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Abstract

Background: It remains uncertain whether neuromyelitis optica (NMO) exhibits diffuse cerebral abnormalities or
whether the pathology is truly restricted to optic nerves and spinal cord in the majority of cases.VWe examined NMO
patients with diffusion tensor imaging (DTI) and utilized a tract-based spatial statistics (TBSS) method to analyze the data.
Methods: Twenty-seven NMO patients (25 females, age mean £ SD: 35.1 £ |2 years) and 27 age- and sex-matched
normal controls were included in this study. Voxel-wise analyses were performed with TBSS using multiple diffusion
metrics, including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (A,) and radial diffusivity (A,3).
Results: The NMO patients had significantly increased MD (3.6%), 1., (2.6%) and L,; (4.6%) in their white matter (WM)
skeletons compared with the controls. Furthermore, TBSS analyses revealed significantly (p < 0.05, corrected for multiple
comparisons) increased diffusivities (MD, A; and A,;) in many cerebral WM tracts in the patients with NMO, including
the superior and inferior longitudinal fasciculi, inferior fronto-occipital fasciculi, corpus callosum, cingulum bundles,
corticospinal tracts, optic radiation, uncinate fasciculi, fornices, internal capsules, external capsules and cerebral peduncles.
Exploratory analyses also revealed the possible associations between WM diffusion changes (MD, &, and A,;) and clinical
variables (Expanded Disability Status Scale and disease duration) in the patients.

Conclusions: This study provided imaging evidence for widespread cerebral WM abnormalities. While these findings
require independent replication, they potentially signify the presence of widespread, low-grade cerebral pathology in NMO.
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Introduction

Neuromyelitis optica (NMO; or Devic’s disease) is an auto-
immune inflammatory disease of the central nervous sys-
tem. This syndrome is clinically characterized by recurrent
attacks of optic neuritis and myelitis.!?Currently, it remains
uncertain whether NMO exhibits diffuse cerebral abnor-
malities or whether the pathology is truly restricted to optic
nerves and spinal cord in the majority of cases.>3
Diffusion tensor imaging (DTI) can be used to regionally
quantify the micro-structural integrity of white matter (WM)
tracts. Fractional anisotropy (FA) and mean diffusivity (MD)
are commonly used diffusion metrics in studies of brain dis-
eases,”!0 and these are believed to provide a general, non-spe-
cific measure of tissue alteration. More recently, the directional
diffusivity measures axial diffusivity, A,, and radial diffusivity,
A3, of WM tracts have been proposed to differentiate between
axonal injury and demyelination to some extent, although the

large number of pathological alterations in diseased human
WM limit their interpretation.!'-13
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Table |I. Demographics of participants .

NMO (n = 27) Controls (n = 27) p-values

Mean age (range) [years] 35.1 (19-59) 34.2 (19-52) 0.77
Sex (M/F) 2/25 2/25 >0.99
Median EDSS (range) 3.6 (1.0-6.0) - -

Mean disease duration 56 (6-240) - -
(range) [months]

Mean ON events (SD) 1.9 (1.6) - -

Mean myelitis events (SD) 2.1 (1.5) - -
Progression index (SD) 0.6 (I.1) - -
Annualized relapse rate (SD) 0.9 (1.2) - -

Abbreviations: NMO, neuromyelitis optica; EDSS, Expanded Disability Status Scale; ON, optic neuritis.

Several previous DTI studies have utilized diffusion met-
rics to investigate potential changes in normal appearing
white matter (NAWM) in patients with NMO, with discord-
ant results. Rocca and colleagues® examined the extent of
mean diffusivity histogram-derived metrics of NAWM in
NMO patients and controls, and found that there were no
significant differences between the groups. However, studies
from our group®’ showed that NMO patients had a higher
mean diffusivity in NAWM than the controls. Using region-
of-interest (ROI) and tractography-based quantitative analy-
ses, we further showed that NMO patients had abnormal
diffusion measures in corticospinal tracts and optic radia-
tions. However, secondary degeneration of these tracts
would be expected in patients with severe optic neuritis and
spinal cord pathology, and thus do not provide evidence for
more widespread non-lesional cerebral pathology in NMO.

