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Axon injury/loss, demyelination and inflammation are the primary pathologies in multiple sclerosis lesions. Despite the prevailing

notion that axon/neuron loss is the substrate of clinical progression of multiple sclerosis, the roles that these individual pathological

processes play in multiple sclerosis progression remain to be defined. An imaging modality capable to effectively detect, differentiate and

individually quantify axon injury/loss, demyelination and inflammation, would not only facilitate the understanding of the patho-

physiology underlying multiple sclerosis progression, but also the assessment of treatments at the clinical trial and individual patient

levels. In this report, the newly developed diffusion basis spectrum imaging was used to discriminate and quantify the underlying

pathological components in multiple sclerosis white matter. Through the multiple-tensor modelling of diffusion weighted magnetic

resonance imaging signals, diffusion basis spectrum imaging resolves inflammation-associated cellularity and vasogenic oedema in

addition to accounting for partial volume effects resulting from cerebrospinal fluid contamination, and crossing fibres. Quantitative

histological analysis of autopsied multiple sclerosis spinal cord specimens supported that diffusion basis spectrum imaging-determined

cellularity, axon and myelin injury metrics closely correlated with those pathologies identified and quantified by conventional histo-

logical staining. We demonstrated in healthy control subjects that diffusion basis spectrum imaging rectified inaccurate assessments of

diffusion properties of white matter tracts by diffusion tensor imaging in the presence of cerebrospinal fluid contamination and/or

crossing fibres. In multiple sclerosis patients, we report that diffusion basis spectrum imaging quantitatively characterized the distinct

pathologies underlying gadolinium-enhanced lesions, persistent black holes, non-enhanced lesions and non-black hole lesions, a task yet

to be demonstrated by other neuroimaging approaches. Diffusion basis spectrum imaging-derived radial diffusivity (myelin integrity

marker) and non-restricted isotropic diffusion fraction (oedema marker) correlated with magnetization transfer ratio, supporting

previous reports that magnetization transfer ratio is sensitive not only to myelin integrity, but also to inflammation-associated

oedema. Our results suggested that diffusion basis spectrum imaging-derived quantitative biomarkers are highly consistent with hist-

ology findings and hold promise to accurately characterize the heterogeneous white matter pathology in multiple sclerosis patients.

Thus, diffusion basis spectrum imaging can potentially serve as a non-invasive outcome measure to assess treatment effects on the

specific components of underlying pathology targeted by new multiple sclerosis therapies.
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Introduction
Quantitative MRI methods have shown specificities to vari-

ous pathologies (Oh et al., 2013a). Notably, magnetization

transfer ratio (MTR) is sensitive to myelin integrity

(Schmierer et al., 2004; Vavasour et al., 2011). N-acetyl

aspartate (NAA) to creatine ratio (Matthews et al., 1991)

measured by magnetic resonance spectroscopy (De Stefano

et al., 1995) is considered a biomarker of axonal integrity

(McDonald et al., 1992; McDonald, 1994). Diffusion

tensor imaging (DTI) derived axial diffusivity and radial

diffusivity has been used to detect and distinguish axon

and myelin abnormalities (Song et al., 2005; Kim et al.,

2006; Sun et al., 2006a, b). However, all of these methods

have drawbacks. MTR cannot distinguish disrupted myelin

integrity from oedema or tissue loss (Vavasour et al.,

2011). Not only myelin damage, but also axonal loss and

macrophage infiltration can all contribute to MTR contrast

(Dousset et al., 1995; Kimura et al., 1996; Samsonov et al.,

2012). NAA might reflect a number of pathological pro-

cesses in multiple sclerosis, such as reversible axonal

damage due to inflammatory demyelination, altered neur-

onal/axonal metabolism, and oedema (Lovas et al., 2000;

Cook, 2006). DTI is most accurate when applied to well-

defined tightly packed white matter tracts without inflam-

mation, as it is confounded by inflammation or crossing

fibres (Naismith et al., 2010; Oh et al., 2013b). To address

the limitations of current CNS imaging modalities, we de-

veloped diffusion basis spectrum imaging (DBSI) to model

myelinated and unmyelinated axons as anisotropic diffu-

sion tensors, and to model cells and oedema/extracellular

space as isotropic diffusion tensors to simultaneously quan-

tify axonal injury, demyelination and inflammation in the

CNS (Wang et al., 2011b).

Materials and methods

Histological validation of DBSI using
autopsy multiple sclerosis spinal cord
specimens

To validate MRI-derived white matter pathological metrics, it
is necessary to quantify corresponding histological staining of
cross-sectional sections of white matter tracts via manual or
automatic counting of axons, myelin sheaths, and nuclei.
Autopsy spinal cord specimens are ideal for this purpose,
whereas use of the complex white matter tracts with frequent

bending, fanning and crossing tracts in brain tissues does not

allow for such counting in an optimal cross-sectional fashion.
Cervical spinal cord specimens were obtained following aut-

opsy from three patients with multiple sclerosis. Post-mortem

time until autopsy was within 10 h. The spinal cord tissues
were fixed in 10% formalin in phosphate-buffered saline

(PBS) at room temperature after autopsy. A segment of fixed

cervical spinal cord was imaged and analysed using DBSI. The
specimens were then embedded in paraffin and sectioned at 5-

mm thick. Sections were individually stained with

Bielschowsky’s silver, haematoxylin and eosin, and Luxol

Fast Blue-Periodic Acid Schiff (LFB-PAS) stains. Images were
acquired with a Hamamatsu NanoZoomer 2.0-HT System

(Hamamatsu) using a �40 objectives for analyses.

MRI of multiple sclerosis spinal cord
specimens

The three multiple sclerosis cervical spinal cord tissues were

examined using an Agilent DirectDrive console equipped with

a 4.7 T magnet and a 15-cm inner diameter, actively shielded
Magnex gradient coil (60 G/cm, 270ms rise time). The tissue

contained in a 3 ml syringe with 10% formalin was placed in a

custom-made solenoid coil for data acquisition using the fol-
lowing parameters: repetition time 2 s, spin echo time 39 ms,

time between application of gradient pulse 20 ms, diffusion

gradient on time 8 ms, slice thickness 0.5 mm, number of
slices 5, field-of-view 2.4 � 2.4 cm2, number of average 1,

data matrix 96 � 96. Diffusion sensitizing gradients were

applied in 99 directions as employed in human brain DBSI

with max b-value = 3200 s/mm2. In-plane resolution was
250 � 250 mm2. The specimens were imaged at the ambient

temperature of the magnet bore, �17�C, estimated using

apparent diffusion coefficient of fixative (4% formalin) in
which all specimens bathed.

