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Abstract

Using magnetic resonance imaging (MRI) and an animal model of traumatic brain injury (TBI), we investigated the

capacity and sensitivity of diffusion-derived measures, fractional anisotropy (FA), and diffusion entropy, to longitudinally

identify structural plasticity in the injured brain in response to the transplantation of human bone marrow stromal cells

(hMSCs). Male Wistar rats (300–350g, n = 30) were subjected to controlled cortical impact TBI. At 6 h or 1 week post-

injury, these rats were intravenously injected with 1 mL of saline (at 6 h or 1 week, n = 5/group) or with hMSCs in

suspension (*3 · 106 hMSCs, at 6 h or 1 week, n = 10/group). In vivo MRI measurements and sensorimotor function

estimates were performed on all animals pre-injury, 1 day post-injury, and weekly for 3 weeks post-injury. Bielschowsky’s

silver and Luxol fast blue staining were used to reveal the axon and myelin status, respectively, with and without cell

treatment after TBI. Based on image data and histological observation, regions of interest encompassing the structural

alterations were made and the values of FA and entropy were monitored in these specific brain regions. Our data

demonstrate that administration of hMSCs after TBI leads to enhanced white matter reorganization particularly along the

boundary of contusional lesion, which can be identified by both FA and entropy. Compared with the therapy performed at

1 week post-TBI, cell intervention executed at 6 h expedites the brain remodeling process and results in an earlier

functional recovery. Although FA and entropy present a similar capacity to dynamically detect the microstructural

changes in the tissue regions with predominant orientation of fiber tracts, entropy exhibits a sensitivity superior to that of

FA, in probing the structural alterations in the tissue areas with complex fiber patterns.
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Introduction

Traumatic brain injury (TBI) remains a leading cause of

neurological mortality and disability. An average of 1,400,000

TBIs occur each year in the United States, and >5,000,000 people

are living with TBI-related disability at an annual cost of

> $56,000,000,000.1 TBI initiates multiple biochemical perturba-

tions2–4 that lead to secondary brain injury. Currently, no clinical

treatment is available to repair the diffuse axonal injury, reverse the

pathologic cascade of cell death, and reduce functional deficits fol-

lowing TBI.5–7 However, recent investigations show that cell trans-

plantation, which amplifies endogenous regenerative and restorative

processes, has potential as a therapeutic strategy to attenuate devas-

tating secondary pathological processes and meanwhile, to enhance

brain plasticity.8–10 As the key mechanism of damage, axonal injury

is directly associated with neurobehavioral outcome,11,12 whereas

axonal remodeling, an adaptive brain response to trauma, which

compensates for loss of function and could be promoted by cell en-

graftment,13–15 has received increasing attention. These structural

alterations within the injured brain can be revealed by magnetic

resonance imaging (MRI), especially diffusion measurements.16–21

By exploiting the anisotropic properties of water diffusion in

white matter (WM), diffusion imaging technology provides new

insights into the microstructural organization of the central nervous

system. As a noninvasive tool capable of characterizing the major

diffusion direction of fiber tracts, diffusion-tensor imaging (DTI)22

maps the orientational architecture of neural tissue in vivo. Frac-

tional anisotropy (FA), one of the DTI-derived indices, describes
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the degree of directionality of tissue water diffusion.23 Because of