The tract-based spatial statistics (TBSS) method is a
recently developed, fully automated whole-brain analysis
technique that applies voxel-wise statistics to diffusion
measures. Its particular advantage is that it minimizes the
effects of tract misalignment encountered by conventional
voxel-based analysis methods, which use templates derived
from health controls, leading to systematic misalignments
in patients with pathological atrophy.!® To circumvent this
problem, the TBSS method extracts each subject’s WM
skeleton (i.e. the center of all major tracts ‘common’ to all
subjects) from the normalized FA images, thus minimizing
the effect of atrophy-induced misregistration. This method
is now increasingly used in studies characterizing WM
abnormities in various brain diseases, such as Alzheimer’s
disease!?, schizophrenia!”-!® and multiple sclerosis (MS).!°

Our study is the first to apply the TBSS technique to the
investigation of cerebral abnormalities in NMO. In this
study, we utilized the TBSS method to more accurately
localize multiple diffusion metrics (FA, MD, A, and A,;) in
cerebral WM. After characterizing widespread diffusion
abnormalities in cerebral NAWM in NMO, we next

investigated the correlations between the identified NAWM
abnormalities and clinical characteristics.

Subjects and methods
Participants

Twenty-five female and two male NMO patients (mean age
+ SD: 35.1 + 12 years) and 27 age- and gender-matched
normal controls (NC; mean age + SD: 34.2 + 10.6 years)
participated in this study. The diagnosis of NMO was made
by an experienced neurologist with special expertise in
WM disease, Dr Jing Ye. All patients fulfilled the recently
revised diagnostic criteria for NMO.! As NMO IgG testing
was not available, all patients met both the absolute criteria,
namely episodes of optic neuritis and myelitis, as well as
the supporting criteria of brain MRI results that were nega-
tive or non-diagnostic for MS, and MRI evidence of a lon-
gitudinally extensive spinal cord T2 lesion spanning at least
three vertebral segments. The disability scores of all
patients were assessed using Kurtzke’s Expanded Disability
Status Scale (EDSS).2° The patients” EDSS scores ranged
from 1.0 to 6.0, indicating that all patients could walk at
least 100 m with a single-point stick. Table 1 presents the
main demographic and clinical characteristics of the study
participants, all of whom had relapsing NMO. Twenty-one
patients had no T2 WM lesions on brain MRIs and six of
them had small, non-specific WM lesions. None of the par-
ticipating patients had been treated with disease-modifying
medications (e.g. corticosteroids or immunosuppressive
drugs) within 3 months before acquiring the MRI images.
The normal controls had no history of neurological illness,
no abnormal findings on neurological examination and no
abnormalities detected with conventional brain MRI.
Different DTI data, using ROI and DTT histogram meth-
ods, from 13 of these patients were published before by our
group.®’ The study was approved by the institutional review
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board of Xuanwu Hospital and written informed consent
was obtained from each participant.

Data acquisition

All participants were scanned with a 1.5-T MR unit (Sonata,
Siemens Medical Systems, Erlangen, Germany). The T2,
T1 and DTI images were acquired using the following
sequences: (a) T2-weighted turbo spin echo imaging [rep-
etition time (TR)/echo time (TE) = 5460/94 ms; number of
excitation (NEX) = 3; echo train length = 11; matrix = 224
x 256; field of view (FOV) =210 mm X 240 mm; number
of slices = 30; slice thickness = 4 mm; orientation = axial],
(b) T1-weighted spin echo imaging [TR/TE = 1900/4 ms;
NEX = 1; matrix = 224 x 256; FOV = 220 mm % 250 mm;
number of slices = 96; slice thickness = 1.7 mm; orientation
= sagittal] and (c) spin-echo single-shot echo planar imag-
ing (EPI) [TR/TE = 5000/100 ms; NEX = 10; matrix = 128
x 128; FOV = 240 mm % 240 mm; number of slices = 30;
slice thickness = 4 mm; slice gap = 0.4 mm; orientation =
axial; six nonlinear diffusion weighting gradient directions
with b = 1000 s/mm? and one additional image without dif-
fusion weighting (i.e. b = 0 s/mm?)].