Down-sampling high resolution
histology images

ImageJ (http://rsbweb.nih.gov/ij/) with NDPI Tools plugin
(Deroulers et al., 2013) was used to down-sample the raw

high-resolution histology images. At �40 magnification, the

linear dimension of raw histology image pixels was 0.23 mm
in contrast to 250 mm of MRI voxels. Thus, the raw histology

image was down-sampled to match MRI voxel size, resulting

in each down-sampled histology image voxel, containing
1087 � 1087 raw histology image pixels (voxel with black

dashed line in Fig. 1A inset).
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Quantifying positive staining

For each autopsied spinal cord tissue, 25–35 down-sampled
image voxels were randomly selected in spinal cord white
matter (red squares in Fig. 1A). These down-sampled image
voxels represent regions of interest in the raw high-resolution
histology images containing 1087 � 1087 native image pixels.
Positive staining was identified and manually counted
within the selected down-sampled histology voxels by A.H.C.
The fraction of positive stain area were computed as the
ratio between the number of positive staining pixels and the
total number of pixels (1087 � 1087) within the down-
sampled histology voxel, i.e. equivalent of single MRI image
voxel.

Co-registration between quantitative
histology and DBSI maps

The rigid-body transformation was performed using a custo-
mized plugin in ImageJ (http://rsbweb.nih.gov/ij/) as previously
described to co-register the quantified, down-sampled histology
images with DBSI maps (Budde et al., 2007). Thirteen land-
marks along the perimeter of the cord were manually placed
on down-sampled histology (Fig. 1A) and T2-weighted images
(Fig. 1B, inherently co-registered with DBSI maps) to compute
the transformation matrix for matching the DBSI maps with
down-sampled histology maps (Fig. 1C). Through successful
image co-registration, the selected voxels on the down-sampled
histology maps can be transferred to MRI (Fig. 1C). The quan-
titative positive histology staining can then be correlated with
DBSI matrices on the randomly selected voxels.

There is a substantial difference in slice thickness between
histology and MRI (histology sections were 5-mm thick,
whereas MRI slice thickness was 500 mm). The 2D co-registra-
tion as performed could not address this discrepancy.
Fortunately, MRI results showed that the T2-weighted lesions
seen in all three autopsied tissue samples did not change in
patterns through the three to five adjacent image slices,

suggesting any mismatch in lesion distribution was likely to
be minor in the present study.

Characterization of CNS pathologies
in patients with multiple sclerosis

Human subjects

Procedures involving human subjects were all approved by the
Institutional Review Board of Washington University. Every
subject provided informed consent before their participation
in the study. Five healthy control subjects were imaged to
assess the effect of CSF contamination and crossing fibres on
results from the selected MRI methods. Six patients with mul-
tiple sclerosis, including three with relapsing-remitting multiple
sclerosis, two with secondary progressive multiple sclerosis,
and one with primary progressive multiple sclerosis, were
imaged to examine the capability of DBSI to characterize mul-
tiple sclerosis lesions. Specifically, one patient with relapsing-
remitting multiple sclerosis [age 50, Expanded Disability Status
Scale (EDSS) = 2.5, multiple sclerosis duration 16 years] and
two patients with secondary progressive multiple sclerosis (age
50, EDSS = 4.0, with multiple sclerosis duration 420 years;
and age 49, EDSS = 7.0, multiple sclerosis duration 417
years) were imaged to examine the DBSI/DTI profile of differ-
ent types of multiple sclerosis lesions: persistent black hole
(PBH), chronic T2-weighted hyperintensities that were non-
black holes (NBH), and Gd + lesions. Another two patients
with relapsing-remitting multiple sclerosis and one patient
with primary progressive multiple sclerosis were imaged to
examine the correlation between the DBSI findings and MTR.

MRI of human subjects

A 3 T TIM Trio (Siemens) scanner with a 32-channel head coil
(Siemens) was used for all image studies. Diffusion weighted
MRI data were collected at 2 � 2 � 2 mm3 resolution in the
axial plane covering the whole brain with repetition time/echo
time = 10 000/120 ms. The 99-direction diffusion encoding

Figure 1 Co-registration between histology and MRI. Raw histology images were down-sampled to MRI resolution. Each down-sampled

MRI voxel contains 1087 � 1087 pixels in the raw high-resolution histology image (A, inset). Thirteen pairs of landmarks along the perimeter of

the multiple sclerosis spinal cord were manually placed on the histology image (Bielschowsky’s silver, A), and magnetic resonance image (T2-

weighted, B). The transformation matrix of rigid-body registration was computed in ImageJ and applied to warp the MRI to the orientation of the

down-sampled histology image (C). Voxels were randomly selected in the spinal cord white matter on the down-sampled histology images (red

squares in A). Sequential tissue sections were stained for axons (Bielschowsky’s silver), myelin (LFB-PAS) and cell nuclei (haematoxylin and eosin).

The percentage of positively stained area for each stain was computed for each voxel, and compared with the magnetic resonance metrics within

the same voxel (red squares in C).
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scheme was selected as prescribed in diffusion spectrum ima-
ging where the position vectors are the entire grid points (qx,
qy, qz) over the 3D q-space under the relationship that
(qx

2 + qy
2 + qz

2)4 r2, where r = 3 for DBSI (Wedeen et al.,
2005; Kuo et al., 2008). The maximum b-value was 2000 s/
mm2. The total acquisition time using a single-shot diffusion-
weighted EPI sequence was 15 min. Phase maps were collected
after diffusion data acquisition to correct susceptibility arte-
facts. Diffusion-weighted images were then co-registered to
the anatomical 3D magnetization prepared rapid acquisition
of gradient echo (MPRAGE), and fluid attenuated inversion
recovery (FLAIR) images using FLIRT (FMRIB’s Linear
Registration Tool) (Jenkinson et al., 2002). The DTI maps of
fractional anisotropy, axial diffusivity (�k), and radial diffusiv-
ity (�o), were computed using an in-house developed algo-
rithm described previously (Budde et al., 2009). High-
resolution 1 � 1 � 1 mm3 sagittal FLAIR images were used
for multiple sclerosis lesion identification. T1-weighted
MPRAGE images were acquired at 1 � 1 � 1 mm3 resolution
for image registration and correction. For three patients with
relapsing-remitting multiple sclerosis and the one patient with
primary progressive multiple sclerosis, MTR (Gass et al.,
1994) maps were obtained in addition to DBSI using a 3D
spoiled gradient-echo sequence with and without a saturation
pulse: repetition time/echo time = 41/11 ms, flip angle = 15�,
field of view = 25.1 � 18.7 cm, 60 3-mm axial slices without
gaps. The magnetization transfer saturation pulse provided on
the Siemens 3 T Trio scanner was an off-resonance radio fre-
quency pulse centred at 1.2 kHz below the water frequency,
with a Gaussian envelope of 10 ms duration, a bandwidth of
100 Hz, and a flip angle of 500�. To calculate MTR, two in-
dependent scans were acquired, one with (MTon) and one
without (MToff) the off-resonance radio frequency pulse.
MTon was registered to MToff using a rigid-body procedure
implemented in FLIRT. MTR was then calculated based on
the formula: MTR = (MToff � MTon) / MToff. The MTR
images were then co-registered to the anatomical 3D
MPRAGE and FLAIR images using FLIRT.