its ability to capture the alteration of WM integrity, FA is widely

used in experimental study20,24,25 and clinical research16,21,26 to

quantify the extent of structural pathology or therapeutic benefit

following brain insult. Although DTI holds value as an excellent

imaging modality for identifying axonal injury as well as neuro-

plasticity that occur in the injured brain18,27,28 it has a well-known

inherent limitation, stemming from the constraints of the tensor

model, which prevent DTI from adequately resolving intravoxel

fiber crossing.29 This significant shortcoming of DTI has motivated

the introduction of alternative model-independent methods that

directly use diffusion-weighted imaging for accurately character-

izing anisotropic diffusion in complex neural tissue and for pre-

cisely detecting structural changes in response to injury and/or

treatment. One of these novel proposed approaches is diffusion

entropy,30,31 which is based on information theory32 and generated

from the diffusion attenuation values measured across the applied

diffusion-sensitizing gradient directions. Previous studies show

that the entropy measure has advantages over FA by providing

superior anisotropy-dependent image contrast and demonstrating

increased sensitivity to axonal density.30,31

Cumulative evidence obtained from histological analysis, im-

aging investigation, and neuropsychological assessment supports

the induction of brain structural plasticity provoked by injury,33–36

which provides a biological substrate for spontaneous functional

recovery. Promotion of such an ability of the brain to maximize

repair capacity might, therefore, be a significant target for thera-

peutic strategies. This post-injury structural remodeling can be

enhanced by proper treatment such as cell engraftment.7,9,37–48 Cell

transplantation after TBI promotes WM reorganization,13–15 which

can be detected by FA.20 The advent of advanced model-free

estimate MRI, such as diffusion entropy,30,31 raises the exciting

possibility that brain structural reorganization evoked by the ther-

apeutic intervention could be revealed, which may add to our un-

derstanding of the role of structural remodeling as underlying

functional recovery. However, quite limited data exist regarding

the use of entropy to dynamically monitor structural changes,

particularly for cell-induced neural remodeling in TBI. In addition,

the timing of cell transplantation, one of key issues regarding op-

timization of basic transplantation techniques, remains to be ad-

dressed. Although acute intravenous cell intervention (within 24 h)

after TBI provides therapeutic benefit above that of delayed cell

administration (*1 week) in retarding cerebral atrophy and re-

ducing functional deficits,49,50 how these treatment strategies affect

structural plasticity is unclear. The objective of the present study

was to investigate the capacity and sensitivity of FA and entropy to:

1) longitudinally identify structural reorganization in an experi-

mental animal model of TBI, and 2) dynamically detect the ther-

apeutic effect of human bone marrow stromal cells (hMSCs),

engrafted at 6 h or 1 week post-TBI, on structural remodeling in the

injured brain. We tested the hypothesis that entropy, an information-

based estimate without any model assumptions on the diffusion

process, would be superior to FA in probing the structural alteration

in response to the cell therapy after TBI, particularly in the tissue area

with crossing fibers.

Methods

All experimental procedures were conducted in accordance with
the National Institues of Health (NIH) Guide for the Care and Use
of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee (IACUC) of Henry Ford Health System.

Animal model and experimental groups

The controlled cortical impact (CCI) TBI animal model em-
ployed has been previously described.49,50 Briefly, male Wistar
rats (300–350 g, n = 30) were anesthetized with chloral hydrate
(350 mg/kg, i.p.) and their rectal temperature was maintained at
37�C with a feedback-regulated water-heating pad. The head of
each animal was mounted in a stereotactic frame and two 10 mm
diameter craniotomies, one in each hemisphere, were performed
adjacent to the central suture, midway between lambda and bregma,
leaving the dura mater over the cortex intact. The left craniotomy
confined the location of experimental impact whereas the right one
allowed for the lateral movement of cortical tissue. Using a CCI
device, a unilateral brain injury was induced by delivering a single
impact at a velocity of 4 m/sec reaching a depth of 2.5 mm below
the dura mater layer to the left cortex with a pneumatic piston
containing a 6 mm diameter tip. Following the operation, the bone
flap was replaced and sealed with bone wax, and the skin was
sutured. For analgesia, Buprenex (0.05 mg/kg, s.q.) was adminis-
tered to each animal after brain injury.

To investigate how cell therapy benefits structural remodeling
and whether acute cell engraftment advances the therapeutic effect
compared with delayed intervention, strategies previously proven
efficient in improvement of neurological function, including cell
type, dose, and treatment time point,49,50 had been used.

MSCs are a mixed cell population, including stem and pro-
genitor cells.46 The hMSCs were provided by Theradigm (Balti-
more, MD). The cells were suspended in phosphate-buffered
saline (PBS) prior to injection into rats, which was performed at
6 h or 1 week post-TBI. Rats subjected to brain injury were ran-
domized to one of four treatment groups, 6 h cell-treated (n = 10),
1 week cell-treated (n = 10), 6 h saline-treated (n = 5), and 1 w
saline-treated (n = 5) groups. Anesthesia was reinstituted before
the transplantation and a bolus of the cell suspension (* 3 · 106

hMSCs in 1 mL PBS) was slowly infused over a 5 min period into
the tail vein of each rat in the cell-treated groups using a Hamilton
syringe. The needle was left in place for 1 min before withdrawal
to minimize cell leakage, and the injection site was compressed
for a short time to reduce bleeding. Replacing the cell suspension
with the same amount of saline, each animal in the saline-treated
groups underwent the identical procedure as those in the cell-
treated groups.

