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Abstract
Background: Susac Syndrome (SuS) is an autoimmune endotheliopathy impacting the brain, retina and
cochlea that can clinically mimic multiple sclerosis (MS).
Objective: To evaluate non-lesional white matter demyelination changes in SuS compared to MS and
healthy controls (HC) using quantitative MRI.
Methods: 3T MRI including myelin water imaging and diffusion basis spectrum imaging were acquired
for 7 SuS, 10 MS and 10 HC participants. Non-lesional white matter was analyzed in the corpus callosum
(CC) and normal appearing white matter (NAWM). Groups were compared using ANCOVA with Tukey
correction.
Results: SuS CC myelin water fraction (mean 0.092) was lower than MS(0.11, p= 0.01) and HC(0.11, p=
0.04). Another myelin marker, radial diffusivity, was increased in SuS CC(0.27μm2/ms) compared to
HC(0.21μm2/ms, p= 0.008) and MS(0.23μm2/ms, p= 0.05). Fractional anisotropy was lower in SuS
CC(0.82) than HC(0.86, p= 0.04). Fiber fraction (reflecting axons) did not differ from HC or MS. In
NAWM, radial diffusivity and apparent diffusion coefficient were significantly increased in SuS compared
to HC(p < 0.001 for both measures) and MS(p= 0.003, p < 0.001 respectively).
Conclusions: Our results provided evidence of myelin damage in SuS, particularly in the CC, and more
extensive microstructural injury in NAWM, supporting the hypothesis that there are widespread micro-
structural changes in SuS syndrome including diffuse demyelination.
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Introduction
Susac Syndrome (SuS) is a rare autoimmune endothe-
liopathy of the brain, retina and cochlea.1,2 It causes
branch retinal artery occlusions, hearing loss, and
protean central nervous system dysfunction.
Snowball-like lesions in the corpus callosum (CC)
can be observed on conventional magnetic resonance
imaging (MRI) scans.1 SuS is a clinical mimic of mul-
tiple sclerosis (MS).

Relatively little is known about the microstructural
brain damage in SuS. One reported case with brain
biopsy showed demyelination in the perivenular
white matter (WM) with relative preservation of

axons.3 Advanced MRI techniques can be used to
probe tissue damage in SuS non-invasively. Myelin
water imaging (MWI) can be used to measure the
myelin water fraction (MWF), the ratio of magnetic
resonance signal from the water between the myelin
bilayers to the total water signal.4 MWF has been
histopathologically validated as being a myelin-
specific marker in human post-mortem tissue as well
as preclinical models.4,5 Diffusion Tensor Imaging
(DTI) is sensitive to microstructural architecture and
reflects not only myelin, but also fibre coherence,
axonal density, and membrane permeability.6,7

Previous DTI studies demonstrated decreased fiber
integrity of the non-lesional WM in SuS patients,
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particularly in the CC, compared to healthy controls
(HC).8,9 Diffusion basis spectrum imaging (DBSI) is
a recent advancement on DTI that can simultaneously
quantify axonal injury, myelination, inflammation
and oedema by modeling myelinated and unmyeli-
nated axons as anisotropic diffusion tensors, and
cells and extracellular space as isotropic diffusion
tensors.10 Traditional DTI measurements can be
extracted from DBSI with improved sensitivity and
specificity since the confounding effects of inflamma-
tion are independently modeled as isotropic diffusion
tensors. Fractional anisotropy (FA) is a measure of the
degree of anisotropic diffusion of the water mole-
cules;11 generally, reduced FA is associated with
WM damage.11 Radial diffusivity (RD) increases
with myelin damage.10 The apparent diffusion coeffi-
cient (ADC) measures overall diffusion and is indica-
tive of non-specific overall tissue damage.12 DBSI
additionally estimates several other parameters. The
fiber fraction (FF) measures fiber density and is a
marker of axonal integrity.10 The hindered isotropic
fraction (HIF) is thought to represent water accumula-
tion in the extra-cellular space which could be repre-
sentative of edema.12 The restricted isotropic fraction
(RIF) refers to intra-cellular water, which is found in
microglia and other inflammatory cells.10 Axial diffu-
sivity (AD) is another measure extracted from DBSI,
however this measure has not been associated with a
particular pathology in demyelinating diseases.13

Myelin loss in normal appearing white matter
(NAWM) in Susac syndrome has not been previously
investigated, or reported outside the brain biopsy.3

Our study used advanced MRI to more specifically
investigate the biological underpinnings of previously
reported decreased fractional anisotropy in SuS.9 We
hypothesize that the macrostructural changes
observed in SuS are due to myelin loss both within
the CC and diffusely throughout the NAWM. Thus,
we investigated MWF and DBSI metrics in the CC
and NAWM in SuS compared to MS and HC.