Diffusion basis spectrum imaging

DBSI models diffusion weighted MRI signals as a linear com-
bination of multiple tensors describing both the anisotropic
axonal fibre and its surrounding environment, and a full
range of isotropic components with varying diffusivities
(Wang et al., 2011b)

Sk ¼
XNAniso

i¼1

fie
�

���b!k

�����o i

e
�

���b!k

����ð�k i��o iÞ�cos2 ik
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f ðDÞe
�
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���D
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where Sk and |bk| are the signal and b-value of the kth diffusion
gradient, NAniso is the number of anisotropic tensors,  ik is the
angle between the kth diffusion gradient and the principal dir-
ection of the ith anisotropic tensor, �||_i and �o_i are the axial
diffusivity and radial diffusivity of the ith anisotropic tensor, fi

is the signal intensity fraction for the ith anisotropic tensor, and
a and b are the low and high diffusivity limits for the isotropic
diffusion spectrum f(D). The anisotropic diffusion component
represents the intra-axonal water molecules and those outside

but adjacent to axon fibres, whether myelinated or non-mye-
linated. We denoted these anisotropic signal intensity fractions
(fi) as fibre fractions. DBSI-derived fibre fraction, axial diffu-
sivity and radial diffusivity reflected the integrity of white
matter fibres comprising anisotropic diffusion components.
Although the definitive classification of the spectrum of iso-
tropic diffusion components has not yet been reached, previous
experimental observations suggested that restricted isotropic
(associating with cells) and non-restricted isotropic diffusion
(associating with vasogenic oedema and tissue loss) may be
distinguished using a threshold of isotropic diffusivity of
0.3 mm2/ms (Wang et al., 2011b, 2014; Chiang et al., 2014).

Generalized q-sampling imaging

Generalized q-sampling imaging (GQI) was recently proposed
to estimate orientation distribution functions (ODF) directly
from diffusion magnetic resonance signals based on the
Fourier transform relation between diffusion weighted mag-
netic resonance signals and the underlying diffusion displace-
ment (Yeh et al., 2010). Orientation distribution functions
generated by GQI have demonstrated accuracy comparable
to the widely used q-ball imaging (Tuch, 2004; Kuo et al.,
2008) and diffusion spectrum imaging techniques (Wedeen
et al., 2005, 2008, 2012). Tractography results from GQI
were also shown to be comparable with those generated
from q-ball imaging and diffusion spectrum imaging (Yeh
et al., 2010). GQI does not require specific diffusion sampling
schemes as needed for q-ball imaging (the shell sampling
scheme) or diffusion spectrum imaging (the grid sampling
scheme). Thus, we used GQI in this study to generate ODFs
using the same diffusion weighted data that were used for
DBSI. For GQI analyses herein, diffusion images were recon-
structed with a diffusion sampling ratio of 1.25, the recom-
mended parameter proposed by the original study (Yeh et al.,
2010). The resulting ODFs have 642 sampling orientations,
defined by 8-fold tessellated icosahedrons.

DBSI tractography

Modified whole brain streamlined fibre tracking (Wedeen et al.,
2008) was conducted using the fibre orientations derived by
DBSI. Starting locations of the tracts were randomly placed
within the whole brain or selected region of interest. If more
than one fibre was identified by DBSI, the initial direction was
randomly chosen from the resolved crossing fibres. Trilinear in-
terpolation was used to estimate the propagation direction. The
step size was 0.5 mm (half of the spacing), and the maximum
turning angle was 60�. DBSI-derived fibre fraction (515%)
was used as the threshold to define a fibre. DBSI-derived fibre
orientation was colour-coded following the convention in the
field using DSI Studio (http://dsi-studio.labsolver.org) (Yeh
et al., 2013).

Assessment of DBSI to alleviate
partial volume effects and resolve
crossing fibres in human brain

DTI, DBSI and GQI analyses were performed on whole brain
diffusion weighted data sets from five healthy adult volunteers.
In each subject, a voxel representing pure axonal fibres was
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placed at the centre of the corpus callosum, and a voxel with
CSF contamination (partial volume effect) was placed in the
corpus callosum bordering lateral ventricle. Three-dimensional
diffusion ellipsoids were used to visualize and compare diffu-
sion tensor characteristics of the image voxel using DTI and
DBSI. Axial diffusivity and radial diffusivity were also com-
puted by DTI/DBSI for comparisons. Similarly, fibre directions,
axial and radial diffusivity of representative voxels placed at
the point where the corona radiata crossed the corpus callo-
sum were calculated by each method. The crossing-point axial
diffusivity and radial diffusivity were compared to axial and
radial diffusivity from the voxel representing pure corpus cal-
losum and corona radiata. The GQI-derived fibre orientations
were displayed using the 3D orientation distribution functions
as described (Yeh et al., 2010).

Assessment of DBSI within a multiple
sclerosis lesion and surrounding
region

A multiple sclerosis lesion hyper-intense on FLAIR image of a
patient with relapsing-remitting multiple sclerosis was selected
to illustrate the confounding factors of crossing fibres and CSF
contamination upon multiple sclerosis lesion analyses. The
lesion was located in the corpus callosum but extended into
the cingulum, passing through a region of fibre crossing. The
lesion also bordered the lateral ventricle, a region susceptible
to CSF partial volume effects. DBSI-based tractography was
performed to identify the corpus callosum and the cingulum
as they passed through the lesion. Six voxels were examined:
three located within the FLAIR-identified lesion itself, and
three outside of the lesion. The first voxel within the lesion
was placed in the region where fibres of the corpus callosum
crossed those of the cingulum. The second voxel was placed
entirely in the corpus callosum region within the lesion. The
third voxel within the lesion was placed such that it bordered
the lateral ventricle. The other three voxels were distributed
within the corpus callosum, but outside of the FLAIR-defined
lesion sequentially further from the lesion.

Comparison of DBSI with MTR

MTR was performed on brains of two patients with relapsing-
remitting multiple sclerosis and one with primary progressive
multiple sclerosis. Forty-two regions of interest were manually
delineated to include regions with MTR values from 0.04 to
0.4, representing areas ranging from T1-weighted hypointensi-
ties (‘black holes’) to normal-appearing white matter in the
corpus callosum. Based on published literature, these would
represent varying degrees of myelin integrity (Gass et al.,
1994; Kucharczyk et al., 1994; Catalaa et al., 2000; Filippi
and Rocca, 2004). MTR was compared with DBSI-derived
metrics on all patients with multiple sclerosis, and correlations
between MTR and DBSI-derived directional diffusivities, non-
restricted isotropic fraction were examined.

Use of DBSI to characterize multiple
sclerosis lesions

Sixteen multiple sclerosis lesions of three types, six PBHs, six
NBHs T2-weighted hyperintensies, and four Gd + lesions, were

identified and manually outlined based on MPRAGE and
FLAIR images in the two patients with secondary progressive
multiple sclerosis and one with relapsing-remitting multiple
sclerosis by an experienced neurologist (A.H.C.).
Anatomically matched regions in healthy controls were deli-
neated and analysed for comparisons. All PBH lesions were
present on clinical MRIs for 41 year. Clinical MRIs of the
three multiple sclerosis patients were obtained 3 and 4 weeks
before DBSI scan. All patients had at least one Gd + lesion and
received corticosteroid treatment within days before DBSI. A
voxel-based DBSI analysis was conducted on the 16 identified
lesions and corresponding regions in the healthy control. A
beeswarm plot (R Core Team, 2013) with different coloured
symbols representing different patients, was made to show the
data structure. A conventional boxplot was superimposed on
the beeswarm plot to assess the pathological changes of lesions
over the control.

