
Washington University School of Medicine
Digital Commons@Becker

Open Access Publications

2019

Noninvasive quantification of axonal loss in the
presence of tissue swelling in traumatic spinal cord
injury mice
Tsen-Hsuan Lin
Washington University School of Medicine in St. Louis

Peng Sun
Washington University School of Medicine in St. Louis

Mitchell Hallman
Washington University School of Medicine in St. Louis

Fay C. Hwang
Washington University School of Medicine in St. Louis

Michael Wallendorf
Washington University School of Medicine in St. Louis

See next page for additional authors

Follow this and additional works at: https://digitalcommons.wustl.edu/open_access_pubs

This Open Access Publication is brought to you for free and open access by Digital Commons@Becker. It has been accepted for inclusion in Open
Access Publications by an authorized administrator of Digital Commons@Becker. For more information, please contact engeszer@wustl.edu.

Recommended Citation
Lin, Tsen-Hsuan; Sun, Peng; Hallman, Mitchell; Hwang, Fay C.; Wallendorf, Michael; Ray, Wilson Z.; Spees, William M.; and Song,
Sheng-Kwei, ,"Noninvasive quantification of axonal loss in the presence of tissue swelling in traumatic spinal cord injury mice." Journal
of Neurotrauma.,. . (2019).
https://digitalcommons.wustl.edu/open_access_pubs/8026

https://digitalcommons.wustl.edu?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F8026&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F8026&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F8026&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:engeszer@wustl.edu


Authors
Tsen-Hsuan Lin, Peng Sun, Mitchell Hallman, Fay C. Hwang, Michael Wallendorf, Wilson Z. Ray, William M.
Spees, and Sheng-Kwei Song

This open access publication is available at Digital Commons@Becker: https://digitalcommons.wustl.edu/open_access_pubs/8026

https://digitalcommons.wustl.edu/open_access_pubs/8026?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F8026&utm_medium=PDF&utm_campaign=PDFCoverPages


Noninvasive Quantification of Axonal Loss in the Presence
of Tissue Swelling in Traumatic Spinal Cord Injury Mice

Tsen-Hsuan Lin,1,** Peng Sun,1,** Mitchell Hallman,1,* Fay C. Hwang,1 Michael Wallendorf,2

Wilson Z. Ray,3–5 William M. Spees,1,3 and Sheng-Kwei Song1,3,5

Abstract

Neuroimaging plays an important role in assessing axonal pathology after traumatic spinal cord injury. However, co-

existing inflammation confounds imaging assessment of the severity of axonal injury. Herein, we applied diffusion basis

spectrum imaging (DBSI) to quantitatively differentiate and quantify underlying pathologies in traumatic spinal cord

injury at 3 days post-injury. Results reveal that DBSI was capable of detecting and differentiating axonal injury, de-

myelination, and inflammation-associated edema and cell infiltration in contusion-injured spinal cords. DBSI was able to

detect and quantify axonal loss in the presence of white matter tract swelling. The DBSI-defined apparent axonal volume

correlated with the corresponding histological markers. DBSI-derived pathological metrics could serve as neuroimaging

biomarkers to differentiate and quantify coexisting white matter pathologies in spinal cord injury, providing potential

surrogate outcome measures to assess spinal cord injury progression and response to therapies.

Keywords: axonal injury; axonal volume; demyelination; diffusion MRI; inflammation; lesion cavity; spinal cord injury

Introduction

Traumatic spinal cord injury (SCI) is devastating. Acute

medical and surgical interventions have been beneficial to

reduce secondary damage and promote axonal preservation.1,2

However, recovery of neurological impairments remains an unmet

challenge in SCI. Traumatic contusion leads to coexisting axonal

injury/loss, demyelination, and inflammation in the injured spinal

cord. Among these pathologies, axonal loss likely plays a crucial

role in long-term neurological impairments.3–5 Early therapeutic

interventions to preserve axonal integrity may potentially prevent

injury progression. Therefore, developing a suitable assessment of

axonal loss at all phases of SCI could significantly impact prognosis

and treatment stratification.

