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Abstract

Bone marrow mononuclear cells (MNCs) attenuate secondary degeneration and enhance

recovery in stroke animal models. In a nonrandomized clinical trial, we imaged 37 patients

with stroke: 17 patients treated with MNCs (treated) and 20 patients who received stan-

dard of care (nontreated) at 1, 3, and 12 months onset of stroke on 3.0T MRI system.

Three-dimensional anatomical and diffusion tensor images were obtained. The integrity

of the corticospinal tract was assessed by measuring absolute and relative fractional

anisotropy (FA) and mean diffusivity (MD) in the rostral pons (RP), posterior limb of the

internal capsule, and corona radiata by drawing regions of interest. Infarct volume and

stroke severity, which was assessed via the NIH Stroke Scale (NIHSS), were higher in the

MNC group compared with the nontreated patients, which is a major limitation. Overall,

the relative FA (rFA) of the nontreated patients exhibited continued reduction and an

increase in relative MD (rMD) from 1 to 12 months, whereas despite larger infarcts and

higher severity, treated patients displayed an increase in rFA from 3 to 12 months and

no change in rMD. Contrary to the nontreated group, the treated patients' rFA was also

significantly correlated (P < .05) with NIHSS score in the RP at all time points, whereas

rMD at the last two.

K E YWORD S
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1 | INTRODUCTION

Reperfusion to restore cerebral blood flow is the only viable therapeu-

tic option in patients with ischemic stroke (IS) via intravenous tissue

plasminogen activator (tPA) administration within 4.5 hours of

symptom onset and/or clot retrieval within 24 hours. However, only a

minority of patients are eligible for these treatments. Currently, there

are no other approved interventions to promote neurorestoration

after IS. Recent advances in regenerative medicine have shown the

promise of many novel cell-based therapies for various medical
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conditions including stroke. Extensive animal studies have shown that

cell therapies enhance stroke recovery,1-7 and clinical trials suggest

their safety in patients with stroke.8-15

For the last 10 years, various types of cells, doses, and delivery

routes have been pursued to explore therapeutic efficacy in animal

models.11,16-21 These studies have led to several proposed mecha-

nisms such as the release of cytokines, trophic factors, and exosomes

enhancing endogenous brain repair.22-24 Brain repair mechanisms

upregulated by stem cells include an increase in neurovascularization

and synaptogenesis22,25,26 and an increase in axonal sprouting and

white matter tract remodeling.23,27,28

To pursue the hypothesis that cell-based therapies promote white

matter tract remodeling, we have been studying white matter tract

changes after stroke in patients treated with and without bone

marrow-derived cell therapies. Nearly 90% of patients with IS exhibit

middle cerebral artery occlusion causing hemiplegia/hemiparesis.29

The corticospinal tract (CST), a major white matter axonal pathway

that facilitates neuronal communication between the brain and limbs,

is the primary source of motor function impairment. Diffusion tensor

imaging (DTI), which uses random water molecular motion, assesses

the integrity of white matter tracts and provides measures of micro-

structural changes by the provision of a scalar matrix referred to as

fractional anisotropy (FA) and mean diffusivity (MD).30,31 FA is a scalar

index ranging from 0 (isotropic diffusion) to 1 (anisotropic diffusion). A

higher FA represents better white matter fiber integrity. MD repre-

sents the magnitude of water diffusion, and a higher MD in the

chronic phase indicates axonal fiber disintegration. Many research

studies have shown that longitudinal DTI-derived measures may serve

as neuroimaging markers to assess poststroke changes to white mat-

ter tracts.32-37

Previously, we completed a phase I clinical trial on the safety

and feasibility of intravenous administration of autologous bone

marrow-derived mononuclear cells (BM-MNCs) in patients with IS

and reported preliminary longitudinal DTI changes of CST recov-

ery in the rostral pons (RP).38 Herein, we studied extensive longi-

tudinal microstructural changes in the CST of patients treated

with BM-MNCs compared with a separate, prospectively col-

lected cohort of patients with IS who received only standard

of care.

2 | MATERIALS AND METHODS

2.1 | Human protection

Our bone marrow clinical trial was conducted under the Federal

Investigational New Drug Application BB IND 13775 and was regis-

tered with ClinicalTrials.gov. The nontreated group was pooled from

an ongoing prospective cohort on the natural evolution of white and

gray matter changes after IS. Both studies were approved by the insti-

tutional review board of the University of Texas Health Sciences Cen-

ter at Houston and by the Memorial Hermann Hospital Office of

Research. Written informed consent was obtained after a thorough

discussion with patients and family members.