Statistical analyses for correlations
between histology measures and
imaging indices and among
imaging methods

To show that DBSI metrics and quantitative histology findings
measure the same biological characteristics, although on dif-
ferent scales, Spearman’s rank correlation coefficients were
used to measure the strength of monotone increasing or
decreasing association. The associations of interest were
DBSI fibre fraction or DBSI axial diffusivity with positive
silver stain, DBSI radial diffusivity with positive Luxol Fast
Blue stain and DBSI restricted isotropic diffusion fraction
with positive haematoxylin stain. Measurements were taken
in three multiple sclerosis spinal cord autopsy specimens.
Spearman’s rank correlation coefficients were also used to
test for presence of monotone increasing or decreasing associ-
ation between DBSI radial diffusivity, DTI radial diffusivity,
DBSI non-restricted isotropic diffusion fraction and MTR in
three patients.

Results

DBSI correlated with quantitative
histology

Bielschowsky’s silver (Fig. 1A), LFB-PAS and haematoxylin

and eosin stained sections from three autopsy multiple

sclerosis spinal cord specimens were co-registered with

T2-weighted images (Fig. 1B) using a previously published

method (Fig. 1C). In total 80 voxels were examined for

association of positive histological staining area with the

corresponding DBSI-derived metrics. DBSI fibre fraction

correlated with the area of silver stain in all three specimens

(Fig. 2A, E and I; r = 0.70, 0.83, 0.82; P = 0.00015,

50.0001, 50.0001, respectively), whereas DBSI axial dif-

fusivity, a measure of axonal integrity, correlated with the

area of silver stain within voxels only in the third specimen

(Fig. 2B, F and J; r = 0.15, �0.04, 0.71; P = 0.48, 0.85,

50.0001, respectively). DBSI radial diffusivity negatively

correlated with the area of Luxol Fast blue stain in all
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three specimens (Fig. 2C, G and K; r = �0.84, �0.42,

�0.82; P5 0.0001, 0.039, 50.0001, respectively). DBSI

restricted isotropic diffusion fraction correlated with the

area of nuclei detected by haematoxylin stain in the first

and third specimens (Fig. 2 D, H and L; r = 0.84, 0.25,

0.39; P5 0.0001, 0.23, 0.033, respectively). The lack of

correlation in the second specimen and low correlation in

the third specimen of haematoxylin area to DBSI restricted

isotropic diffusion fraction are likely attributable to low

numbers of cells in those spinal cord specimens.

DBSI accurately measured diffusion
properties of the corpus callosum
despite CSF contamination

To determine the ability of DBSI to quantify axial diffusiv-

ity and radial diffusivity in the presence of CSF contamin-

ation, two image voxels from the corpus callosum of a

healthy control subject were selected, one located in the

centre of the genu to represent pure corpus callosum

fibres and the second in a region containing both corpus

callosum and lateral ventricle (Fig. 3). The orientations of

axonal tracts derived by DTI, GQI and DBSI were also

compared. Angles were defined in spherical coordinates

([�, ’]: � is the azimuthal angle in the x–y plane from the

positive x-axis, ’ is the elevation angle from x–y plane).

The angles of the axonal fibres in the central genu derived

by GQI, DTI and DBSI were almost identical: [�,

’] = [�11�, 31�], [�10�, 28�], and [�10�, 28�], respectively.

CSF contamination did not affect the angle assessments of

the voxel-containing corpus callosum and ventricle, which

was [�, ’] = [�5�, 20�], [�6�, 22�], and [�6�, 21�] for GQI,

DTI and DBSI, respectively. After quantitatively modelling

the confounding isotropic diffusion tensor components due

to cells and CSF, DBSI-derived axial and radial diffusivity

for each of these voxels were indistinguishable: axial diffu-

sivity = 1.78 versus 1.79mm2/ms and radial diffusiv-

ity = 0.08 versus 0.10 mm2/ms in the central corpus

callosum versus partly within the ventricle. In contrast,

CSF contamination substantially altered DTI-derived axial

and radial diffusivities, with axial diffusivity = 1.31 versus

1.61 mm2/ms, and radial diffusivity = 0.16 versus 0.58mm2/

ms for the region of interest in genu versus CSF-contami-

nated region of interest, respectively (Fig. 3). Using DBSI,

Figure 2 Correlations between histology measures and DBSI indices for three autopsy multiple sclerosis spinal cord speci-

mens. Patient 1: red circle; Patient 2: yellow triangle; Patient 3: blue square. The area of positive silver staining correlated with DBSI fibre fraction

in all three specimens (A, E and I). The area of positive silver staining correlated with one of the three specimens (J) but not the other two (B and

F). The area of Luxol Fast Blue–Periodic Acid Schiff (LFB-PAS) staining correlated with DBSI radial diffusivity negatively in all three specimens (C,

G and K). The area of positive haematoxylin staining correlated strongly with DBSI restricted diffusion fraction in one specimen (D), but not in

the other two (H and L).
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restricted and non-restricted isotropic diffusion tensor frac-

tions were compared in the two voxels. The restricted iso-

tropic diffusion fraction comprised 10% of the pure fibre

and 6% of the voxel with CSF contamination, and the non-

restricted isotropic diffusion tensor fraction was 0% of the

pure fibre voxel and 44% of the voxel containing CSF.

Comparisons of regions of interest placed in centre of the

genu of the corpus callosum with regions of interest placed

partly in the corpus callosum and partly in the ventricle

were performed in five healthy control subjects using

DBSI, with axial diffusivity and radial diffusivity derived

(mean � SD, n = 5): axial diffusivity = 1.79 � 0.011 versus

1.79 � 0.009 mm2/ms and radial diffusivity = 0.088 � 0.018

versus 0.094 � 0.012 mm2/ms for the pure and

CSF-contaminated fibre tracts, respectively (Supplementary

Fig. 1A and B, Supplementary Table 1).

DBSI quantifies the directional
diffusivities of crossing fibres

To test the ability of DBSI to resolve and assess directional

diffusivities in tracts that crossed other tracts, the intersec-

tion of the corpus callosum and corona radiata was exam-

ined (Fig. 4). DBSI was compared to GQI, and to DTI. The

‘gold standard’ GQI resolved the crossing fibres, measuring

fibre angles of corpus callosum ([�, ’] = [174�, 39�]) and

corona radiata ([�, ’] = [�11�, 45�]) at the crossing point.