Several neuroimaging methods have been used to elucidate struc-

tural integrity after SCI.6 Diffusion tensor imaging (DTI) has been

applied to noninvasively detect structural changes and axonal damage

in the central nervous system that occur in SCI.7 In earlier work, de-

creased DTI-derived axial diffusivity (kk) and increased radial diffu-

sivity (kt) have been shown to reflect axonal injury and demyelination

in animal models, respectively.8–13 However, accumulated evidence

suggested that inflammation (a hallmark of SCI)14 and axonal loss

(highly associated with irreversible neurological disability)3 can con-

found the DTI assessment of axon or myelin injury.12,15,16 To eliminate

these confounds, we developed diffusion basis spectrum imaging

(DBSI) to separate contributions of the multiple coexisting pathologies

that often exist in various white matter diseases.17 For instance, DBSI

has been applied in studies of optic nerve, corpus callosum and spinal

cord in multiple sclerosis patients and animal models, where it suc-

cessfully identified coexisting inflammatory cell infiltration and va-

sogenic edema, axonal injury and demyelination.12,17–19 In cervical

spondylotic myelopathy (CSM) patients, we successfully applied

DBSI to detect axonal loss in cervical spinal cord.20 The DBSI-detected

axonal loss correlated well with clinical functional assessments, sug-

gesting DBSI could potentially serve as an outcome measure to predict

neurological impairment in CSM.20

In the present study, we applied DBSI to assess spinal cord

pathologies in SCI mice 3 days after contusion injury. DBSI de-

tected axonal injury, demyelination, inflammatory cell infiltration,

and vasogenic edema in spinal cord white matter in these mice. We

observed an acute *13% axonal loss in spinal cord white matter

tracts in SCI mice despite severe tissue swelling. The DBSI results

were supported by corresponding histological markers.

Methods

Spinal cord injury

All experimental procedures were approved by the Washington
University Institutional Animal Care and Use Committee and
performed according to the Public Health Service Policy on
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Humane Care and Use of Laboratory Animals Guide for the Care
and Use of Laboratory Animals (Institute of Laboratory Animal
Resource, National Research Council, 1996). Sixteen 10-week-old
female C57BL/6 mice ( Jackson Laboratory, Bar Harbor, ME)
weighing *20 g were housed in the Washington University animal
facility with a 12-h light/dark cycle. Before surgery, mice were
anesthetized via intraperitoneal injection of a mixture of ketamine
(80 mg/kg) and xylazine (10 mg/kg). A spinal cord impactor de-
vice, modified from the device developed at Ohio State University,
was employed to produce spinal cord contusion injury.21 Mod-
ifications included a flexure-based design in which the extent of
overshoot was reduced with a micrometer-control and mechanical
stop.22 For contusion injury, a 1.3-mm-diameter round tip and
0.1 m/sec impact speed were used.

The skin above the vertebral column of all mice was shaved and
cleaned with betadine. A 15-mm midline skin incision was made and
the vertebral column was exposed. After the spinal thoracic region
was exposed by separation of dorsal muscles to the side, the spinous
processes of T8–T13 vertebrae were exposed. A laminectomy was
performed at vertebral level T10 and half of T9 to expose the dorsal
cord surface with dura remaining intact. The vertebral column was
stabilized with angled clamps on the T8 and T12 transverse pro-
cesses and then SCI was induced using the spinal cord impactor.
After laminectomy, 10 mice received 0.8-mm displacement contu-
sion at the T9 vertebral level. The other six mice received no con-
tusion to serve as the sham control. After surgery, the wound was
closed in layers with 5-0 polyglactin and nylon sutures. Enrofloxacin
(2.5 mg/kg) and lactated Ringer’s solution (1 mL) were injected
subcutaneously.