2.2 | Patient enrollment

A total of 45 patients with IS participated; 25 (between 2009 and

2012) were treated with autologous BM-MNCs (the “treated”
group), and 20 (between 2011 and 2019) did not receive BM-

MNCs (which we describe as the “nontreated” group). The non-

treated patients were recruited separately after completion of the

clinical trial BM-MNC treatment. Both groups underwent stan-

dard and customary poststroke rehabilitation. All the participants

underwent serial magnetic resonance imaging (MRI), except four

patients of the treated group who underwent CT imaging; their

data were excluded. In the BM-MNC-treated group, the inclusion

and exclusion criteria in the clinical trial are described else-

where.39 Briefly, patients were aged 18 to 83 years, with NIH

Stroke Scale (NIHSS) score 6 to 30 and lesion size of 5 to 100 cc.

In the natural history cohort (nontreated group), patients had an

IS, were aged 18 to 80 years, had no minimum severity, and had

no minimum or maximum lesion size cutoff. For both groups,

patients with brain tumor, claustrophobia, or metal implantation

were excluded.

Lessons learned
• Quantitative imaging biomarkers of patients with ische-

mic stroke treated with cell therapy.

• Diffusion tensor imaging can measure treatment-related

microstructural changes.

• Corticospinal tract integrity demonstrated slower degen-

eration in the treated group.

• Cell therapy does not restore poststroke damaged

tissues.

• Imaging markers are correlated with the clinical

assessment.

Significance statement
Cell-based regenerative therapies offer new opportunities

for the development of novel treatments to promote tissue

repair and prevent neurodegeneration after stroke. This lon-

gitudinal imaging study provides evidence in patients that

autologous bone marrow cells may lead to a reduction in

white matter injury compared with patients with stroke who

did not receive bone marrow cells.
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2.3 | Bone marrow mononuclear cell harvest,
isolation, and infusion

The procedural details of BM-MNC isolation and intravenous infusion

have been previously reported.39 Briefly, a total of 2 mL/kg bone mar-

row was harvested aseptically from the posterior iliac bone. The

mononuclear cells were enriched from the bone marrow using Ficoll-

Paque (GE Healthcare Bioscience, Uppsala, Sweden) and density gra-

dient separation with the density gradient procedure on the Sepax

device (Biosafe SA, Geneva, Switzerland). A maximum of 10 million

cells/kg in normal saline was administered into the antecubital vein

over approximately 30 minutes. Cells were administered within

72 hours of stroke onset.

2.4 | Clinical and radiological assessments

All patients enrolled underwent baseline and serial assessment of neu-

rological deficits and disability using the NIHSS.40 Baseline imaging

was obtained as part of the standard of care protocols within 24 to

48 hours. of stroke onset without DTI. Follow-up images obtained at

1, 3, and 12 months after stroke were compared between the two

groups. The qualitative radiological assessment included serial com-

parison in lesion size, location, midline shift, presence of Wallerian

Degeneration (WD), and involvement of CST by the infarct.

2.5 | Image acquisition

For all patients, MRI images were obtained on a full body 3.0T

Philips Intera later upgraded to an Ingenia (Philips Medical Sys-

tems, Best, The Netherlands) system. There were minor variations

in the acquisition protocol between the two groups. Diffusion ten-

sor images were obtained using echo-planar imaging with the bal-

anced and uniformly distributed Icosa-21 diffusion encoding

scheme41 with a diffusion sensitization of b = 1000 seconds/mm2,

repetition time (TR) = 8.0 seconds, and echo time (TE) = 66 ms.

The slice thickness was 3 mm with 44 axial slices covering the

entire brain, a square field of view = 256 × 256 mm2, and an image

matrix of 128 × 128 mm2 reconstructed to 256 × 256 mm2.

Three-dimensional T1-weighted images were acquired with

TR = 8.06 seconds, TE = 3.68 ms, acquisition matrix = 256 ×

256 × 180 mm2, slice thickness = 1 mm. Three-dimensional fluid-

attenuated inversion recovery (FLAIR) volumes were acquired with

TR = 4.8 seconds, TE = 129 ms, inversion time = 1.65 seconds,

acquisition matrix = 256 × 256, and slice thickness = 1 mm. The

total scan time for these sequences was less than 30 minutes.

2.6 | Diffusion tensor image processing

Imaging data of four treated patients were removed from analysis

because of poor image quality. Seventeen participants of the treated

group completed 1- and 3-month imaging, whereas only 13 completed

imaging at 12 months. All 20 participants of the nontreated group

completed 1- and 3-month imaging, whereas only 19 completed

imaging at 12 months.