Diffusion entropy

Diffusion anisotropy is a direct consequence of biological bar-
riers and hindrances the water molecules experience as they pas-
sively diffuse. These diffusing molecules probe, on a microscopic
scale, the underlying tissue structure.31

Shannon entropy provides a measure of uncertainty or ran-
domness based on information theory. By applying Shannon entropy
to investigate the diffusion-weighted data, it was hypothesized that
tissue types with varying degrees of diffusion anisotropy could be
differentiated based on their underlying information content, with a
higher entropy or uncertainty reflecting a severer diffusion anisot-
ropy. Diffusion entropy, E, was calculated pixel by pixel using the
following formula:19

E (xi)¼ �+
dj2D

p (xi, dj) log p (xi, dj) xi 2 FOV

where D is the set of all gradient directions in q-ball sequence, and

p(xi,dj) is the probability of the MRI signal attenuation value being

repeated throughout D as a result of water displacement along

a certain spatial orientation dj for pixel xi, and the MRI signal

attenuation value for pixel xi in diffusion direction dj is calculated

by dividing its diffusion-weighted signal intensity by pixel xi’s

diffusion-free (b = 0 sec/mm2) signal intensity.

STRUCTURAL REMODELING DETECTED BY DIFFUSION MRI 183



MRI and data processing

MRI was performed using ClinScan 7T system (Siemens, Er-
langer, Germany). The animal was securely fixed on an MR-
compatible holder equipped with a nose cone for administration of
anesthetic gases and stereotaxic ear bars to immobilize the head.
For reproducible positioning of the animal in the magnet, a fast
gradient echo imaging sequence was used at the beginning of each
MRI session. During image acquisition, anesthesia was maintained
by a gas mixture of 1.0–1.5% isoflurane in medical air (1.0 L/min),
and rectal temperature was kept at 37 – 1.0�C using a feedback-
controlled water bath (YSI Inc, Yellow Springs, OH) underneath
the animal. T2-weighted imaging (T2WI) and DTI were acquired
for all animals 1 day pre-TBI, 1 day post-TBI and then weekly for 3
weeks. All rats were killed after the final in vivo MRI scans.

T2WI was acquired using a multi-slice (13 slices, 1 mm thick),
multi-echo (6 echoes) sequence with echo times (TE) of 15, 30, 45,
60, 75, and 90 ms and a repetition time (TR) of 4.5 sec. Images were
produced with a 32 · 32 mm2 field of view (FOV) and a 128 · 64
image matrix. Q-ball DTI was accomplished using a single-shot
spin-echo echo-planer sequence with one baseline of b = 0 sec/mm2

and 64 diffusion directional measurements at b = 1500 sec/mm2

(32 · 32 mm2 FOV, 128 · 128 image matrix, 13 slices (1 mm thick),
TE = 50 ms, TR = 10 sec).

FA and entropy maps were generated using DTIstudio ( Johns
Hopkins University, Baltimore, MD) and an in-house software,
respectively. Whereas T2 maps were calculated on a voxel-wise
basis by linear least-squares fit of the logarithm of the signal
intensity versus TE (Eigentool Image Analysis Software, Henry
Ford Health System, MI), the orientation distribution function at
each voxel was computed from q-ball imaging with Camino
(Microstructure Imaging Group, University College London,
London, UK).

Before quantification and analysis, the image distortion induced
by eddy currents during diffusion measurement has to be rectified.
For this task, an image registration software known as bUnwarpJ,51

which was designed to align pairs of images distorted by both
physical and acquisition-related distortions, was used. The ap-
proach combines the ideas of elastic and consistent image regis-
tration and minimizes the similarity error between the target and
source image after imposing a consistency constraint. As a bidi-
rectional registration, the algorithm calculates deformation fields
for both direct (from source image to target image) and inverse
(from target image to source image) transformation simulta-
neously. All slices of FA and entropy map (source image) were
registered onto their corresponding slices of T2 map (target image),
which served as reference for delineating the particularly targeted
regions. Because the values of FA and entropy may change after
registration procedure, the quantification was not performed on the
registered image. Instead, the lesion and boundary regions of in-
terest (ROIs) based on target image (T2 map) were inversely
transformed to source image (original FA and entropy map) where
the estimation was conducted.