Materials and methods

Participants
Seven participants with SuS were recruited for this
study: 2 with definite SuS and 5 with probable SuS
following the proposed European Susac Consortium
diagnostic criteria.14 Data was also collected from
10 MS (MS subtype: 8 relapsing-remitting, 1
primary progressive, 1 sary progressive) and 20 HC
participants (Table 1). The HC group was collated
from 2 different studies such that 10 HC had DBSI
data, and 10 HC had MWI data. There was no

overlap between HC groups. All studies were
approved by the University of British Columbia
Clinical Research Ethics Board and all participants
provided written informed consent.

MRI
MRI scans were performed using a Philips Achieva
3.0T system (Philips Healthcare, Best, Netherlands)
with an 8-channel SENSE head coil. MWI data
were acquired with a 48-echo 3D gradient and spin
echo (GRASE) sequence (TR= 1073 ms, echo
spacing= 8 ms, 20 slices acquired at 1× 2× 5 mm
reconstructed to 40 slices at 1× 1× 2.5 mm3).15

DBSI data were acquired with echo-planar diffusion
weighted sequence with 99 diffusion encoding direc-
tions (range of b-values 0–1500s/mm2, TR= 4943ms,
TE= 85ms, voxel size= 2× 2x2mm3, 40 slices). A
3DT1-weighted scan (whole–brain 3D magnetiza-
tion–prepared rapid gradient–echo (MPRAGE), TR
= 3000 ms, inversion time (TI)= 1072 ms, 1× 1× 1
mm3 voxel, 160 slices) was collected for tissue seg-
mentation and spatial normalization. Sample images
of 3DT1, MWI, and DBSI-derived ADC shown in
Figure 1.

Analysis

MWF maps were generated from the GRASE
sequence using an in-house regularized non-negative
least-squares fitting algorithm with stimulated echo
correction.16 MWF was calculated as the area under
the T2 relaxation curve with times between 15 ms
and 40 ms over the total area under the T2 distribu-
tion.15 Eddy current correction on the diffusion data
was performed using the FMRIB’s FSL tool
Top-up.17 The corrected DBSI data was analyzed
using an in-house Matlab package which generated
metric maps of FA, RD, AD, ADC, FF, HIF, and
RIF12,16

Non-lesional NAWM masks were created using a
method previously applied in MS studies.18 All
images were registered to the GRASE 1st echo image
using FMRIB’s Linear Image Registration Tool
(FLIRT) transformation with 9 degrees of freedom.19

Non-lesional NAWM masks were created using an
automated brain segmentation algorithm (FAST)
from the 3DT1 images using 3 voxel classes.18,20 A
neurologist (RC) confirmed that the creation of non-
lesional NAWM masks removed all T2-hyperintense
lesions in the corpus callosum in SuS. 1 to 2 small
(<1mm) non-specific lesions were included in each
mask, however as they are so small, they do not
drive the results. The 3DT1 images were registered to
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MNI (standard template) space using FMRIB’s
Non-Linear Image Registration Tool (FNIRT) with
12 degrees of freedom.21 The CC ROIs obtained
from the JHU atlas were then warped to GRASE
space and multiplied by the WM mask to ensure
proper registration of the ROIs and to exclude
lesions.22

Statistical Analysis

Participant demographics were compared using
one-way ANOVA. SuS, MS, and HC values for
MWF and DBSI metrics were compared using
ANCOVA with age as a covariate with a Tukey com-
parison for multiple groups to correct for false posi-
tives. Disease duration was not included as a
covariate since age and disease duration were
colinear. Homogeneity of variance of the measures
was tested with Levene’s test Normality of the

measures was tested with the Shapiro-Wilks test
Statistical significance was defined as p < 0.05.

Results
Participant demographics are shown in Table 1. Age
was not significantly different between groups. SuS
and MS groups were matched for EDSS. The MS
group had a longer disease duration (p= 0.03).

There were no significant differences detected in any
MRI metric between definite and probable SuS
(Student’s t-test p > 0.05). The variances of all mea-
sures were homogenous. All metrics in each population
were normal except FF(SuS) and ADC(HC). FF was
analyzed with non-parametric ANCOVA and the differ-
ence was not significant (p=0. 12). One outlier in the
HC population violated normality; removing this data
point allowed the population to conform to normality
and did not change the ANCOVA results (significance

Table 1. Participant demographic information at the time of the MRI scan.