The diffusion weighted imaging (DWI) volume data were

preprocessed using FSL (http://www.fmrib.ox.ac.uk/fsl), and all

images were visually inspected for head motion and imaging artifacts.

DWI volumes were registered to “B0” image and eddy current

corrected for geometric distortions followed by brain extraction. Sca-

lar metrics such as the eigenvalues, FA, and MD were obtained using

the FSL diffusion toolbox. The T1-weighted, FLAIR, FA, and MD

images at 1 month were registered to later time points using FLIRT

(FMRIB's Linear Image Registration Tool) affine 12� of freedom. We

applied region of interest (ROI) analysis to compare white matter

integrity of the CST between the two groups.

2.7 | ROI analysis

We measured FA and MD in the three regions of the ipsilesional

and contralesional CST, that is, the RP, posterior limb of the inter-

nal capsule (PLIC), and corona radiata (CR), by two raters (O.D.A.,

blinded to the study with 4 years' experience, and M.E.H.,

unblinded, with 11 years' experience). All the analyses were per-

formed by a blinded biostatistician. The ROIs were obtained by

hand drawing in multiple slices of color-coded principal eigenvec-

tor modulated FA maps at the first time point. The ROI size varies

in each slice, and extra cautions were taken to avoid partial volume

contamination. The average number of voxels in each ROI were

75, 110, and 750 in the RP, PLIC, and CR, respectively. Each ROI

was saved as an object and used for later time point temporal mea-

surements using ROI Editor Software (http://www.mristudio.org).

We reported both absolute and relative (ipsilesional/contra-

lesional) fractional anisotropy (rFA) and mean diffusivity (rMD)

measurements, obtained in the RP, PLIC, and CR. The rFA and rMD

measurements in the RP of one nontreated patient were removed

from the analysis because of hemorrhagic transformation in the

lesion between the 1- and 3-month visit.

2.8 | Lesion volume measurements

A semiautomated seed growing algorithm in Analyze 12.0 (Analyze

Direct, Inc., Overland Park, Kansas) was used to measure infarct volumes

on FLAIR images by two raters, one blinded to the group. The raters

selected seed points within the infarct, and a region-growing algorithm

automatically expanded the seed points within the three-dimensional

space of the image. Manual editing was implemented when automated

segmentation was not possible because of incongruent infarcts or if

there were unclear lines of shape distinction with voxel brightness. Bor-

ders of lesions were corrected only for infarcted tissue via manual trace

editing. All lesion volumes were corrected or reviewed manually to

ensure no errors were present from automatic segmentation.
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2.9 | Statistical analysis

The summary statistics were median and interquartile range (IQR) for

NIHSS score. All other continuous variables are reported as

mean ± SD. Change of NIHSS score in 1 year from baseline was evalu-

ated by the Wilcoxon signed rank test. The correlation of rFA mea-

surement with NIHSS score was evaluated by the Spearman

correlation coefficient. We depicted stem-leaf plots and conducted

Kolmogorov-Smirnov tests to examine normality. Based on the plots

and test results, the outcome variables approximately followed normal

distributions. We used the two-sample t test to compare FA and MD

measurements between the ipsilesional and contralesional sides. The

longitudinal data on treated vs nontreated DTI were analyzed by the

mixed model.42 The fixed effects of the mixed model included treat-

ment (yes, no), polychotomous time (1, 3, and 12 months), and inter-

action between treatment and polychotomous time. The patients

were included as random effect to accommodate correlation among

repeated measurements over time. Two-sided P values were reported,

and values of P < .05 were considered as significant. All statistical

analyses were performed using SAS software (version 9.4, the SAS

Institute, Cary, North Carolina).

3 | RESULTS

3.1 | Demographics and clinical information

Imaging data from a total of 37 patients with stroke (106 scans) were

used in this analysis. The nontreated control group consisted of

20 participants (11 male, 9 female) with an average age of

54.8 ± 10.0 years and median baseline NIHSS score of 7. The treated

group consisted of 17 participants (11 female, 6 male) with an average

age of 60.4 ± 14.4 years and median baseline NIHSS score of 11. Only

one patient of the treated group underwent endovascular

thrombectomy. The overall lesion volume, vascular occlusion territory,

lesion laterality, and tPA treatment are summarized in Table 1.