As shown in Figure 1, cortical lesion was present on T2 as a
hyperintensive area (arrow in Fig. 1A). Two distinct microstruc-
tural changes were revealed on both FA and entropy as a reduced
lesion area with elevated boundary regions (red arrows in Fig. 1B
and C). In these pericontusional cortex regions, WM reorganization
was present after injury, which was confirmed by histological ob-
servation (Fig. 1D). To track the structural remodeling and compare
the treatment effect (6 h cell or 1 week cell vs. saline) in this specific
boundary region, the lesion was identified on a T2 map using a
threshold value49,50 provided by pre-injury scan. An ROI, encom-
passing the boundary region with apparent signal increase on FA
and entropy map, was created by expanding the outline of the lesion
6 pixels outward in the cortex area (Fig. 1E, Eigentool). Values of
FA and entropy were monitored in both the lesion and boundary
region. For each animal, measurements were performed at obser-

vation time points post-TBI, and data were normalized to FA or
entropy values of the homogeneous tissue areas provided by its pre-
injury scan.

Modified neurological severity score

The modified neurological severity score (mNSS)52 grades the
composite neurological function of an animal on motor (muscle
status and abnormal movement), sensory (visual, tactile, and pro-
prioceptive), reflex and balance tests. One point is awarded for the
inability of an animal to perform the tasks correctly or for the lack
of a tested reflex (normal score: 0; maximal deficit score: 18).
Therefore, the higher the score, the more severe the neurological
dysfunction. mNSS was assessed for each animal 1 day pre-TBI, 1
and 4 days post-TBI, and weekly thereafter by an examiner blinded
to the treatment groups and the corresponding MRI results.

Tissue preparation and histological evaluation

Immediately after the final in vivo MRI measurements at 3 weeks
after TBI, rats were anesthetized intraperitoneally with 4% chloral
hydrate, and perfused transcardially first with saline solution, fol-
lowed by 4% paraformaldehyde in 0.1M PBS (pH 7.4). Their brains
were removed, post-fixed in 4% paraformaldehyde at room tem-
perature for 2 days, and then cut into seven standard coronal blocks
(2 mm) on a rodent brain matrix. A series of adjacent sections
(6 lm) was sliced with a microtome from each block embedded in
paraffin and stained for histological evaluation.

To detect the axonal fiber tracts, a double staining, Bielshowsky’s
silver and Luxol fast blue (B+LFB) staining, was performed to
demonstrate axons and myelin, respectively. For Bielshowsky’s
silver staining, sections were first incubated in 20% silver nitrate in
the dark, followed by adding ammonium hydroxide until the tissues
turned brown with a gold background. The sections were then treated
with sodium thiosulfate. Finally, sections were stained in Luxol fast
blue solution, washed in 95% alcohol, and placed in lithium car-
bonate. Under a light microscope, myelin appears as blue whereas
axons are black on the stained tissue slice.

For axon quantification, the density of the immunoreactive area
along the lesion boundary zone was measured under the micro-
scope using 20· objective. Data were collected in the pericontu-
sional cortex regions (as indicated in Fig. 1E) from six fields (three
fields per side)49 and presented as the average percentage of posi-
tive area.

Statistical analysis

Statistical analysis was performed using SAS (Cary, NC, version
9.2). Analysis of covariance (ANCOVA) was employed to compare
the group difference in MRI measurements (lesion volume, FA, and
entropy) and functional assessments (mNSS) with the independent
factor of treatment and dependent factor of time. The treatment
effect on mNSS was conducted based on the ranked data, because
the data were not normally distributed. Analysis began with testing
the treatment group and time interaction, followed by testing the
group difference at each time point and the time effect for each
treatment group if the interaction or the overall group/time effect
was detected at the 0.05 level. A subgroup analysis would be
considered if the interaction or main effect of group/time was not at
the 0.05 level. Density of the immunoreactive area was analyzed by
two sample t test. Results are presented as mean – standard error
(SE). Statistical significance was inferred for p £ 0.05.

Results

All animals with saline injection post-TBI were considered as a

saline-treated group, becaue no tendency towards statistical differ-

ences in MRI measurements, histological estimates, and functional
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outcomes between the 6 h saline-treated and the 1 week saline-

treated groups were found.

White matter reorganization detected by FA
and entropy

The abnormal hyperintensities on the T2 map (indicated by ar-

row in Fig. 1A) represent the affected injured cortical tissue after

TBI, whereas abnormal values on the FA map reflect the structural

alteration, with hypointensities indicating tissue structural disrup-

tion, and hyperintensities denoting the increased intensity or di-

rectionality of fiber tracts.

In contrast to the lesion area with decreased FA value, our image

data revealed a specific territory with elevated FA value following

brain injury. As visualized on the FA map (red arrows in Fig. 1B),

notable hyperintensities appeared in the adjacent boundary regions.