Data preprocessing

DTI data was preprocessed using FMRIB’s Diffusion
Toolbox (FDT; FSL 4.1.4, www.fmrib.ox.ac.uk/fsl). First,
eddy current distortions and motion artifacts in the DTI
dataset were corrected by applying the affine alignment of
each diffusion-weighted image to the 0 image. Then, the
first volume of the diffusion data, without a gradient applied
(i.e. b =0), was used to generate a binary brain mask with
the Brain Extraction Tool. Finally, DTIfit was used to inde-
pendently fit a diffusion tensor to each voxel. The output of
DTIfit yielded voxel-wise maps of FA, MD, A, and A,; for
each subject. The FA, MD and A,; of each voxel were cal-
culated according to the following formulas:

P S R O W R oy W Y
2(M +25+27)
MD = A+, +A, )
3
A, +A 3
}"23: 22 : )

TBSS

The TBSS analyses of FA, MD, A, and A,; images were car-
ried out using the FMRIB software library (FSL 4.1.4;
www.fmrib.ox.ac.uk/fsl); for a detailed description of the
methods, see Smith et al.!® Briefly, first we performed the

following five-step process on the FA images: (i) the FA
image of each subject was aligned to a pre-identified target
FA image (FMRIBS58 FA) by nonlinear registration; (ii) all
ofthe aligned FA images were transformed into the MNI152
template by affine registration; (iii) the mean FA image and
its skeleton (mean FA skeleton) were created from the
images of all the subjects; (iv) individual subjects’ FA
images were projected onto the skeleton; (v) voxel-wise
statistics across subjects were calculated for each point on
the common skeleton. Then, data for MD, A, and A,; were
generated by applying the above FA transformations to
additional diffusivity maps and projecting them onto the
skeleton with projection vectors that were identical to the
vectors inferred from the original FA data.

Atlas-based quantification at the tract level

In order to investigate the diffusion changes in several spe-
cific tracts, we used the digital WM atlas JHU ICBM-
DTI-81 (see http://cmrm.med.jhmi.edu/), which is a
probabilistic atlas generated by mapping DTI data of 81
subject to a template image. It has discrete labeling from 0
to 50, representing different WM tracts. As shown in Figure
1A, the JHU WM atlas was overlaid on the WM skeleton of
each subject in the ICBM-DTI-81 space, such that each
skeleton voxel could be categorized into one of the major
tracts. Then the mean diffusion metrics of the skeleton vox-
els within each tract can be calculated. We examined the
following tracts: the genu, body and splenium of the corpus
callosum, the bilateral cingulum bundles, the optic radia-
tions and the corticospinal tracts (anterior and posterior
limbs of internal capsule).

Statistical analyses

First, we calculated the mean diffusion metrics (FA, MD, A,
and Ay;) in the whole-brain WM skeleton and in the atlas-
based tract ROIs for each subject. Linear regression analyses
were performed to compare the mean diffusion metrics
between the NMO and NC groups. Age was treated as a covar-
iate in the regression analysis. Owing to the small sample size
and the preliminary nature of this study, we did not control for
multiple comparisons for the atlas-based analyses.