TABLE 1 A summary of demographic and clinical assessments of treated and nontreated patients with ischemic stroke

Characteristic Treated Nontreated P value

No. of patients enrolled, n 25 20

Total no. of patients with MRI, n (%) 21 (84) 20 (100)

Total no. of patients with adequate DTI imaging, n

(%)

17 (68) 20 (100)

Total no. of patients completed all imaging time

point, n (%)

13 (52) 19 (95)

Gender, n (%)

Male 6 (35) 11 (55) .24

Female 11 (65) 9 (45) .24

Age (y), mean ± SD 60.4 ± 14.4 54.8 ± 10.0 .19

Male 59.8 ± 10.3 59.3 ± 7.6 .93

Female 60.66 ± 16.6 49.3 ± 9.67 .08

Stroke laterality, n (%)

Left 8 (47) 12 (60) .45

Right 8 (47) 6 (30) .45

Ponsa 1 (6) 2 (10)

Vascular territory, %

MCA 95 60

MCA + PCA 0 25

MCA + ACA 0 5

Pontine 5 10

tPA treatment 64 45

Lesion volume, mean ± SD (min-max range), cc at

1 mo.

64.7 ± 40.3 (7.78-176.4) 26.4 ± 27.3 (0.37-87.1) .003

3 months 56.6 ± 54.1 (5.62-231.2) 19.2 ± 18.2 (0.34-61.9) .014

12 months 57.3 ± 47.5 (5.42-201.0) 19.8 ± 21.1 (0.08-66.8) .037

Baseline NIHSS score, median (IQR) 11 (10-14) 7 (5-14) .079

Abbreviations: ACA, anterior cerebral artery; DTI, diffusion tensor imaging; IQR, interquartile range; MCA, middle cerebral artery; MRI, magnetic resonance

imaging; NIHSS, NIH Stroke Scale; PCA, posterior cerebral artery; tPA, tissue plasminogen activator.
aLaterality is defined based on the majority of lesion extension.
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3.2 | Clinical and radiological assessment

The radiological assessment showed 52.9% (n = 9) of the treated

and 40% (n = 8) of the nontreated group had retrograde axonal

degeneration at different time intervals over 1 year with distinct

atrophy in the ipsilesional cerebral peduncles. All patients with

infarcts involving the CST were subsequently found to have WD;

however, two patients in the nontreated group did not have an

infarct initially involving the CST but later showed WD. The indi-

vidual patient's demographics and radiological findings are summa-

rized in Table 2.

The inter-rater reliability (IRR) measuring lesion volume was

87%. There was a statistically significant (P < .05) difference in

lesion volume between the two groups at all three time points.

The average lesion volume of the nontreated group decreased

from 26.4 ± 27.3 to 19.8 ± 21.1 mL (P = .40) over 1 year whereas

in the treated group the infarct volume decreased from

64.7 ± 40.3 to 57.3 ± 50.0 mL (P = .67) over the same time period.

There was no significant difference (P = .079) in the NIHSS score

obtained in the acute phase between the two groups. The median

NIHSS score of the nontreated group was significantly (P < .05)

decreased from 7 (IQR = 5-14) to 1 (IQR = 0-2) over 1 year. The

median NIHSS score of the treated group was also significantly

(P < .001) decreased from 11 (IQR = 10-14) to 3 (IQR = 2-5) over

12 months.

3.3 | DTI results: ROI analysis results

3.3.1 | Nontreated group

Hand-drawn regions of interest in the ipsilesional and contralesional RP,

posterior limb of internal capsule, and CR are shown in Figure 1A-C.

This color-coded map represents water diffusion along with the

superior-inferior (blue), anterior-posterior (green), and left-right (red)

fiber orientations. The IRR measuring FA and MD between the raters

was 89%.

Ipsilesional and contralesional FA measurements

The ipsilesional FA in the RP, posterior limb of internal capsule, and

CR was lower than the contralesional side in line with previous

reports.36,43 In the RP at 1 month, there was no significant difference

in FA between ipsilesional and contralesional (ipsilesional, 0.52 ± 0.1;

contralesional, 0.56 ± 0.1; P = .33); however, between 3 and

12 months this difference became statistically significant (P < .001).

This is predominantly due to a continual decline of FA in the

ipsilesional RP (0.52 ± 0.1 to 0.46 ± 0.12) and a minimal change in the

contralesional (0.56 ± 0.07 to 0.57 ± 0.08). The ipsilesional FA in the

PLIC remained significantly (P < .05) lower at all three time points

compared with the contralesional. Unlike RP, over time there was no

statistically significant change of FA in either ipsilesional

(1M = 0.60 ± 0.09 to 12M = 0.56 ± 0.12) or contralesional

(1M = 0.49 ± 0.08 to 12M = 0.50 ± 0.07) PLIC. There was no

significant difference between ipsilesional and contralesional FA in

the CR throughout the study.