The hyperintensities appeared to extrude from the relatively intact

structure and develop along the lesion boundary. A similar pattern

of hyperintensive boundary regions was also present on the entropy

map (red arrows in Fig. 1C). As shown by B+LFB stain (Fig. 1D),

the oriented bundles of myelinated axons extending from the

normal-appearing area with dense tracts were present in these

pericontusional cortex regions, signifying WM reorganization.

This structural remodeling occurs after TBI with or without cell

treatment, and importantly, both FA and entropy are sensitive to

this axonal remodeling.

Dynamic changes of microstructure detected
by FA and entropy

As illustrated by sets of T2 and FA maps, typical examples of

longitudinal structural reorganization along the boundary region

with and without cell transplantation after TBI are provided in

Figure 2. Because the FA and entropy map exhibit a similar pattern

for this post-injury structural remodeling (compare Fig. 1B with

1C), only the FA maps that matched the T2 maps were provided

here for clarity of presentation. Compared with the saline-treated

animals, hyperintensive regions near the lesion on the FA map

(arrows in Fig. 2), starting from 2 weeks after TBI, were evident in

the cell-treated animals, representing the enhanced structural re-

organization in response to the cell therapy. Moreover, the bright

regions were wider and denser in the 6 h cell-treated animal than in

the 1week cell-treated animal (compare Fig. 2E, F with Fig. 2K,

L), suggesting a stronger therapeutic effect after an acute cell

intervention than after a delayed cell administration. This micro-

structural remodeling process, however, was less evident for the

FIG. 1. Representative section of a 6 h cell-treated animal (3 weeks post-traumatic brain injury [TBI]) showing white matter (WM)
reorganization and region of interest (ROI) creation. Cortex lesion exhibits hyperintensive area on T2 map (A), which corresponds to the
hypointensive area on the fractional anisotropy (FA) map (B), indicative of structural disruption. The hyperintensities on the FA map are
detected in the cortex regions near the lesion (red arrows in B). A similar pattern is present on the entropy map (red arrows in C).
Bielshowsky’s silver and Luxol fast blue (B+LFB) stain (D, scale bars = 500 lm) reveals that these pericontusional cortex regions
contain oriented and extended bundles of axons, suggesting WM reorganization. Whereas T2 hyperintensities identify the lesion area
(A), the 6 pixel wide ROIs immediately adjacent to the lesion encompass the lesion boundary regions with structural remodeling (E).
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saline-treated animals (compare Fig. 2Q, R with Fig. 2E, F and

Fig. 2K, L in the lesion boundary regions).

Using the same width ROI (Fig. 1E), quantification for FA and

entropy was performed in the boundary region (Fig. 3). For com-

parison, estimates of FA and entropy were also conducted in the

lesion area. Related to the pre-injury status, increased FA and en-

tropy values were evident in the boundary region post-injury (rel-

ative values >1), whereas decreased values were present in the

lesion area (relative values <1) as expected for all groups. At 2

weeks after TBI (Fig. 3A, B), no significant differences among

three treatment groups were found for either FA or entropy values

either in the lesion or in the boundary area, although the mean

values of FA and entropy in the boundary area were higher in the

cell-treated groups than in the saline-treated group. At 3 weeks after

TBI (Fig. 3C, D); however, significantly increased FA and entropy

were detected in the boundary area only in the 6 h cell-treated

animals compared with the controls.

Sensitivity of FA and entropy to structural alterations

Our imaging data indicate that entropy provides more informa-

tion regarding dynamic structural alterations than does FA, par-

ticularly in the tissue area with crossing fibers. A representative

example of a 6 h cell-treated animal is given in Figure 4. At 1 day

after TBI, both FA and entropy detect the hypointensive area in the

cortex region, corresponding to the hyperintense lesion identified

on T2 (compare Fig. 4A with 4B and C). From 1 day to 2 weeks

post-TBI, entropy reveals the evolution of tissue structural status

(compare Fig. 4F with 4C), which nicely matches the apparent

change of the hyperintense T2 lesion in both size and shape

(compare Fig. 4D with 4A). The restored tissue region captured on

entropy (red arrow in Fig. 4F) corresponds to the recovery area

from hyperintensities on T2 (compare Fig. 4D with 4F). This

structural alteration, however, is not reflected on FA (compare

Fig. 4E with 4B). The fiber orientation map (Fig. 4G) shows that the

tissue area present on entropy (red arrow in Fig. 4F), but absent on

FA (Fig. 4E), primarily contains crossing fibers.