Diffusion magnetic resonance imaging

In vivo diffusion magnetic resonance imaging (MRI) measure-
ments were performed 3 days after SCI or laminectomy on a 4.7 T
Agilent DirectDrive� small-animal MRI system (Agilent Tech-
nologies, Santa Clara, CA) equipped with a Magnex/Agilent HD
imaging gradient coil (Magnex/Agilent, Oxford, UK), capable of
pulse gradient strengths up to 58 G/cm ( = 580 mT/m) and a gra-
dient rise time £295 lsec. Mice were anesthetized with *1.0–1.5%
isoflurane in oxygen during scans. Breathing rate was monitored
and body temperature was maintained at 37�C with a small animal
physiological monitoring and control unit (SA Instruments, Stony
Brook, NY). The respiratory exhaust line was connected to a
pressure transducer to synchronize diffusion-weighted MRI ac-
quisition with the animal’s respiratory rate. An actively decoupled
volume (transmit)/surface (receive) coil pair, covering the T8 – T11
vertebral segments (15 mm · 8 mm), was used for MRI excitation
and signal reception.23

Diffusion-weighted MRI data were acquired using a conven-
tional spin-echo diffusion-weighted sequence with an icosahedral
25-direction diffusion-encoding scheme24 with one b = 0 image.
Diffusion-weighted magnetic resonance acquisition parameters
were repetition time (TR) of *0.3 sec (TR was slightly varied due
to respiratory gating), echo time of 43 msec, time between gradient
pulses (D) of 25 msec, gradient pulse duration (d) of 6 msec,
maximum b-value of 2200 sec/mm2 (each of the diffusion encod-
ings have a unique b-value and direction), slice thickness of
1.8 mm, field-of-view of 10 · 10 mm2, and data matrix of 96 · 96
(i.e., in-plane resolution of 104 · 104 lm2).

Diffusion-weighted MRI data analysis

Data was analyzed with both DBSI and conventional DTI
analysis packages developed in-house and running in Matlab.17,25

For spinal cord white matter tracts (coherent fiber bundles), the
diffusion-weighted imaging data was modeled according to
Equation [1]:

Sk ¼ ffibere
� bk
!���
���k?e� bk

!���
��� kjj � k?ð Þcos2Fk

þ
Z b

a

f Dð Þe� bk
!���
���DdD k¼ 1, 2, 3, . . . , 25ð Þ:

[1]

The quantities Sk and bk
!���
��� are the signal and b-value of the kth

diffusion gradient,Fk is the angle between the kth diffusion gradient
and the principal direction of the anisotropic tensor, kjj and k? are
the axial and radial diffusivities of the anisotropic tensor, ffiber is the
signal intensity fraction for the anisotropic tensor, and a and b are
the low and high diffusivity limits for the isotropic diffusion spec-
trum f Dð Þ. DBSI-derived ffiber represents spinal cord white matter
tract density in an image voxel. DBSI-derived kjj and kt reflect
residual axon and myelin integrity respectively: Y kjj & axonal
injury and [ kt & demyelination.12,17,25,26 Based on our previ-
ous experimental findings, the restricted isotropic diffusion frac-
tion reflecting cellularity is derived by the summation of f Dð Þ at
0 £ ADC £0.3 lm2/msec. The summation of the remaining f Dð Þ at
0.3 < ADC £3 lm2/msec represents non-restricted isotropic diffu-
sion, which putatively denotes vasogenic edema and cerebrospinal
fluid.12,17,25,26

Regions of interest (ROIs) were manually drawn in ventral and
lateral white matter tracts on the diffusion-weighted image, cor-
responding to the diffusion gradient direction perpendicular to
white matter fiber tracts (with good gray-white matter contrast), to
minimize partial volume effects. ROIs were then transferred to the
parametric maps to calculate each of the DBSI- and DTI-derived
pathological metrics (e.g., Fig. 1A).

DBSI-derived axonal volume

To assess the extent of axonal loss, DBSI-derived axonal volume
was computed by multiplying DBSI fiber fraction, ffiber (the
density of fiber tract within a given image voxel, which may also
be affected by infiltrating cells, vasogenic edema, and gray mat-
ter) by the corresponding volume of the ROI. Note that in the case
of tissue swelling after SCI, the number of voxels occupied by the
white matter tracts would increase with peripheral/distant voxels
only partially occupied by the swollen tracts (reflected by reduced
fiber density). Thus, multiplication of ffiber and voxel volume will
derive an ‘‘apparent’’ axonal volume (with a unit of mL or lL),
linearly correlating with axon counts although not a real axonal
volume.