Cohort N Mean Age Sex (F:M) Mean Disease Duration Median EDSS

SuS 7 43.5y (range 29-78) 6:1 6.6y (range 2-12) 3.0 (range 1.5-6.0)
MS 10 43.2y (range 26-70) 9:1 14.7y (range 3-33) 2.0 (range 0-6.5)
HC (DBSI) 10 35.9y (range 22-47) 5:5 N/A N/A
HC (MWI) 10 44.0y (range 27-64) 9:1 N/A N/A

Figure 1. Representative MRI from susac syndrome, multiple sclerosis (MS) and a healthy control (HC). The 3DT1 is used
as an anatomical image. The myelin water fraction (MWF) image reflects myelin content (hotter for more myelin).4 The
apparent diffusion coefficient (ADC) is a measure extracted from diffusion basis spectrum imaging measuring overall
diffusion and is indicative of non-specific overall tissue damage.12

Johnson et al.

www.sagepub.com/msjetc 3



values do not change to the third decimal point). Mean
MRI metrics and p-values for comparisons between
groups are reported in Table 2, with boxplots illustrating
group differences for each MRI metric between groups
for CC in Figure 2 and NAWM in Figure 3.

Sus vs HC
Myelin metrics: CC MWF was 16% lower in the SuS
group (mean± standard deviation= 0.092± 0.01)
compared to HC (0.11±0.02, p=0.04) (Figure 2(a))
while NAWM MWF demonstrated a trend-level 13%
reduction (p=0.1, Figure 3(a))). RD was 15% higher
in SuS CC compared to HC (SuS 0.27±0.03 μm2/ms
vs HC 0.21±0.01 μm2/ms, p=0.008 (Figure 2(b)))
and 12% higher in NAWM (SuS 0.33±0.02 vs HC
0.29±0.01 μm2/ms, p<0.001) (Figure 3(b)).

Tissue integrity metrics: The FA of SuS CC (0.82±
0.02) was 5% lower than HC (0.86± 0.02, p= 0.02)
(Figure 2(c)) and demonstrated a trend-level 3%
reduction in NAWM (p= 0.08) (Figure 3(c)). ADC
was 15% higher in the CC (0.84± 0.08 vs 0.71±
0.04 μm2/ms, p < 0.001) and 8% higher in NAWM
(0.74± 0.04 vs 0.68± 0.02 μm2/ms, p < 0.001) for
SuS compared to controls (Figure 3(d)).

Axonal metric: FF did not differ between SuS and
HC.

Sus vs MS
Compared to MS, there was lower MWF and a higher
RD and ADC in the CC and the NAWM while the
NAWM only showed a lower MWF and higher RD
and ADC for SuS (Table 2). FF did not differ
between SuS and MS.

Discussion
We investigated the extent and nature of any damage
to non-lesional white matter tissue in SuS. In this
study, SuS patients had increased ADC values in non-
lesion CC and NAWM and lower FA in the CC,
which is consistent with the decreased fiber integrity
described in earlier studies.8,9 The increased RD in
both the CC and NAWM and the trend of decreased
MWF in the CC suggests that demyelination contri-
butes to the pathology of Susac syndrome. While in
an increase in RD is generally related to a decrease
in myelin, the increase in RD in the NAWM can
also be attributed to tissue ischemia without the cor-
roborating MWF results. FF, which represents fiber
density, a putative axonal biomarker, was not signifi-
cantly decreased in this small cohort, suggesting that

Table 2. Table of corpus Callosum results and normal appearing white matter results.

Healthy Controls Susac Syndrome
p-value SuS
vs HC Multiple Sclerosis p-value SuS vs MS

Corpus Callosum
MWF 0.11± 0.02 0.092± 0.01 p= 0.04 0.11± 0.02 p= 0.01
RD μm2/ms 0.21± 0.03 0.27± 0.01 p= 0.008 0.23± 0.05 p= 0.05
FA 0.86± 0.02 0.82± 0.02 p= 0.04 0.85± 0.04 p= 0.2
ADC μm2/ms 0.71± 0.04 0.84± 0.08 p < 0.001 0.73± 0.04 p < 0.001
FF 0.72± 0.05 0.69± 0.03 p= 0.6 0.73± 0.09 p= 0.4
RIF 0.037± 0.007 0.030± 0.004 p= 0.1 0.034± 0.008 p= 0.4
HIF 0.11± 0.04 0.12± 0.002 p= 0.99 0.12± 0.07 p= 0.99
Normal Appearing White Matter
MWF 0.11± 0.02 0.096± 0.01 p= 0.12 0.12± 0.02 p= 0.023
RD μm2/ms 0.29± 0.01 0.33± 0.02 p < 0.001 0.30± 0.01 p= 0.003
FA 0.78± 0.01 0.76± 0.01 p= 0.08 0.77± 0.02 p= 0.3
ADC μm2/ms 0.68± 0.02 0.74± 0.04 p < 0.001 0.69± 0.02 p < 0.001
FF 0.64± 0.03 0.63± 0.03 p > 0.05 0.65± 0.02 p > 0.05
RIF 0.054± 0.004 0.046± 0.006 p= 0.01 0.051± 0.005 p= 0.08
HIF 0.19± 0.03 0.19± 0.009 p= 0.99 0.18± 0.02 p= 0.6