Focal lesion, histological and functional outcome

Administration of hMSCs either at 6 h or 1 week after TBI does

not reduce the focal lesion volume (Fig. 5A), but results in in-

creased axonal remodeling and improved functional outcome

(Fig. 5B, C), with acute cell intervention (6 h) leading to a higher

axonal density along the lesion boundary (Fig. 5B) and an earlier

functional recovery (Fig. 5C) than delayed cell transplantation (1

week).

Discussion

With MRI and an experimental animal model of TBI, the ca-

pacity and sensitivity of diffusion-derived measures, FA, and en-

tropy, to longitudinally identify structural plasticity in the injured

brain, especially the structural changes in response to the trans-

plantation of hMSCs, were investigated in vivo. Our data show that

adaptive structural remodeling without treatment after TBI as well

as hMSC-enhanced structural reorganization along the lesion

boundary zone can be revealed by both FA and entropy MRI.

Compared with delayed cell administration (1 week), acute cell

intervention (6 h) after TBI promotes this brain restorative process,

which occurs in parallel with an earlier functional improvement.

We demonstrate the superiority of entropy over FA in dynamically

probing the structural alterations, particularly in the tissue area with

complex fiber patterns.

FA has been widely used to quantify the anisotropic property

of water diffusion in the brain, with a higher FA value indicating

FIG. 2. Sets of T2 (A–C, G–I, M–O) and fractional anisotropy (FA) (D–F, J–L, P–R) maps longitudinally illustrating the structural
remodeling with and without cell intervention after traumatic brain injury (TBI). Cell administration executed either at 6 h or 1 week
post-TBI enhances white matter (WM) reorganization, as shown by the hyperintensities developing along the lesion boundary (arrows in
E, F and K, L). A stronger therapeutic effect, indicated by the presence of wider and denser hyperintensive areas in the boundary
regions on FA map, is found in the 6 h cell-treated animal than in the 1 week cell-treated animal (compare E, F with K, L in the lesion
boundary regions). This microstructural remodeling progression, however, is less evident for the saline-treated animals (compare Q, R
with E, F and K, L in the lesion boundary regions).
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higher density and greater directionality of myelinated fiber

tracts.20,24,26,53–55 As an alternative approach, entropy provides

a measure of anisotropy of diffusion based on information

theory.31,32 Without restriction, diffusion of water molecules is

isotropic. In this situation, diffusion attenuation of MRI signal is

independent of gradient directions, giving the lowest entropy or

the lowest anisotropy of diffusion. This, however, is not the case

with brain tissue that contains complex structure that restricts

water molecular diffusion. In this situation, diffusion attenuation

is then highly dependent on gradient directions, yielding higher

entropy or higher anisotropy of diffusion. Changes of these

diffusion-derived parameters (FA and entropy) in the neural

tissue may, therefore, reflect axonal structural alteration.

Previous studies demonstrate that even without treatment in-

tervention, axonal remodeling after TBI occurs in the injured brain,

and such structural plasticity accounts for some of the functional

improvements.14,20,26,56,57 In agreement with these findings, our

dynamic image data showed that FA in particular brain areas

spontaneously increased after TBI, which was accompanied with

an improvement of functional recovery as measured by mNSS. In

addition, similarly to some sites in the brain that are particularly

vulnerable to diffuse axonal injury following TBI,27,58 there seem

to be brain regions that are more prone to structural remodeling. For

the animal model with severe TBI in the current study, an apparent

structural reorganization following the injury is found in the lesion

boundary regions, as revealed by both histological and imaging

investigations.14,20,24 In order to compare the capacity of FA and

entropy to identify this structural alteration, we therefore focused

specifically on the lesion boundary region.