Ipsilesional and contralesional MD measurements

There was no significant difference between ipsilesional and contra-

lesional MD in the RP over a year. Temporally, the ipsilesional MD in

the RP increased 749.6 ± 67 (1M) to 793 ± 108 (12M) × 10−6 mm2/s

but failed to reach statistical significance (P = .11). Temporally, the

ipsilesional MD in the PLIC increased from 711.2 ± 55.1 to

776.7 ± 111.4 × 10−6 mm2/s, (P < .05) compared with the contra-

lesional PLIC (695.9 ± 38.8 to 708.4 ± 34.1 × 10−6 mm2/s, P = .18)

between 1 and 12 months. The MD in the CR also exhibited no signif-

icant difference between ipsilesional and contralesional measure-

ments throughout the study. The ipsilesional and contralesional FA

and MD changes in the nontreated group are summarized in Figure 1.

3.3.2 | Treated group

Ipsilesional and contralesional FA measurements

The ipsilesional FA was significantly (P < .05) reduced in all three regions

at all the time points compared with the contralesional locations. Tempo-

rally, both the ipsilesional and contralesional FA in the RP exhibited no

significant change. In the PLIC, the FA decreased between 1 and

3 months (0.45 ± 0.9 to 0.37 ± 0.10, P = .05) but then increased to

0.43 ± 0.13 (P = .30) at 12 months with no change in the contralesional

PLIC. Similar to the nontreated cohort, there was no significant temporal

change in both the ipsilesional and contralesional FA in the CR.

Ipsilesional and contralesional MD measurements

Both the ipsilesional and contralesional MD in the RP and PLIC

remained unchanged. The ipsilesional MD in the CR increased from

889 ± 131 to 945 ± 194 × 10−6 mm2/s between the last two time

points but failed to reach statistical significance (P = .44). The

ipsilesional and contralesional FA and MD changes in the treated

group are summarized in Figure 2.