DBSI arrived at similar orientations ([�, ’] = [177�, 30�] for

Figure 3 DBSI quantifies anisotropic (white matter tracts) diffusion tensor metrics in the presence of CSF. Colour-encoded

fractional anisotropy map derived using DTI was computed on five healthy volunteers with the corpus callosum identified, as shown in the

representative map (left column, outlined red). To demonstrate the effect of partial volume effect on diffusion MRI measurements, two image

voxels representing pure axonal fibre tracts in corpus callosum (blue, located at the centre of the tract) and significant CSF contamination

(orange, located at the border between corpus callosum and the third ventricle) were examined using the standard DTI, GQI and DBSI. Three-

dimensional ellipsoids were used to visualize DTI- and DBSI-derived anisotropic diffusion tensors, with the long and short axes of the ellipsoid

proportional to the ratio of axial diffusivity (� ||) and radial diffusivity (�r). DBSI-derived isotropic diffusion tensors (associated with the partial

volume effects from cellularity and CSF) can be visualized as 3D spheres, with the radius proportional to the mean diffusivity. Three-dimensional

orientation distribution function was used to visualize the GQI-derived fibre angles. Although DTI correctly assessed the angle of the axonal fibre

tracts in corpus callosum ([�, ’] = [�10�, 28�]) and corpus callosum with CSF contamination ([�, ’] = [�6�, 22�]), the derived axial diffusivity and

radial diffusivity were significantly affected by the presence of CSF contamination (axial diffusivity = 1.31 versus 1.61 mm2/ms; radial diffusiv-

ity = 0.16 versus 0.58mm2/ms). GQI-derived angles of pure corpus callosum ([�, ’] = [�11�, 31�]) and corpus callosum with CSF ([�, ’] = [�5�,

20�]) were comparable to those derived by DTI. Similarly, DBSI correctly determined the fibre angles for the two voxels, ([�, ’] = [�10�, 28�] for

pure corpus callosum, and [�, ’] = [�6�, 21�] corpus callosum plus CSF), comparable to those derived by DTI and GQI. After correctly modelling

the confounding isotropic components due to cells and CSF, DBSI-derived axial diffusivity and radial diffusivity determined by DBSI were

comparable in pure corpus callosum and corpus callosum with CSF contamination (axial diffusivity = 1.78 versus 1.79 mm2/ms; radial diffusiv-

ity = 0.08 versus 0.10mm2/ms). Consistent findings were observed in five healthy control subjects (axial diffusivity = 1.79 � 0.011 versus

1.79 � 0.009mm2/ms; radial diffusivity = 0.088 � 0.018 versus 0.094 � 0.012 mm2/ms).
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corpus callosum, and [�, ’] = [�15�, 43�] for corona

radiata). In contrast, DTI-derived diffusion tensors re-

flected the averaged diffusion profile of corpus callosum

and corona radiata (axial diffusivity = 0.68 mm2/ms; radial

diffusivity = 0.38 mm2/ms; [�, ’] = [�7�, 30�]). Unlike GQI,

DBSI was also able to quantify the fractions of anisotropic

diffusion tensor components revealing 36% from corpus

callosum, and 49% from corona radiata in the voxel.

Additionally, restricted and non-restricted isotropic diffu-

sion tensor fractions made up 4%, and 11% of the voxel,

respectively. Using DBSI, the axial diffusivity of the corpus

callosum was 1.74 mm2/ms and radial diffusivity was

0.09 mm2/ms, in close agreement with the results obtained

for the voxel placed in genu of corpus callosum without

crossing fibres (axial diffusivity = 1.81 mm2/ms and radial

diffusivity = 0.09 mm2/ms). For the corona radiata, axial

diffusivity was 1.79 mm2/ms and radial diffusivity was

0.17 mm2/ms, also consistent with the results obtained for

a voxel placed in the corona radiata in a region without

crossing fibres (axial diffusivity = 1.86 mm2/ms and radial

diffusivity = 0.21 mm2/ms). This same process of comparing

the pure corpus callosum diffusion results to those within

the corpus callosum at the region of corona radiata cross-

ing was performed in five healthy subjects, and showed

(mean � SD) axial diffusivity = 1.80 � 0.01 versus

1.76 � 0.03 mm2/ms and radial diffusivity = 0.11 � 0.02

versus 0.11 � 0.02 mm2/ms, respectively (Supplementary

Table 2 and Supplementary Fig. 1C and D). Similarly,

for pure corona radiata and for corona radiata fibres extri-

cated from the region of crossing with the corpus callo-

sum, axial diffusivity was 1.76 � 0.08 versus

1.79 � 0.01 mm2/ms and radial diffusivity was

0.23 � 0.03 versus 0.20 � 0.03 mm2/ms (Supplementary

Fig. 1E and F).

Figure 4 Effects of fibre crossing on DTI and its resolution using DBSI. Colour-encoded DTI-fractional anisotropy (left column)

obtained from a healthy volunteer is displayed in coronal view to identify the region of fibre crossing between corpus callosum and corona radiata.

DTI, GQI and DBSI analyses were performed on a voxel (green) within the region of fibre crossing, a voxel (orange) in the region of pure corona

radiata, and a voxel (blue) in the region of pure corpus callosum. For the fibre crossing voxel (green), DTI-derived axial diffusivity (0.68 mm2/ms)

and radial diffusivity (0.38 mm2/ms) reflected the averaged diffusion property of the fibres in the image voxel containing both the corpus callosum

and corona radiata. Both DBSI and GQI accurately detected corpus callosum fibres crossing the corona radiata. Red arrows bisecting GQI’s

orientation distribution function represents the direction of underlying fibre. DBSI further quantified the fraction of anisotropic components at

36% and 49%, corresponding to corpus callosum and corona radiata, respectively. Isotropic components of low diffusivity (presumed cells) and

medium diffusivity (extracellular space) comprised 4% and 11% of the voxel, respectively. The axial diffusivity (1.74 mm2/ms) and radial diffusivity

(0.09 mm2/ms) of the corpus callosum were in close agreement with the results obtained for the pure corpus callosum voxel (blue box, axial

diffusivity = 1.81 mm2/ms; radial diffusivity = 0.09 mm2/ms). For corona radiata, axial diffusivity = 1.79mm2/ms and radial diffusivity = 0.17 mm2/ms,

also in close agreement with the results obtained for the pure corona radiata (orange box, axial diffusivity = 1.86mm2/ms; radial diffusiv-

ity = 0.21 mm2/ms). Consistent findings were observed in all five healthy subjects.
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DBSI characterization of a
multiple sclerosis lesion confounded
by crossing fibres and CSF
contamination

DBSI was performed on a large lesion located at the inter-

section of the corpus callosum and cingulum bordering the

lateral ventricle, which was identified on FLAIR images in a

patient with relapsing-remitting multiple sclerosis. Tracts

identified by whole brain tractography were superimposed

on a 3D iso-surface plot and the FLAIR image (lesion

colour-coded in dark red in Fig. 5A; left, black arrow).

Axial and radial diffusivity derived by DBSI revealed that

decreased axial diffusivity was confined to voxels 1 and 2

within the lesion (Fig. 5B), whereas increased radial diffu-

sivity was seen not only in voxels 1, 2 and 3 within the

lesion, but also in voxel 4 (outside of the FLAIR-defined

lesion) within normal-appearing corpus callosum nearest to

the lesion (Fig. 5C). DBSI-derived anisotropic diffusion

fraction (interpreted as fibre fraction; Fig. 5D) was within

the normal range as seen in healthy control subjects except

voxel 3 with significant CSF contamination (Fig. 5G).