Immunohistochemistry

Immediately after the in vivo diffusion MRI data acquisition,
mice were deeply anesthetized and underwent perfusion-fixation
via the left cardiac ventricle with phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde (PFA). Spines were excised and
stored in 4% PFA at 4�C for 24 h, then transferred to PBS for further
storage until processing. The 2-mm segment of spinal cord centered
at the contusion epicenter was dissected, decalcified with the ver-
tebral column intact, and embedded in paraffin wax. Paraffin blocks
were sectioned at 5-lm thick, deparaffinized, and rehydrated for
immunohistochemistry (IHC) analysis. Sections were blocked with
5% normal goat serum and 1% bovine serum albumin in PBS for
30 min at room temperature to prevent non-specific binding. Slides
were then incubated overnight at 4�C with primary antibody and
then 1 h at room temperature with the appropriate secondary an-
tibody. Primary antibodies used were anti-total neurofilament
(SMI-312, BioLegend, 1:300), anti-phosphorylated neurofila-
ment (SMI-31, BioLegend, 1:300), and anti-myelin basic protein
(MBP; Sigma, 1:300). Secondary antibodies were goat anti-
mouse or goat anti-rabbit (Invitrogen, 1:240) conjugated to either
Alexa 488 for SMI-31/SMI-312 or Alexa 594 for MBP.

Slides were mounted with Vectashield Mounting Medium for
4¢,6-diamidino-2-phenylindole (DAPI; Vector Laboratory, Inc.,
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Burlingame, CA) and cover-slipped. Images were acquired on a
Nikon Eclipse 80i fluorescence microscope with MetaMorph
software (Universal Imaging Corporation, Sunnyvale, CA) at
10 · and 20 · magnifications. Quantification was performed on the
entire 10 · IHC ventral and lateral white matter tract images using
ImageJ. Images then underwent background subtraction, bilateral
filtering for edge preservation, watershed segmentation, and
threshold determination. The analyze-particles-macro was then
performed on SMI-312 and SMI-31 to count numbers of total and
intact axons. The MBP area calculation was then normalized to the
entire area of white matter column.27,28 Background subtraction,
threshold determination, and analyze particles were also used for

counting DAPI-positive staining (National Institutes of Health
[NIH]; https://imagej.nih.gov/ij).

Hematoxylin and eosin staining

We stained 5-lm paraffin slices with hematoxylin and eosin
(H&E). Histological slices were scanned with an Olympus Nano-
zoomer slide scanner (Hamamatsu Photonics, Hamamatsu, Japan).
For quantification analysis, background subtraction, bilateral filter
for edge preservation, threshold determination, and analyze parti-
cles were also used for counting cavity voids (https://imagej.nih
.gov/ij).

FIG. 1. Representative in vivo diffusion tensor imaging (DTI) and diffusion basis spectrum imaging (DBSI) metric maps were overlaid on
gray-scale diffusion-weighted images from one control and one spinal cord injury (SCI) mouse at T9 vertebral level (A). DTI axon/myelin
pathological metrics are susceptible to the effect of co-existing inflammation and axonal loss that could exaggerate or underestimate the
severity of SCI. In the present study, inflammatory cell infiltration resulted in a more significantly decreased DTI axial diffusivity (kk) (B) than
that derived by DBSI (D), while the combined axonal loss and vasogenic edema led to a more significantly increased DTI radial diffusivity
(kt) (C) than DBSI kt (E). Increased white matter volume (F; as a result of cell infiltration and vasogenic edema) and decreased DBSI fiber
fraction (G; the decreased axonal density as a result of combined effects of increased cell infiltration, vasogenic edema, and axonal loss) were
present at 3 days after SCI. DBSI-derived axonal volume (H) derived as the product of white matter volume (F) times DBSI fiber fraction
(G) reflects the extent of axonal loss in the presence of tissue swelling. At this time-point, decreased DBSI-derived apparent axonal volume
was observed, suggesting axonal loss (H). The intensity gradients in DBSI kk, kt, and fiber fraction maps reflect spatial variation of injury
severity that are intrinsic to the dorsal-to-ventral impact nature of this SCI model. *p < 0.05.
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Statistical analysis