3.3.3 | Treated vs nontreated group

Given that both groups exhibited minimal FA and MD changes in the

contralesional measurements, we report the rFA and rMD to compare

the two groups of patients. The ipsilesional rFA in the RP of the non-

treated group was significantly (P < .05) higher than the treated

patients at 1 and 3 months; however, between 3 and 12 months, the

two groups showed opposite change. The rFA in the nontreated group

decreased (0.92 ± 0.20 to 0.84 ± 0.16, P = .13), whereas it increased

(0.69 ± 0.16 to 0.76 ± 0.13, P = .28) in the treated group. There was no

statistically significant (P = .23) difference in the rFA of the RP between

the treated and nontreated groups at 12 months. The rMD in the RP of

the nontreated group was significantly (P < .05) lower than the treated

group at the first two follow-ups; however, at 12 months, the non-

treated group displayed an increase in rMD (1.04 ± 0.14 to 1.64 ± 0.12,

DTI OF PATIENTS WITH STROKE TREATED WITH STEM CELLS 947



TABLE 2 Individual patient radiological assessment

Folder

ID

Age/

gender Risk factor

Stroke

side

Vascular

territory

NIHSS score at

onset

tPA

Y/N Lesion location

CST

involved Y/N

AD

Y/N

Treated

P_01 61/M HLD, CVA L MCA 14 N Frontal lobe Y Y

P_02 31/F MVP R MCA 12 Y Frontal lobe and insula Y Y

P_03 52/M No known risk R MCA 16 Y Frontal, temporal lobes and insula Y Y

P_04 78/M CVA L MCA 8 N Frontal lobe and insula N N

P_05 55/F Afib R MCA 15 Y Frontal, temporal lobes and insula Y Y

P_06 35/F No known risk R MCA 14 Y Frontal lobe and insula Y Y

P_07 75/F HTN R MCA 15 Y Frontal, temporal lobes and insula Y Y

P_08 50/M Heavy smoker R MCA 9 N Frontal lobe and insula N N

P_09 46/F HTN, CVA L MCA 15 N Corona radiata Y Y

P_10 78/F HTN L MCA 16 Y Frontal, temporal lobes and insula N N

P_11 66/F HTN, HLD, TIA R MCA 10 N Corona radiata N N

P_12 77/F DM, HTN, Afib L MCA 9 Y Parietal, temporal, and occipital

lobes

N N

P_13 69/F CAD, HTN, Afib L Basilar 7 Y Pons extended to cerebral peduncle N N

P_14 70/F HTN, DM, R MCA 15 Y Frontal, temporal lobes and insula Y Y

P_15 66/F HTN, HLD L MCA 15 N Frontal, temporal lobes and insula Y Y

P_16 53/M DM, HTN R MCA/PCA 11 Y Occipital and temporal lobes N N

P_17 65/M DM, HTN L MCA 17 Y Frontal, parietal, and occipital lobes N N

Nontreated

P_01 53/M HTN, TIA L ACA 5 N Subventricular zone N N

P_02 67/M CVA, DM, HTN L MCA 4 N Parietal and occipital lobes Y N

P_03 57/M No known risk R MCA 13 Y Temporal and parietal lobes N Y

P_04 59/M MI L MCA 20 Y Frontal and temporal lobes N N

P_05 76/M HLD L PCA 5 N Occipital lobe N N

P_06 51/F HTN R MCA 8 Y Caudate N N

P_07 58/M HTN R PCA 6 Y Occipital, temporal lobes, thalamus N N

P_08 35/F Preeclampsia L PCA 7 Y Temporal, occipital lobes, thalamus N N

P_09 34/F DM L MCA 27 Y Temporal and parietal lobes Y Y

P_10 59/F HLD R/Pons Basilar 3 Y Pons extended to cerebral peduncle N Y

P_11 62/F No known risk R PCA 2 N Occipital lobe N N

P_12 42/F No known risk R MCA 14 Y Basal ganglia Y Y

P_13 49/F Smoker L MCA 20 N Insula, basal ganglia Y Y

P_14 59/M CAD L MCA 20 N Operculum and caudate Y Y

P_15 60/M DM, HLD, HTN R/Pons Basilar 1 N Pons extended cerebral peduncle N N

P_16 53/F CAD, CVA,

HTN, DM

L MCA 7 N External capsule Y Y

P_17 46/M Aneurysm, DM L MCA 3 Y Putamen Y Y

P_18 59/F DM, HLD, HTN R PCA 11 N Temporal lobe N N

P_19 57/M No known risk L MCA 5 N Left aspect of the medulla

compatible

N N

P_20 61/M HTN, MI, Afib L MCA 6 N Frontal parietal lobes, pre- and

postcentral gyri

N N

Abbreviations: ACA, anterior cerebral artery; AD, axonal degeneration; Afib, arterial fibrillation; CAD, coronary artery disease; CST, corticospinal tract;

CVA, cerebrovascular accident; DM, diabetes mellitus; F, female; HLD, hyperlipidemia; HTN, hypertension; L, left; M, male; MCA, middle cerebral artery;

MI, myocardial infarction; N, no; NIHSS, NIH Stroke Scale; PCA, posterior cerebral artery; R, right; TIA, transient ischemic stroke; tPA, tissue plasminogen

activator; Y, yes.
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P < .05) between the last two visits. However, there was no significant

temporal change of the rMD in the treated group.

The rFA in the PLIC of the nontreated group was significantly

(P < .001) higher compared with the treated group throughout the

study. Temporally, the nontreated patients displayed a slight decrease

in rFA (0.98 ± 0.13 to 0.86 ± 0.17, P = .44) between the first two fol-

low-ups, then stabilized, whereas the rFA of the treated group

decreased from 0.74 ± 0.15 to 0.63 ± 0.23 (P = .08) between the first

two visits then increased back to 0.69 ± 0.22 (P = .39) between 3 and

12 months. The rMD in the PLIC of the nontreated group was signifi-

cantly (P < .05) lower at 1- and 3-month visits compared with the

treated group, but temporally it exhibited an increasing trend

(1.02 ± 0.08 to 1.09 ± 0.1, P = .15), whereas it remained unchanged in

the treated group. At the last visit, there was no significant (P = .06)

difference in rMD of the PLIC between the two groups.

Temporally, the nontreated group illustrated a decline in rFA

(0.94 ± 0.18 to 0.88 ± 0.13, P = .24) in the CR between the first and

last visit whereas the treated group displayed no change in rFA. The

nontreated group had significantly (P < .05) lower rMD compared with

the treated group. Temporally, there was no significant change in

rMD in either group. Both rFA and rMD changes in the three regions

of CST using native space ROI are summarized in Figure 3.

