes detectable. This finding
is in agreement with previously published works that depict a
delayed action of implanted stem cells [26] which justifies our
inclusion criteria of patients being selected when the apparent
spontaneous recovery after stroke was over and before any scar-
ring occurs in the brain (3mo-2 yrs). Our last paper postulated
that the paracrine effects of stem cells levy over cell replacement
and this paper is a further exploration of functional recovery
post stem cell transplantation after stroke and correlation of

growth factors with BOLD imaging [9].

Given the evidence linking BDNF and brain plasticity,
research advancements have been made to understand the re-
sponse of BDNF levels to physical exercise training and its ben-

eficial effects on learning [27]. Thus, using neuro rehabilitative

training as an intervention to optimize neuro plasticity and re-
covery in patients post-stroke has gained considerable interest
[28]. Low serum BDNF was found to be associated with poor
long-term outcome after stroke [29]. However, the relationship
of serum BDNF with the short-term outcome is controversial;
one study reported a correlation of low BDNF at 3 months with
FIM motor subscore at discharge (r=0.17, p=0.001) and FIM total
score at discharge (r=0.15, p=0.004) [30]. However, in our study,
we observed that serum BDNF had a positive correlation with
fuglmeyer (FM) motor score for upper limb (r=0.72, p=0.05)
in group las compared to group 2 (figure 1). The task perfor-
mance was better in both groups at 8 weeks as observed through
BOLD imaging with an increase in cluster counts in BA 4 & 6
(p<0.05). The % signal intensity was non significant between the
groups (p=0.43) although it increased from 0.04 to 0.58in group

JScholar Publishers

J Stem Cell Rep 2020 | Vol 2: 101



* GROUP™M" EMGROUP™"
90" -
+»
80" -
70" -
60" -
ke 'r=0.67,'p=0.07"
S 50" R m ¢
+# u .
= 40"
u [
30" -
r="0.72,'p=0.04"
2':'“_ . " b
10" - . *
|:|II T T T T T 1
l:lll ZDII 30“ -dl:l“ 50“ EDII ?DII

Figure 1. Correlation of BDNF with FM scores at 8 weeks in both groups.
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Figure 2. Correlation of VEGF and FM score in both groups at 8 weeks.
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Figure 4. BOLD imaging of group 1 subjects : a) Pre treatment B) post treatment
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1 & 0.04 to 0.36 in group 2. Signal intensity is a marker of signal
strength of neurons when combined with oxygen to form oxy-
hemoglobin, an increased signal intensity leads to an enhanced
neurovascular coupling consequently neuronal O2 being used
for movement [31,32]. Exercise therapy leads to activation of
primary motor cortices sensorimotor cortex, premotor cortex,
SMA, cingulate, cerebellum, basal ganglia is a unanimous obser-
vation, also depicted from our results [33]. Regional blood flow
is enhanced by aerobic training exerting its function through
neurovascular remodeling mainly through serum VEGE It did
not show a strong correlation with clinical scores in our patients
hence we correlated laterality index (LI) of the ipsilesional cortex
with serum VEGF in both groups [34]. Also it is known that the

compound gets up regulated in the acute phase of stroke [35].

Our a priori intention was to correlate changes in brain
activation patterns to changes in performance due to neuro re-
storative therapies, and not time after stroke and we observed
that functional changes in a stroke patient are well correlated
with neurotrophic growth hormones and imaging especial-
ly BDNF than VEGF [36]. Use of imaging in clinical trials is
strongly encouraged to provide as much information as possible
to assess vascular/structural lesions, infarct size, cell viability, lo-
cation, the success, safety of implantation. Imaging should also
be used to monitor safety and recovery and, when possible, to
investigate mechanisms of action and provide information on
surrogate markers of treatment effect. Imaging measures might

also be useful to help stratify patients at baseline [37].

To summarize, our interim analysis of a randomized
controlled trial suggest that functional recovery post cell trans-
plantation occurs as both the groups performed well on imag-
ing and laboratory parameters. The increase in cluster counts of
primary motor cortex along with the upsurge of neurotrophic
hormones VEGF & BDNF in both groups indicates thera-
py-induced reorganization [38,39]. The data is still under eval-
uation, the study groups will be revealed once the trial is over

and a better understanding of the results will be published.

Conclusion

Autologous bone marrow-derived mononuclear stem
cells is safe and feasible in chronic stroke. There is a probable
positive correlation between the BOLD-signal size, activation of
primary &supplementary motor area, and good functional sta-
tus from sub acute to the chronic period of stroke. Stem cells
and neural rehabilitation lead to an increase in neurotroph-
ic hormones and functional reorganization in motor cortices.
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