Second, voxel-wise statistics in TBSS were carried out
using a permutation-based inference tool for nonparametric
statistical thresholding (the ‘randomize’ tool, part of FSL).!°
In this study, voxel-wise group comparisons were per-
formed using non-parametric, two-sample #-tests between
the NMO and NC groups, controlling for age. The mean FA
skeleton was used as a mask (thresholded at a mean FA
value of 0.2), and the number of permutations was set to
5000. The significance threshold for between-group differ-
ences was set at p < 0.05 [family-wise error (FWE) cor-
rected for multiple comparisons] using the threshold-free
cluster enhancement (TFCE) option in the ‘randomize’
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Figure 1. Mean diffusion metrics of the atlas-based tracts in normal controls (NC) and neuromyelitis optica (NMO) groups. (A)
The JHU white matter (WM) atlas was overlaid on the mean WM skeleton in the ICBM-DTI-81 space. Colored regions indicate
major WM tracts. The skeleton from averaged FA maps is shown as a green solid curve.ALIC, anterior limb of internal capsule; bCC,
body of corpus callosum; CG, cingulum bundle at cingulate gyrus; gCC, genu of corpus callosum; OR: optic radiation; PLIC, posterior
limb of internal capsule; sCC, splenium of corpus callosum. (B) Mean diffusion metrics and group differences of the each atlas-based

tract in NC and NMO groups. *p < 0.05; *p < 0.01; **p < 0.001.

permutation-testing tool in FSL. Similarly, group compari-
sons of MD, A, and A,; images were performed.

In addition, for the NMO patients, inter-subject voxel-
wise correlations between each diffusion metric (FA, MD,
A, and A,;) and EDSS scores were performed within a mask
of the area, which is constrained in regions with significant
group differences for each diffusion metric. Similar corre-
lations between the voxel diffusion metrics and disease
duration were also performed. We used a non-parametric,
linear regression model to perform correlation analyses,
treating age as a covariate. In an exploratory analysis, the
significance threshold for correlations was set at p < 0.01
(uncorrected) using the TFCE option in the ‘randomize’
permutation-testing tool in FSL.

Results

The mean diffusion measures FA, MD, A, and A,; in the
WM skeleton were extracted for each subject. Statistical
analyses revealed significant between-group increases in
MD [NMO (mean + SD): (7.97 £ 0.29) x 10“#mm?/s; NC
(mean £ SD): (7.70 = 0.15) x 10*mm?/s; #(51) = —4.54,

p =3.5x1073], &, [NMO (mean + SD): (1.19 £ 0.02) x
103mm?/s; NC (mean + SD): (1.16 + 0.02) x 103 mm?/s;
#(51) =-5.60, p = 8.6 x 107] and A,; [NMO (mean + SD):
(5.99 £ 0.34) x 10*mm?/s; NC (mean £ SD): (5.73 £0.17)
x 10*mm?/s; #(51) = -3.66, p = 0.0006] in the skeleton.
There was a non-significant trend for a decrease in mean
FA values between the two groups [NMO (mean + SD):
0.42 £ 0.02; NC (mean + SD): 0.43 + 0.01; #(51) = 1.81,
p = 0.076]. The NMO patients had significantly increased
MD (3.6%), A, (2.6%) and A,; (4.6%) in the cerebral WM
skeletons compared with the controls.

Tract-based TBSS analyses revealed significantly
increased MD, A, and X,; in many WM tracts in NMO
patients compared with healthy controls, including the
bilateral superior longitudinal fasciculi (SLF), inferior lon-
gitudinal fasciculi (ILF), inferior fronto-occipital fasciculi
(IFOF), corticospinal tracts (CST), optic radiations (OR),
corpus callosum, cingulum bundles, uncinate fasciculi, for-
nices, internal capsules, external capsules and cerebral
peduncles (p < 0.05, FWE corrected for multiple compari-
sons, see Table 2 and Figure 2). There were no significant
tract specific FA differences between the two groups at
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Table 2. Diffusion changes in the white matter tracts in neuromyelitis optica patients (p < 0.05, FWE corrected).