For all the boxplots, whiskers extend to the minimum/maximum
and the mean is marked as diamonds. A two-sample t-test was
performed between control and SCI groups. The correlation of
histology data and DTI or DBSI measurements was analyzed by
simple linear regression using the SAS REG procedure. All results
are presented as mean – standard deviation.

Results

Axonal injury, demyelination, and axonal loss in SCI

Representative DTI- and DBSI-axial (kk) and radial diffusivity

(kt) maps from one control and one SCI mouse are shown to

demonstrate the presence of axonal injury and demyelination in

spinal cord white matter tracts 3 days after injury. A 55% and 32%

decrease in DTI- and DBSI-kk, and 75% and 30% increase in DTI-

and DBSI-kt, respectively, was observed (Fig. 1A-E). Larger

changes in DTI-kk (Fig. 1B) and kt (Fig. 1C) are seen compared

with those derived by DBSI. Lower DBSI-derived fiber fraction

(0.96 – 0.01 vs. 0.65 – 0.10, control vs. SCI) and white matter tract

swelling (assessed by anatomical white matter tract volume:

3.70 – 0.33 vs. 4.73 – 1.00 mm3, control vs. SCI) were observed in

SCI mice (Fig. 1A, 1F, 1G). DBSI-derived apparent axonal vol-

ume decreased in SCI mice (3.44 – 0.33 vs. 3.01 – 0.46 mm3,

control vs. SCI; Fig. 1H), revealing axonal loss at 3 days after

contusion.

Acute inflammation in SCI

DBSI-derived restricted (0.02 – 0.01 vs. 0.16 – 0.04, control vs.

SCI, p < 0.0001; Fig. 2B) and non-restricted (0.01 – 0.01 vs.

0.18 – 0.06, control vs. SCI, p < 0.0001; Fig. 2B) isotropic diffusion

fractions increased in the epicenter 3 days after SCI.

IHC of spinal cords

Post-DBSI IHC staining of spinal cords showed significant spinal

cord white matter tract swelling (Fig. 3B, 3C). SCI spinal cords

exhibited reduced SMI-31 staining intensity (Fig. 3B, 3C), suggest-

ing axonal injury. Triple staining of control spinal cord, with SMI-

312 (green), MBP (red), and DAPI (blue) antibodies (Fig. 3D), re-

vealed high axonal density and intact myelin sheath with positive

yellow staining, that is, positive SMI-312 (green) + MBP (red), and

low DAPI density (blue). Control spinal cords exhibited negligible

axon/myelin injury or cell infiltration (Fig. 3a, 3d, and 3g). SCI spinal

cords exhibited increased axonal caliber (Fig. 3b, 3c; white arrows),

decreased axon and myelin intensity, and increased DAPI density,

suggesting coexisting axonal swelling/injury/loss, demyelination,

and increased cell infiltration (Fig. 3b, 3c, 3e, 3f, 3h, and 3i).

Correlating DBSI with histology

H&E staining of spinal cords was used to assess tissue loss.

Increased numbers of tissue voids were observed in SCI spinal

cords (Fig. 4B, 4C). The area of tissue voids was automatically

FIG. 2. One of the most unique features of diffusion basis spectrum imaging (DBSI) is its ability to quantify the changes associated
with inflammation (i.e., the increased cellularity and vasogenic edema). Representative DBSI restricted and non-restricted isotropic
diffusion fraction maps, are overlaid on grayscale diffusion-weighted images from one control and one spinal cord injury (SCI) mouse at
T9 vertebral level to demonstrate the effectiveness of DBSI in detecting inflammation associated changes in SCI (A). Inflammatory cell
infiltration and edema formation due to SCI is clearly reflected by the significantly increased restricted and non-restricted isotropic
diffusion tensor fractions (B and C). The gradient in cellularity and edema, consistent with the similar gradient of axonal injury and
demyelination assessed by anisotropic diffusion metrics in Figure 1, reflects the dorsal-ventral impact of this SCI model. *p < 0.05.
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segmented via multiple Gaussian function analysis (Fig. 4E; red