The B+LFB stain showed the presence of oriented bundles of

axons, adjacent to the lesion, which developed as a result of WM

reorganization after TBI (Fig. 1D). Correspondingly, the area of

WM remodeling with increased axonal anisotropy was evident on

FA and entropy MRI as elevated pixels along the lesion boundary

(red arrows in Fig. 1B and C), identifying the neural tissue with

increased density of oriented fiber tracts. Also, the temporal profiles

of this evolving fiber reorientation were captured by serial image

data (Fig. 2). Quantitative monitoring and statistical analysis are

necessary to demonstrate how FA and entropy characterize struc-

tural remodeling in the injured brain. For this purpose, the ROIs

exclusively encompassing these boundary remodeling regions were

identified (Fig. 1E) and the FA and entropy estimates were nor-

malized to the values obtained from the pre-injury brain. As

demonstrated in Figure 3, similar temporal patterns were found

from FA and entropy measurements, which longitudinally repre-

sent the progression of structural remodeling in the boundary re-

gion. The FA and entropy values increased in each cell treatment

group from 2 weeks to 3 weeks after TBI compared with the saline-

FIG. 3. Changes of fractional anisotropy (FA) (A, C) and entropy (B, D) values in the lesion and boundary areas. At 2 weeks after
traumatic brain injury (TBI) (A, B), no statistical differences among the three treatment groups are found for either FA or entropy values
either in the lesion or in the boundary area. At 3 weeks after TBI (C, D), however, significant increased FA and entropy are detected in
the boundary area only in the 6 h cell-treated animals compared with the controls.
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treated group at each time point. Moreover, a significant treatment

effect was detected by both FA and entropy at 3 weeks in the 6 h

cell-treated animals compared with the controls, consistent with our

histological evaluation (Fig. 5B). These data demonstrate that FA

and entropy have a similar capacity to reveal the dynamics of re-

organizing fiber tracts after TBI in the lesion boundary. In vivo

quantification and statistical analysis collectively indicate that both

FA and entropy were able to identify WM reorganization resulting

from adaptive brain response to trauma without treatment, and to

discern a subtle distinction between treatment strategies of trans-

plantation of hMSCs at 6 h and 1 week on this structural change.

Compared with delayed; (1 week), cell administration, acute cell

intervention (6h) provided an advanced therapeutic benefit by ex-

pediting such restorative process (Fig. 3C, D), which may con-

tribute in part to the corresponding earlier improvement of

functional outcome (Fig. 5C).

In addition to the perilesional area with post-TBI reorientation of

fiber tracts, our data showed that tissue structural remodeling also

involves crossing fibers (Fig. 4). In this situation, however, entropy

provided higher sensitivity than FA in dynamically probing the

crossover fiber remodeling. As illustrated by a representative 6 h

cell-treated animal (Fig. 4), lesion shrinkage from 1 day to 2 weeks

was evident on T2 (compare Fig. 4A with 4D) because of the fading

or returning toward normal of hyperintense pixels, implying tissue

recovery.20,59 Meanwhile, a dramatic evolution of tissue status with

time was revealed by entropy (compare Fig. 4F with 4C), which

matched the apparent change of hyperintensive T2 lesion in both

size and shape during the same time span (compare Fig. 4D with

4A), with restored tissue region captured on entropy (red arrow in

Fig. 4F) corresponding to recovery area from hyperintensities on

T2 (compare Fig. 4D with 4F). This entropy-detected tissue

structural restoration, supported by T2 measurements, however,

was not reflected on FA (compare Fig. 4E with 4B). The different

sensitivities between FA and entropy to this structural change may

be attributed to the fact that the recovery area contained crossing

fibers, and thereby reduced directional coherence of fiber ar-

rangement (Fig. 4G), where FA encountered its significant inherent

obstacle,29 whereas entropy exhibited its advantage as a model-

independent estimate.

As described previously,14,50 our TBI model induced severe

brain injury, which affected both the cortical and underlying sub-

cortical regions. Damage to the corpus callosum, the principal and

largest bundle of nerve fibers in the brain, and its reorganization

afterwards, led to readily detected MRI signal change (Fig. 1). As

evidenced by both our image and histological data, this robust

structural plasticity occurring in the injured brain was found in all

experimental groups and was enhanced in response to the en-

graftment of hMSCs (Figs. 2 and 3). The location of this major

structural alteration within the narrow lesion boundary region made

MRI and histological quantification feasible. Hence, this territory

undergoing structural reorganization after TBI provided an ideal

site to examine the evolution of FA and entropy indices in detecting

neural fiber remodeling. Our image data and quantitative mea-

surements demonstrate that the development of this restorative

FIG. 4. A slice of a 6 h cell-treated animal longitudinally showing the sensitivity of fractional anisotropy (FA) and entropy to
structural restoration. At 1 day after traumatic brain injury (TBI) (A–C), both FA (B) and entropy (C) detect the hypointensive area in the
cortex region, which corresponds to the hyperintensive lesion identified on T2 (A). From 1 day to 2 weeks after TBI (D–F), entropy reveals
the dramatic evolution of structural status (compare F with C), which nicely matches the apparent change of T2 lesion (compare D with A)
in both size and shape, with restored tissue region captured on entropy (red arrow in F) corresponding to recovery area from hyper-
intensities on T2 (compare D with F). This structural restoration, however, is not reflected on FA (compare E with B). The tissue recovery
area present on entropy (red arrow in F), but absent on FA, mainly contains crossing fibers, as shown by fiber orientation map (G).
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structural change can be depicted dynamically by both FA and