Likely due to the confounding effect of crossing fibres

and CSF contamination, DTI-derived axial diffusivity

failed to detect axonal injury inside the lesion (Fig. 5E).

DTI-derived radial diffusivity increased in a trend similar

to that of DBSI-derived radial diffusivity with different

extent of change (Fig. 5F). Solid lines and dashed lines

are the mean values and one standard deviation from

mean derived from 600 corpus callosum voxels in a

gender and age matched healthy subject.

Comparison of myelin biomarkers
based on DBSI, MTR and DTI

Forty-two regions of interest were selected from three pa-

tients with multiple sclerosis to cover the whole range of

MTR values, representing the spectrum of tissue integrity

from normal appearing genu of the corpus callosum (Fig.

6A; top arrow, MTR 	 0.4) to a T2-weighted hyperintense

FLAIR lesion that was also persistently hypointense on T1-

weighted image for 3 years (a persistent ‘black hole’) (Fig.

6; lower arrow, MTR = 0.04). Radial diffusivity derived by

both DBSI (Fig. 6B, E and H; r = �0.7, �0.58, �0.72;

P = 0.008, 0.028, 0.006) and DTI (Fig. 6C, F and I;

r = �0.71, �0.62, �0.81; P = 0.007, 0.019, 0.008) corre-

lated negatively with MTR in all three patients. MTR also

correlated with the DBSI-derived non-restricted isotropic

diffusion fraction in all three patients (Fig. 6D, G and J;

r = �0.71, �0.57, �0.83; P = 0.007, 0.035, 0.0004).

Characterization of multiple sclerosis
lesions using DBSI

Six PBHs, six NBHs, and four Gd + lesions (1551 voxels)

from three patients with multiple sclerosis were examined

by DBSI. Patient 1 had early relapsing-remitting multiple

sclerosis, and Patients 2 and 3 had secondary progressive

multiple sclerosis. The restricted isotropic diffusion tensor

fraction (Fig. 7A) was increased in Gd + lesions compared

to the control. The patient with early relapsing-remitting

multiple sclerosis (Patient 1) had the largest number of

voxels with increased restricted isotropic diffusion fraction

characteristic of increased cellularity (Fig. 7A). Compared

to normal control brains in the same regions, the restricted

isotropic diffusion fraction decreased in PBH and NBH,

whereas the DBSI non-restricted isotropic fraction increased

in all three multiple sclerosis lesion types (Fig. 7B). DBSI

axial diffusivity significantly decreased in PBH and NBH

(Fig. 7C); DBSI axial diffusivity did not change significantly

in Gd + lesions. Consistent with literature reports, DTI

axial diffusivity increased in all three lesion types compared

to that of the control (Fig. 7D). Radial diffusivity derived

by both DBSI and DTI increased in all multiple sclerosis

lesion types (Fig. 7E and F).

Discussion
Imaging CNS inflammation remains a significant challenge.

Gadolinium-based contrast agents in conjunction with

T1-weighted MRI has been the primary clinical MRI tool

for the detection of inflammation in multiple sclerosis

through the detection of blood–brain barrier leakage

(Grossman et al., 1988; Katz et al., 1993; Kappos et al.,

1999; Vellinga et al., 2008). Ultrasmall superparamagnetic

iron oxide (USPIO) nanoparticles have recently been

demonstrated to detect CNS infiltrating monocyte/

macrophages in research settings (Vellinga et al., 2008).

PET ligands targeting the 18 kDa translocator protein,

which is upregulated with inflammation, detect neuroin-

flammation in human diseases including multiple sclerosis

and in animal models, but the effectiveness of these PET

markers remains to be seen (Banati et al., 2000;

Papadopoulos et al., 2006; Chauveau et al., 2009, 2011;

Abourbeh et al., 2012; Xie et al., 2012). Promising ad-

vances in imaging myelination have been reported including

myelin water imaging (MacKay et al., 1994; Du et al.,

2007; Laule et al., 2008; Hwang et al., 2010; Prasloski

et al., 2012), magnetization transfer (Inglese et al., 2003;

Schmierer et al., 2004, 2007a; Dortch et al., 2011; Stikov

et al., 2011; Underhill et al., 2011), optical imaging (Wang

et al., 2011a) and myelin-specific PET markers (Wang

et al., 2009; Wu et al., 2013). For specifically identifying

axon injury and loss, reduced NAA content measured by

magnetic resonance spectroscopy (MRS) has been used (De

Stefano et al., 1999; Aboul-Enein et al., 2010; Wood et al.,

2012). However, inflammation can interfere with measur-

ing myelin and axons because inflammation-induced tissue

swelling falsely reduces the measured myelin water and

NAA content (oedema water contains no NAA and dilutes

myelin water fraction), MTR (oedema water exhibits no

transfer effect while contributing to the total signal), and

Quantification of multiple sclerosis pathologies BRAIN 2015: 138; 1223–1238 | 1231



PET marker intensity (diluting marker density) (Schmierer

et al., 2004; Stanisz et al., 2004; McCreary et al., 2009;

Vavasour et al., 2011). Despite that DTI-derived axial dif-

fusivity and radial diffusivity can concurrently quantify co-

existing axonal injury and demyelination in some settings

(Song et al., 2002, 2003, 2005), DTI becomes inaccurate in

the presence of inflammation (Sun et al., 2006b;

Lodygensky et al., 2010; Xie et al., 2010), tissue loss

(Kim et al., 2007), crossing fibres (Wheeler-Kingshott and

Cercignani, 2009), and CSF contamination (Karampinos

et al., 2008; Cheng et al., 2011) and cannot measure the

inflammatory components. We thus developed DBSI and

have previously accurately captured the severity of axonal

injury, demyelination, and inflammation in white matter

tracts from mouse models of CNS inflammatory demyelin-

ation (Wang et al., 2011b, 2014; Chiang et al., 2014).