Legend: Myelin Water Fraction (MWF) decreases with demyelination; Radial Diffusivity (RD) increases with myelin
damage; Fractional Anisotropy (FA) decreases with demyelination and axonal damage; Apparent Diffusion Coefficient
(ADC) increases with overall tissue damage; Fiber Fraction (FF) decreases with loss of axons; Restricted Isotropic
Fraction (RIF) increases with increased cellularity (e.g. microglia or inflammation); Hindered Isotropic Fraction (HIF)
increases with edema. BOLD for significant differences between cohorts.
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axon integrity is relatively preserved. Nor was there
evidence of global edema (increase in hindered isotro-
pic fraction) or an increase in inflammatory cells
(restricted isotropic fraction). Taken together, these find-
ings increase the specificity of previous DTI findings
and are consistent with the previous brain biopsy
study, which showed demyelination with relative preser-
vation of axons in SuS CC.3

This study had a few limitations. The sample size was
small as the diagnosis is rare. Another limitation is
that the MS group had a significantly longer disease
duration than the SuS group, which is a discrepancy
between the groups. Despite the longer disease dur-
ation in MS, SuS showed greater changes in the
MRI parameters, strengthening the interpretation of
increased tissue damage (particularly myelin) in SuS
compared to MS. The DBSI controls contained a dif-
ferent sex ratio compared to the SuS and MS groups.
Previous studies have not found sex dependent differ-
ences in the diffusion tensor metrics except FA, where

some regions of the corpus callosum show higher FA
for each sex.23 The MWF showed this same regional
dependency, however no conclusion was drawn for
the whole CC.23 Furthermore, more extensive MWI
studies have not shown sex dependent myelin
content differences in HC or MS.24,25 MWF was not
significantly decreased in SuS NAWM compared to
healthy controls; this is likely due the large amount
of heterogeneity in myelin across NAWM and
between individuals, thus sometimes requiring large
groups or severe disease courses to find group differ-
ences cross-sectionally.26 Similarly, this study did not
detect a significant decrease in MS NAWM compared
to HC, which is in contrast to some previous
studies,27,28 but is not consistently the case, depending
on group size, age, disease severity, etc..18 MWF varies
greatly between regions and individuals including
healthy controls, and thus differences can be washed
out when looking across a large heterogeneous ROI
such as all NAWM.18 When narrowing the scope
from NAWM to the CC, a region frequently involved

Figure 2. Advanced imaging results for the corpus callosum (CC) for controls (HC), multiple sclerosis (MS) and susac
syndrome (SuS) participants. Significant results are a) Myelin water fraction (MWF). MWF of the CC of SuS (0.092± 0.01)
was significantly lower than HC (0.11± 0.02) (p= 0.04) MS (0.11± 0.02) (p= 0.01). b) Radial diffusivity (RD). RD in SuS
(0.27± 0.03) was significantly higher compared to HC (0.21± 0.01) (p= 0.008) and MS (0.23± 0.05) (p= 0.05). c)
Fractional anisotropy (FA). FA of SuS (0.82± 0.02) was significantly lower than HC (0.86± 0.02) (p= 0.04). d) Apparent
diffusion coefficient (ADC). ADC in the CC of SuS (0.84± 0.08) was significantly increased compared to MS (0.73± 0.04)
and controls (0.71± 0.04) (p < 0.001 for both). * p < 0.01, ** p < 0.001.
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in both SuS and MS, the trend toward decreased MWF
supports the finding of more myelin damage in SuS.

This study supports the hypothesis that the micro-
structural damage observed in the CC of SuS patients
includes demyelination. The NAWM results illustrate
more widespread injury rather than injury focused in
the CC. The two mechanisms of injury could either
be demyelination or tissue ischemia. Existing data
suggests that myelin loss potentially occurs as a sec-
ondary process and is a downstream consequence of
damage to endothelial cells.3,29 Myelin damage has
been found near injured blood vessels, which could
suggest that demyelination is an epiphenomenon of
autoimmune endotheliopathy. However, more brain
biopsies are required to confirm this finding.

In patients with probable or definite SuS, the finding of
diffuse myelin injury is a novel feature, providing
further insight into the scope of the disease; in that it
can affect the whole brain rather than only areas

associated with T2 hyperintense lesions. Future natural
history and treatment studies of Sus may want to consider
advanced imaging measures such as MWI and DWI to
monitor global damage not evident on conventionalMRI.
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