entropy. Instead of a single unique location, however, ameliorative

structural change occurs in multiple sites in the brain after

TBI.9,26,60 Supporting this multi-site cerebral remodeling post-TBI,

our data demonstrate that entropy, not FA, identifies structural

plasticity within tissue regions with crossing fibers (Fig. 4), in

addition to the narrow boundary region consisting of highly parallel

fibers (Fig. 1). This restored tissue region (red arrow in Fig. 4F) at

an early stage of structural reorganization30 was only observed in

the 6 h cell-treated group within our experimental time frame,

suggesting that acute cell intervention advanced the process of

structural restoration compared with delayed cell transplantation.

Our imaging data indicate that entropy, an information-based es-

timate without any model assumptions on the diffusion process,

is superior to FA in longitudinally capturing the tissue structural

alteration, especially from a complex structure with axonal cross-

over. Although previous investigators found that entropy had

advantages over FA, they drew this conclusion based on cross-

sectional data comparison.30 31 Confirming and complementing

these studies, the present study furnishes dynamic results, which

provides information, particularly regarding the progression of

complex multi-directional axonal remodeling in the traumatized

brain, and offers insight into its role in underlying functional re-

covery with time.

Engrafted MSCs in the injured brain exert therapeutic effects via

multiple mechanisms, such as increasing angiogenesis,49,61 en-

hancing neurogenesis,62 attenuating hypoperfusion,49 upregulating

neurotrophic growth factors,41,63 suppressing growth-inhibitory

molecules,13,14,64 and reducing apoptosis.65 All of these actions,

likely in concert, contribute to a neurorestorative microenviron-

ment within the brain, thereby promoting endogenous plasticity,

facilitating axonal regeneration, and improving neurological out-

come after TBI. With regard to the timing of cell transplantation,

engraftment performed ‡1 day after TBI is widely selected to avoid

the intense inflammatory and pathological metabolic response of

the trauma-injured brain, which creates a milieu inhospitable for

cell survival.66 However, delayed engraftment experiences other

conditions, including gliotic changes, which may negatively affect

the efficacy of cell therapy.6 Our previous studies49,50 show that

acute intravenous cell transplantation (e.g., 6 h) after TBI results in

a greater therapeutic efficacy than delayed cell administration (e.g.,

1 week) in preserving cerebral tissue and enhancing neurological

functions. Herein, we further demonstrate that acute 6 h cell in-

tervention also provides increased therapeutic benefit in structural

restoration, likely because of both the neuroprotective and neu-

rorestorative function of MSCs.49,67

The findings gained from the current study are meaningful and

applicable to the clinic. As a diffusion-derived index with a high

sensitivity particularly to complex structural change, diffusion

entropy can be easily introduced into the clinical MRI, and the

additional information gleaned from employing this imaging

method may provide insight into the biological substrate underly-

ing functional recovery. Cell transplantation, a promising therapy

after brain injury, has a wide intervention window,49,50 and acute

intravenous cell administration after TBI may be a feasible choice

when designing a clinical trial.

Conclusion

In summary, intravenous administration of hMSCs after TBI

leads to WM reorganization, particularly along the boundary of the

contusional lesion which can be identified by both FA and entropy.

Compared to the hMSC therapy initiated at 1 week post-TBI, cell

intervention initiated at 6 h increases brain remodeling, which may

contribute in part to the corresponding earlier functional recovery

found with the 6 h treatment. Whereas FA and entropy show similar

capacity to dynamically detect the axonal structural changes in the

FIG. 5. Lesion volume and histological and functional outcome.
Administration of human bone marrow stromal cells (hMSCs) ei-
ther at 6 h or 1 week after TBI does not reduce the focal lesion
volume (A), but results in an increased axonal density in the lesion
boundary zone, with significantly higher density being detected in
the 6 h cell-treated group than in the control group (B). Significantly
improved functional performance, as measured by mNSS, is found
in the cell-treated animals compared with the controls (C). The
effect starts at an earlier time point in the 6 h cell-treated animals
(1–2 weeks) than in the 1 week cell-treated animals (2–3 weeks).
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tissue region with dominant orientation of fiber tracts, entropy

exhibits sensitivity superior to FA, in revealing the neural fiber

structural alterations, particularly in areas with complex fiber pat-

terns.
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