Application of multiple imaging methods concurrently

might be a way to detect and measure heterogeneous

Figure 5 Characterization of fibre tract integrity in and out of a multiple sclerosis lesion. A large multiple sclerosis lesion located in

the corpus callosum with extension into the cingulum was identified based on FLAIR hyper-intensity and MPRAGE hypo-intensity in a patient with

relapsing-remitting multiple sclerosis. DBSI-based tractography was colour-coded based on the fibre orientation and superimposed on the FLAIR

image to demonstrate the location of the lesion (dark red, A left). On the coronal view, six voxels were selected and labelled on the corpus

callosum (A right). Voxels 1–3 were within the lesion (1 = central, 2 and 3 = peripheral). The corpus callosum (red tract) is crossed by the

cingulum (green tract) in voxel 1. Voxel 3 borders the lateral ventricle. Voxels 4, 5 and 6 distributed sequentially further from the lesion within the

corpus callosum. DBSI-derived axial diffusivity (B) showed reduction in voxels 1 and 2, whereas it was normal in voxels 3, 4, 5 and 6. DBSI-derived

radial diffusivity (C) increased most in voxel 1, also elevated in voxels 2 and 3, and to a lesser extent in voxel 4 which was outside the lesion as

defined by FLAIR. Thus, in this patient with relapsing-remitting multiple sclerosis, DBSI findings suggested that the axonal injury was only present

at the centre of the lesion while demyelination was seen in the entire lesion and extending outside. Solid lines and dashed lines are the mean values

and one standard deviation from mean derived from 600 corpus callosum voxels in a gender and age matched healthy subject. For comparison,

DTI axial diffusivity (E) and radial diffusivity (F) are shown. DTI axial diffusivity failed to reflect the reduction shown by DBSI, especially in voxels 1

and 3 (partial volume effect from CSF in lateral ventricle). Lack of reduction in fibre fraction in voxels 1 and 2 (D) suggested little to no loss of

axons in the region. Increased isotropic fraction (sum of both restricted and non-restricted isotropic diffusion fractions) in voxel 3, which abutted

the ventricle, indicated contamination from CSF (G). S = superior; I = inferior; P = posterior; A = anterior; L = left; R = right.
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multiple sclerosis pathologies. However, this would be

time-consuming and require more than one type of scan-

ner. Moreover, determination of the relative weighting of

each pathology component when using independent meth-

ods is tricky, because of the lack of a common reference to

quantitatively decipher various interdependent contribu-

tions among underlying pathological components. DBSI

pathology markers are derived using a single diffusion

weighted, naturally co-registered MRI data set. Thus, it

overcomes many of the deficiencies of other imaging meth-

ods to quantitatively identify and measure human CNS

pathologies in vivo. The present studies indicated that

DBSI can detect and quantify increased cellularity and

oedema, reflecting cellular inflammation (without the use

of gadolinium or the requirement of a breached blood–

brain barrier) while simultaneously distinguishing and

quantifying axon/myelin injury. Thus, DBSI can be used

to document the sequence of pathological events in living

multiple sclerosis patients revealing the temporal relation-

ship between inflammation and axon/myelin injury by per-

forming serial scans to follow the development of lesions

from previously healthy tissues. A clear definition of the

sequence of pathological events may shed light on the

underlying mechanisms, e.g. inside-out versus outside-in,

of individual lesions (Tsunoda and Fujinami, 2002;

Geurts et al., 2009).

Considerable previous research effort has been devoted to

developing a non-invasive MRI modality that is quantita-

tive and specific to human CNS pathology. Currently avail-

able quantitative MRI techniques have been validated using

standard histology (Mottershead et al., 2003; Schmierer

et al., 2003, 2004, 2007a, b; Fisniku et al., 2009).

However, a rigorously quantitative validation of magnetic

resonance pathologic metrics has been relatively limited in

part due to the difficulty to co-register quantitative hist-

ology findings with MRI. Here, we down-sampled high-

resolution raw histology images from autopsied human

multiple sclerosis spinal cord to match magnetic resonance

images through a previously established co-registration pro-

cedure, allowing the exact co-localization of histology

stains with the DBSI metrics (Fig. 1). We found that

DBSI fibre fraction closely reflected residual axon content

in white matter as revealed by Bielschowsky’s silver stain

(Fig. 2). As silver stain detects both intact and injured

axons, it was not unexpected that it correlated better

with DBSI fibre fraction (reflecting total axon content)

Figure 6 Comparison of myelin imaging biomarkers as defined by DBSI, DTI and MTR. MTR (A) and FLAIR (B) images were used

to guide the selection of 42 regions of interest with a wide range of MTR contrast in three multiple sclerosis patients. One region of interest

adjacent to the posterior lateral ventricle (MTR = 0.04) and one region of interest are noted by white arrow heads in the normal-appearing

corpus callosum (MTR 	 0.4). Reduced MTR correlated with increased DBSI radial diffusivity (B, E and H) and DTI radial diffusivity (C, F and I),

in accordance with the idea that each of these three imaging biomarkers represents myelin integrity. MTR also correlated with DBSI non-

restricted isotropic fraction (D, G and J), suggesting that MTR is also sensitive to increased water content, likely oedema and/or tissue loss. The

red circle, yellow triangle, and blue squares indicated the data from Patients 1, 2 and 3, respectively.
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than DBSI axial diffusivity (reflecting the integrity of re-

sidual axons). Moreover, DBSI-derived radial diffusivity

negatively correlated with myelin content as quantified by

Luxol Fast Blue staining, and did so better than radial dif-

fusivity measured by DTI. This finding is consistent with

our previous study in an animal model of CNS inflamma-

tory demyelination that radial diffusivity derived by DTI

reflected both myelin integrity and extra-axonal water con-

tent; it was not specific for myelin integrity (Wang et al.,

2011b, 2014; Chiang et al., 2014). Only one of the three

autopsy spinal cord specimens exhibited significant correl-

ation between haematoxylin-positive counts and restricted

isotropic diffusion (Fig. 2), because the other two specimens

exhibited limited inflammatory cell infiltration but with

Figure 7 DBSI characterized and distinguished different types of multiple sclerosis lesions. (A) Gd + lesions demonstrated

increased restricted isotropic diffusion tensor fraction compared to PBH and NBH lesions. (B) PBH displayed increased non-restricted isotropic

fraction. (C) Decreased DBSI axial diffusivity was observed in PBH and NBH, but not in Gd + lesions. (D) DTI-derived axial diffusivity significantly

increased in all types of lesions. (E) Both DBSI-derived radial diffusivity and (F) DTI-derived radial diffusivity significantly increased in lesions for all

types of multiple sclerosis lesions compared to controls. The DBSI results suggested that PBH contained tissue loss, PBH and NBH contained

axonal injury, and axonal injury was not present in acute Gd + lesions. Both DBSI and DTI results indicated demyelination in all types of lesions.

DTI-derived axial diffusivity was unable to distinguish different types of multiple sclerosis lesions. The blue, green and red dots indicated the data

from Patients 1 (with relapsing-remitting multiple sclerosis) 2, and 3 (with secondary progressive multiple sclerosis). *P5 0.05.
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significant axon and myelin injury. Our interpretation of

DBSI restricted isotropic fraction as a metric of cellularity

is supported by its close correlation with 4’,6-diamidino-2-

phenylindole (DAPI)-positive nuclear counts in animal

models of inflammatory demyelination (Wang et al.,

2011b; Chiang et al., 2014, Wang et al., 2014).

Fibre crossing is ubiquitous within the human brain;

resolving crossing fibres is needed not only to attain accur-

ate axial and radial diffusivity measures, but to perform

anatomical connectivity studies with precision (Wedeen

et al., 2012). However, up until now, the simultaneous

quantitative assessment of diffusion properties of individual

crossing tracts and any associated pathologies has proven

elusive. Also, many multiple sclerosis lesions are periven-

tricular (Lee et al., 1999; Filli et al., 2012). CSF contamin-

ation can therefore present an obstacle to precise measures

when using diffusion imaging in these areas. Our results in

healthy controls demonstrated that DBSI can remove struc-

tural confounds such as CSF contamination (Fig. 3) and

crossing fibres (Fig. 4), and obtain accurate axial and

radial diffusivity for resolved fibres. In the particular case

of one multiple sclerosis lesion located at the crossing of

corpus callosum and cingulum, bordering the ventricle,

DBSI was able to more accurately detect white matter

pathologies along the axonal tracts in corpus callosum

after resolving fibre crossing and the partial volume effects

from CSF contamination (Fig. 5).