F IGURE 1 A typical region of interest on a diffusion tensor color-coded map used to compute FA and MD and absolute temporal FA and MD
changes in nontreated patients over 1 year. A-C, The ipsilesional and contralesional region of interest in the rostral pons (A), posterior limb of
internal capsule (B), and corona radiata (C), respectively. D-I, FA and MD changes in the nontreated group over 1 year. The ipsilesional FA in the
RP was significantly (P < .05) decreased at 3 and 12 months compared with the contralesional as shown in (D), whereas MD was increased
(P = .12) at 12 months as illustrated in (G). Compared with the contralesional, the ipsilesional FA in the PLIC was significantly (P < .05) reduced as
shown in (E) at all imaging time points, whereas MD was significantly increased at 3 and 12 months as shown in (H). The FA and MD in the
corona radiata exhibited no significant difference between ipsilesional and contralesional measurements throughout the study as shown in (F) and
(I). *P < .05 ipsilesional vs contralesional; **P < .05 ipsilesional temporal. Error bar indicates SD. au, arbitrary units; CR, corona radiata; FA,
fractional anisotropy; MD, mean diffusivity; PLIC, posterior limb of the internal capsule; RP, rostral pons
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3.4 | Association of neuroimaging markers with
clinical scores

The rFA and NIHSS score of the treated group in the RP and PLIC

exhibited a significant (P < .05) negative correlation with the correlation

coefficient of −0.73, −0.56, −0.61 (RP) and −0.62, −0.59, −0.61 (PLIC)

at 1 month, 3 months, and 12 months, respectively, whereas no

significant correlation was found in the nontreated group. In the CR

regions, only the nontreated group showed a significant negative corre-

lation at 12 months. There was a significant (P < .05) positive correla-

tion between rMD and NIHSS score in the RP regions of the treated

group at 3 and 12 months with correlation coefficient of 0.65 and 0.69,

respectively, whereas no significant correlation was found in the non-

treated group. In the PLIC, the nontreated group showed a significant

F IGURE 2 Temporal absolute FA and MD changes in treated patients over 1 year. Compared with the contralesional, the ipsilesional FA was
significantly (P < .05) reduced in RP (A), PLIC (B), and CR (C) at all time points. Significant (P < .05) increased in MD in the RP (D), PLIC (E), and CR
(F). *P < .05 ipsilesional vs contralesional; **P < .05 ipsilesional temporal. Error bar indicates SD. au, arbitrary units; Contra, contralesional; CR,
corona radiata; FA, fractional anisotropy; Ipsi, ipsilesional; MD, mean diffusivity; PLIC, posterior limb of the internal capsule; RP, rostral pons
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F IGURE 3 Summarizes temporal rFA and rMD changes in the three regions of the corticospinal tract using region of interest analysis
between treated and nontreated patients. A-C, Temporal rFA changes between the treated and nontreated groups in the RP (A), PLIC (B), and CR
(C). RP of the treated group rFA was significantly (P < .05) reduced at 1 and 3 months, but slightly regained at 12 months whereas the nontreated
group showed significant (P < .05) temporal decline between 1 and 12 months. The rFA in the PLIC remains significantly (P < .05) lower in the
treated group compared with the nontreated group. Temporally, the rFA in the CR of the treated group remains unchanged with no significant
difference between two groups. D-F, Temporal rMD changes between the treated and nontreated groups in the RP (D), PLIC (E), and CR (F). In
the RP of the treated group, rMD was significantly (P < .05) increased at 1 and 3 months, whereas the nontreated group showed a significant
(P < .05) temporal increase between 1 and 12 months. The rMD in the PLIC was significantly (P < .05) higher in the treated group at 1 and
3 months with no significant difference at 12 months. Temporally, rMD in the PLIC remains unchanged in each group. The rMD in the CR remains
significantly (P < .05) higher in the treated group with no significant temporal changes in either group. *P < .05 treated vs nontreated; **P < .05
temporal nontreated. Error bar indicates SD. au, arbitrary units; CR, corona radiata; FA, fractional anisotropy; MD, mean diffusivity; PLIC,
posterior limb of the internal capsule; rFA, relative fractional anisotropy; rMD, relative mean diffusity; RP, rostral pons
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positive correlation with the correlation coefficient of 0.58 and 0.67 at

3 and 12 months, respectively, whereas 0.65 in the treated group only

at 12 months. In the CR, only the treated group reported significant

correlation at 12 months with a correlation coefficient of 0.60. Correla-

tion coefficients at different time points are shown in Figure 4.

4 | DISCUSSION

In the present study, we investigated microstructural axonal fiber

changes of the CST in patients treated with mononuclear bone marrow

cell therapies and compared the results with a prospectively collected

cohort of patients with stroke who received standard of care but were

not treated with cell therapies. The CST, a prominent white matter

communication pathway between the brain and limbs, has been exten-

sively studied following stroke,44-48 because hemiparesis is the most

common impairment in stroke survivors. FA is an indicator of white

matter integrity, and a reduction of FA indicates axonal damage. The

degree of anisotropy depends on fiber orientation, axonal spacing and

coherence, diameter, and myelination, which makes FA highly sensitive

to microstructural changes. Previous DTI studies show serial reductions

in the ipsilesional FA in the RP within 30 days of onset with continued

reductions up to 3 months, followed by stabilization between 3 and

12 months.36,43 We are not aware of longitudinal studies that show

ipsilesional FA recovery in the pons at later time points after stroke.