curve). After thresholding was applied to the raw images (Fig. 4D),

the area of tissue voids was segmented (Fig. 4F). The extracellular

space (void) fraction was calculated by the ratio of masked area

over the total area.

DBSI-derived kk and kt correlated with SMI-31 counts

(Fig. 5A; r2 = 0.76, p = 0.0004) and MBP area fraction (Fig. 5B;

r2 = 0.78, p = 0.0007), respectively. DBSI-derived apparent ‘‘axonal

volume’’ was consistent with SMI-312 area attenuation (Fig. 5C;

r2 = 0.46, p = 0.0456). DBSI restricted fraction correlated with

FIG. 3. Representative immunohistochemistry (IHC) SMI-31 (phosphorylated neurofilament, intact axons, green) and triple staining with
SMI-312 (anti-total neurofilament, total axons, green), MBP (myelin basic protein, myelin sheaths, red), and DAPI (4¢,6-dianidino-2-
phenylindole, cell nuclei, blue) from one control and two spinal cord injury (SCI) with different injury severities (based on tissue damage).
Compared with a control mouse (A, D), white matter swelling was obviously seen in SCI mice under 10 · images (B, C, E, F). Reduced SMI-
31 signal intensity in SCI mice (B, C) suggests axonal injury. Three representative 20 · zoom-in triple IHC stained images of right (a, b, c),
middle (d, e, f), and left (g, h, i) ventral white matter column from each spinal cord is presented. The control mouse (a, d, g) demonstrated
dense yellow staining reflecting high density and strong signal intensity from SMI-312 (green) and MBP (red) with light DAPI (blue). The
larger green spots (white arrows), reduced yellow-staining signal (combined with green and red), and increased voids in both moderate and
severe spinal cords suggest co-existing axonal swelling, injury, demyelination and axonal loss (b, c, e, f, h, i). Increased DAPI staining (blue) is
also seen in both SCI mice, associated with cell infiltration (b, c, e, f, h, i). Yellow scale bar in 10 · : 200 lm. White scale bar in 20 · : 100lm.
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DAPI density (Fig. 5D; r2 = 0.63, p = 0.0021). The DBSI non-

restricted (putatively edema plus free water; ADC >0.3 lm2/msec)

fraction correlated with tissue voids in H&E staining (Fig. 5E;

r2 = 0.57, p = 0.0028). The data suggested that DBSI was able to

quantitatively assess variable axonal injury (Fig. 5A), myelin damage

(Fig. 5B), and inflammatory cell infiltration (Fig. 5D). Meanwhile,

DBSI could also show the potential to reflect axonal loss (Fig. 5C).

DTI-derived kk and kt were consistent with SMI-31 counts (Fig. 5F;

r2 = 0.85, p < 0.0001) and MBP area fraction (Fig. 5G; r2 = 0.71,

p = 0.0022). However, increased cellularity and vasogenic edema

were highly associated with exaggerated correlations in DTI results.

Discussion

In this study, we applied DBSI to assess mouse traumatic SCI 3

days after injury, avoiding the confounds of multiple coexisting

pathologies on diffusion MRI metrics. Our results suggest that SCI

mice developed axonal swelling, axonal injury, demyelination, and

inflammation, as well as axonal loss at 72 h following contusion

injury. The in vivo DBSI pathological metrics correlated with the

corresponding postmortem histology markers, suggesting DBSI

could potentially provide biomarkers to noninvasively reflect co-

existing pathologies in SCI.