MTR has been widely used to reflect myelin integrity

(Schmierer et al., 2004). The increase of DBSI-derived

radial diffusivity correlated well with MTR reductions in

42 regions of interest from three patients with multiple

sclerosis (two with relapsing-remitting multiple sclerosis

and one with primary progressive multiple sclerosis), a find-

ing consistent with the notion that reduced MTR and

increased radial diffusivity reflect demyelination.

However, MTR reduction also correlated with DBSI non-

restricted isotropic diffusion fraction. These data indicated

that MTR was also sensitive to non-myelin related pathol-

ogies in multiple sclerosis. This is in accord with previous

studies showing that MTR reduction is not only associated

with demyelination but also is related to increased tissue

water content (Vavasour et al., 2011). Similar to MTR,

DTI radial diffusivity was affected by both myelin integrity

and tissue water content, and was therefore also less spe-

cific than DBSI radial diffusivity (Wang et al., 2011b;

Chiang et al., 2014).

Importantly, we observed that DBSI performed much

better than DTI for determining axon injury (Wang et al.,

2011b, 2014; Chiang et al., 2014). In the current study, we

compared axial diffusivity derived using DBSI with DTI in

Gd + lesions, PBHs and NBHs. DBSI axial diffusivity

decreased in all three lesion types but to varying extents.

The reduction in DBSI-derived axial diffusivity reflected the

axon injury severity that has been reported among the three

types of lesions. That is, PBH exhibited the largest reduc-

tion in axial diffusivity among the three lesion types, con-

sistent with the pathologically-supported notion that

considerable axon damage underlies PBH (van

Walderveen et al., 1998, 2001; van Waesberghe et al.,

1999). Consistent with the most commonly seen DTI

changes in multiple sclerosis lesions such as the increased

axial and radial diffusivity, and the decreased fractional

anisotropy (Naismith et al., 2013; Oh et al., 2013a),

DTI-derived axial and radial diffusivity increased in all le-

sions. Thus, DTI axial diffusivity was not able to reflect the

axon injury severity difference among lesion types.

Similarly, DTI radial diffusivity was not able to discrimin-

ate myelin injury from oedema or tissue loss. DBSI is able

to distinguish axon injury from axon loss through the

estimated fibre fraction. Axon fibre fraction is a reflection

of axon content in the image voxel, and in this regard

provides similar information to NAA. Within an image

voxel, the density of axons (i.e. fibre fraction) may

be reduced because of the infiltration of cells or fluid

(oedema). In contrast to NAA levels determined by spec-

troscopy, DBSI can account for whether the reduction in

axon density is due to cellular infiltration and/or increased

free water, and in what proportions, by quantitatively sum-

ming all voxels within the specific axonal tracts passing

through a region. Thus, DBSI essentially provides axon

counting without the need to biopsy tissues for histology.

In the present studies, we compared DBSI profiles of

three multiple sclerosis lesions types: PBH, T2-weighted

hyperintense NBH, and Gd + lesions. Gd + lesions dis-

played the greatest increase in restricted isotropic diffusion

fraction. Gd + lesions also had increased DBSI radial diffu-

sivity suggestive of demyelination but, in comparison to

other lesion types, decreased DBSI-derived axial diffusivity,

interpreted as axonal injury, was minimal in the Gd + le-

sions. According to our understanding of DBSI, these re-

sults indicate active inflammatory demyelination with only

slight axonal injury in the Gd + lesions studied in our sub-

jects. Significantly increased DBSI non-restricted isotropic

diffusion tensor fraction was the distinguishing feature of

PBH lesions, suggesting severe tissue loss with increased

free water in the PBHs.

DBSI is especially suitable for studying progressive mul-

tiple sclerosis. Although gadolinium-based contrast en-

hancement indirectly detects inflammation by detecting

reduced integrity of the blood–brain barrier, which is

observed secondary to inflammation in multiple sclerosis

(Katz et al., 1993), Gd contrast usually does not detect

inflammation associated with progressive multiple sclerosis.

This is because the inflammation in progressive multiple

sclerosis is less than in relapsing multiple sclerosis and

often occurs in the absence of blood–brain barrier disrup-

tion (Lassmann, 2013). Thus, a quantitative non-invasive

imaging method capable of detecting inflammation in the

absence of blood–brain barrier breakdown would improve

our understanding of the pathophysiology of progressive

multiple sclerosis, in particular. Indeed, DBSI seems to be

able to identify the cellular component of inflammation as

restricted isotropic diffusion in the absence of Gd enhance-

ment, and distinguish it from oedema or tissue loss, as
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shown by our ex vivo tissue analyses. As progressive mul-

tiple sclerosis currently lacks disease-modifying therapies,

improved understanding of its pathogenesis as well as to

provide a sensitive means for its monitoring was a major

impetus for our development of DBSI. For example, DBSI

could be used to monitor how cellular infiltration affects

axon integrity over time, offering an opportunity to under-

stand the reasons that axons are lost.

Despite the enhanced capability as demonstrated in this

study, DBSI requires a larger number of diffusion-weighted

images and higher signal-to-noise ratio than other MRI

techniques. Currently, with diffusion-weighted echo planar

imaging sequence available on 3.0 T clinical scanners, 99-

direction human whole-brain DBSI scans can be completed

within 15 min, making DBSI acquisition feasible for clinical

scanning of patients with multiple sclerosis. The obtained

signal-to-noise ratio of these diffusion data was sufficient to

resolve partial volume effects due to fibre crossing, infiltrat-

ing cells, oedema, and CSF, while simultaneously quantify-

ing the white matter fibre directional diffusivities. With

emerging multi-band techniques (Moeller et al., 2010),

DBSI scanning time will undoubtedly be further shortened,

which would potentially allow higher spatial resolution

and/or higher signal-to-noise ratio in future DBSI measure-

ments. In addition, current DBSI is designed and validated

for white matter imaging, and has not yet been perfected

for grey matter. Thus, its application to grey matter and

cortical demyelination in particular, remains to be estab-

lished. Extending DBSI to model both white matter and

grey matter and histologically validating its accuracy is cur-

rently our major focus.

In summary, the capability of DBSI to quantify multiple

sub-voxel diffusion components confers an unprecedented

ability for simultaneously providing multiple specific patho-

logical biomarkers in multiple sclerosis lesions. Its longitu-

dinal use in patients with multiple sclerosis could

potentially improve the understanding and treatment strati-

fication of the disease. DBSI has great potential for further-

ing the understanding and monitoring of multiple sclerosis

and other human CNS diseases.
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