Our results are in agreement with previously published studies and

show significantly decreased FA in the ipsilesional RP in nontreated

patients. In fact, we observed a continued decline in FA up to 1 year

F IGURE 4 Summarized temporal correlation efficient changes between clinical scores, rFA, and rMD measurement in the treated and
nontreated groups. (A-C) and (D-F) illustrate temporal correlation between the National Institute of Health Stroke Scale, rFA, and rMD in the RP,
PLIC, CR, and corticospinal tract, respectively. Error bar indicates 95% confidence interval. CR, corona radiata; PLIC, posterior limb of the internal
capsule; rFA, relative fractional anisotropy; rMD, relative mean diffusity; RP, rostral pons
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after stroke, and a very similar pattern was observed in the CR. In paral-

lel, we also observed a sustained MD increase over a year in the CST in

the pons and PLIC of the nontreated patients. The MD measures the

average distance a water molecule travels within a given time, and an

increase in MD indicates axonal degeneration.

In the treated group, however, we observed a very different pat-

tern of longitudinal changes in the FA. Although the FA decreased, as

expected, at 3 months after stroke, the FA then increased back to the

levels observed at 1 month. Temporally, MD in the treated population

exhibits no significant change. These results suggest the possibility of

microstructural stabilization as compared with the nontreated

patients.

Despite a significantly higher stroke severity, larger lesion vol-

ume, and higher proportion of patients with infarcts involving the

CST in the treated group, we still saw in the treated group longitu-

dinal changes suggesting a return, at least partially, of axonal integ-

rity in the RP and CR. In these regions, the rFA temporally

increased and stabilized compared with the nontreated group with

lower stroke severity and a smaller lesion volume. We, therefore,

speculate that BM-MNC treatment leads to an increase in axonal

fiber cohesiveness or attenuates degeneration of the CST. Our

study also shows that neither group showed significant reduction

in lesion volume, suggesting that cell therapy does not replace

damaged brain tissue but, as suggested in the literature, releases

biological factors that either enhance an endogenous protective

mechanism from further degeneration and/or actively enhance

repair mechanisms. Our interpretation of the data is further

supported by minimal rMD changes in the treated group in all

three regions examined, compared with serial increases in rMD in

the nontreated group.

Another possible interpretation of temporal change of rFA in the

RP could be due to the presence of neuroinflammation that disrupted

axonal coherence causing a reduction in rFA. The intravenous admin-

istration of BM-MNCs is known to reduce different component of the

inflammatory response to stroke,22,49-51 which could then result in a

regain of rFA in the RP because microglial activation has been

detected along the pyramidal tract in the brainstem51 months after IS

in patients.

Last, the strong correlation in the RP and PLIC between rFA,

rMD, and clinical scores supports the hypothesis that DTI as a mea-

sure of microstructural changes could be used as a noninvasive tool to

monitor treatment effects of cell-based therapies on axonal degenera-

tion. We plan to include DTI to further develop useful imaging

markers in randomized clinical trials of cell therapies for stroke. At the

very least, we believe that prospective studies are warranted to better

understand the relationships of longitudinal microstructural changes

to the CST and motor outcomes over time after stroke. In addition,

the recent STEPS 4 guidelines52 emphasize the need for potency

assays and targeted preclinical efficacy studies of cell-based therapies.

We envision that preclinical stroke studies might be directed toward

identifying white matter protection or repair as an important mecha-

nistic target of efficacy studies and potency assays for bone marrow

cell therapies.

4.1 | Study limitation

Among the limitations, this study was not randomized and had a sig-

nificant difference in stroke severity, lesion size, and location between

the two groups, which will be addressed in future studies. A larger

study cohort is required to substantiate our findings. Last, the ROI-

based methodology is limited to small tissue area with partial volume

contamination. We also acknowledge that changes in management

over the time course of recruitment that could have affected outcome

differently in the two groups, such as tPA and thrombectomy.

5 | CONCLUSION

After IS, patients in our study showed ongoing microstructural injury

and axonal degeneration in the CST up to 1 year. In contrast, patients

treated with autologous bone marrow mononuclear cells had micro-

structural injury in the CST by 3 months after stroke but then showed

improvement in white matter injury at 1 year. Further studies are

needed in randomized clinical trials to test the hypothesis that bone

marrow cell therapies promote white matter repair.
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