We previously introduced DTI kk and kt to reflect axon and

myelin integrity, respectively, in central nervous system (CNS) white

matter tracts.11,13,29,30 We subsequently reported DTI kk recovery

after 1 day post-injury but did not return to the baseline values, and the

DTI kt gradually increased. Both DTI kk and kt reached plateau

from 7–14 days after injury.11 Inflammation also plays a role in im-

peding axonal conduction,31 thus functional recovery may directly or

indirectly be related to the status of inflammation. The observed DTI

kk and kt profile did not purely reflect axonal injury and demyeli-

nation alone. It is likely also related to the evolution of inflammatory

response and tissue loss.12 Therefore, DTI kk, kt, and fractional

anisotropy do not appropriately reflect axonal recovery, even though

it did show a correlation with functional recovery.14,32 In the present

study, we experimentally demonstrated the confounding effects of

coexisting inflammation, e.g., overestimation of the axonal injury or

myelin damage severity (Fig. 5 A-D). These confounding effects on

conventional DTI are not resolved in other advanced diffusion tech-

niques, such as Q-ball imaging,33 diffusion kurtosis imaging,34,35

composite hindered and restricted model of diffusion,36,37 or neurite

orientation dispersion and density imaging.38,39 In the current study,

with histological validation, we further confirmed that DBSI metrics

can be used to successfully distinguish and quantify coexisting CNS

pathologies 3 days after SCI in mice.12,17–19,25

At the observed time-point (72-h after spinal cord contusion), the

injury site exhibited altered tissue perfusion, increased permeability

of immune cells, and accumulated extracellular fluids.19,29,30 White

matter tract swelling (Fig. 1F and Fig. 3), due to cytotoxic/vasogenic

edema and cell infiltration, confounds conventional diffusion MRI

metrics. DBSI-derived non-restricted and restricted isotropic diffu-

sion components accurately reflected the corresponding inflamma-

tory pathology (i.e., vasogenic edema and inflammatory cell

infiltration; Fig. 2). In addition, the lesion cavity is a prominent

characteristic of contusion SCI, caused by central hemorrhagic ne-

crosis.14,40 These fluid-filled tissue voids will contribute to the DBSI

non-restricted fraction (0.3 < ADC £3 lm2/msec). Thus, at the 72-h

time-point, the DBSI non-restricted fraction identifies the degree of

lesion cavity formation in this SCI model (Fig. 5E).

Axonal damage and loss are recognized as important predictors for

long-term irreversible neurological disability.41–43 We have reported

that the DBSI-derived apparent axonal volume (i.e., DBSI fiber

fraction multiplied by corresponding ventrolateral white matter voxel

FIG. 4. Representative hematoxylin and eosin (H&E) images from one control (A) and two spinal cord injury (B, C) mice reveal the
different degrees of tissue loss at 3 days after injury. The signal intensity histogram of the raw H&E image (D) is shown as blue dots of
the signal-intensity histogram (E). After deconvolution of raw signal intensity using multiple Gaussian functions, the highest signal
portion of the image was identified (E; red Gaussian curve). Applying this component to the raw H&E image in (D), the extracellular
space (F; red area) was automatically identified and quantified. Black scale bar in 20 · : 100 lm.
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volume) positively correlated with clinical behavioral function in

CSM patients.20 At the acute stage, the gradient of DBSI kk and kt

maps in SCI mouse reflected more severe injury at the inner ven-

trolateral white matter (Fig. 1A). The DBSI-derived anisotropic dif-

fusion tensor components detected the effect of subsequent Wallerian

degeneration resulting from excitotoxicity, damage of mitochondria,

and energy depletion (Fig. 1).14,44 The DBSI-derived axonal volume

assessed axonal loss, ‘‘seeing through’’ white matter tract swelling

arising from inflammation (Fig. 1G, 1H). These findings quantita-

tively addressed the insufficiency of conventional DTI models, which

assume single tensor diffusion characteristics.

To summarize, the current study demonstrates the feasibility of

DBSI to identify coexisting pathologies noninvasively and to po-

tentially serve as a surrogate outcome measure for traumatic SCI at

early time-points when behavioral assessments do not correctly

reflect the severity of white matter injury.
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