White matter tracts MD A A3
Superior longitudinal fasciculus Bilateral Bilateral Bilateral
Inferior longitudinal fasciculus Bilateral Bilateral Bilateral
Inferior fronto-occipital fasciculus  Bilateral Bilateral Bilateral
Corpus callosum Genu and splenium Genu, body and splenium Genu and splenium
Cingulum bundles Bilateral Bilateral -
Corticospinal tracts Bilateral Bilateral Bilateral
Optic radiation Bilateral - Bilateral
Uncinate fasciculus Bilateral Bilateral Bilateral
Fornix - Bilateral -
Anterior limb of internal capsule Bilateral Bilateral Bilateral
Posterior limb of internal capsule Bilateral Bilateral Left
External capsule Bilateral Bilateral Bilateral
Cerebral peduncle Bilateral Bilateral Left

Figure 2. Tract-based spatial statistics (TBSS) results of fractional anisotropy (FA), mean diffusivity (MD), A, and A,; images between
the normal controls (NC) and neuromyelitis optica (NMO) groups. Green represents the mean white matter skeleton of all subjects;
red represents regions with increased MD, increased A, and increased A,; in NMO patients (p < 0.05, FWE corrected for multiple

comparisons).

p <0.05 (FWE corrected for multiple comparisons). In order
to fully account for the potential effect of non-specific WM
lesions, we identified and excluded the six patients with small,
non-specific cerebral WM lesions. Results were not signifi-
cantly different to those including all patients (data not shown),
which confirmed that the abnormal diffusivity changes were
related to NAWM changes caused by NMO.

In addition, atlas-based tract analyses revealed reduced
FA in the splenium of the corpus callosum and bilateral
ORs, increased MD in the whole corpus callosum, bilateral
cingulum bundles, ORs and anterior and posterior limbs of
internal capsule, increased A, in the whole corpus callosum,
left cingulum bundle, left OR and bilateral anterior and
posterior limbs of internal capsule, increased A,; in the
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Figure 3. Tract-based spatial statistics (TBSS) results from
linear regression analysis showing voxels (in red—yellow,
thickened for better visibility) where an increase in Expanded
Disability Status Scale scores was correlated with a A, increase
(top) and a A, increase (bottom) (p < 0.01, uncorrected).
Green represents the mean white matter skeleton of all the
participants.

splenium of the corpus callosum, bilateral ORs and anterior
limbs of internal capsule (Figure 1B).

In exploratory analyses, we found positive correlations
(» <0.01, uncorrected) between skeletal voxel A, and EDSS
score in the middle part of the SLF, and between skeletal
voxel A,; and EDSS score in the corticospinal tract (Figure
3). There were no significant voxel-wise correlations
between MD values and EDSS scores. Moreover, we found
positive correlations (p < 0.01, uncorrected) between skel-
etal voxel MD and disease duration in several brain regions,
including the WM of left anterior temporal lobe, left cere-
bral peduncle, bilateral occipital cortices, bilateral postcen-
tral gyri (PoCG), right supplementary motor cortices
(SMA) and left IFOF. Positive correlations between skele-
tal voxel A, and disease duration were found in the WM of
the right temporal pole, left middle temporal gyrus and
right IFOF. Positive correlations between skeletal voxel A5
and disease duration were mainly located in the WM of the
left fusiform cortex, right lingual gyrus, left middle tempo-
ral gyrus, bilateral PoCG and left IFOF (Figure 4). These
results collectively suggest that NAWM diffusion abnor-
malities accumulate with increasing EDSS scores and
increasing disease duration in NMO patients, although

Figure 4. Tract-based spatial statistics (TBSS) results from
linear regression analysis showing voxels (in red—yellow,
thickened for better visibility) where an increase in disease
duration was correlated with a A, increase (top),a A,;

increase (middle) and a mean diffusivity (MD) increase (bottom)
(p < 0.01, uncorrected). Green represents the mean white
matter skeleton of all of the participants.

none of above correlations between skeletal voxel diffusiv-
ity and EDSS scores or disease durations remained signifi-
cant after correction for multiple testing (p < 0.05),
potentially a function of the modest sample size and large
number of potentially correlated regions.

Discussion

In this study, we investigated global WM changes in NMO
patients by measuring FA, MD, A, and A,; across the whole
brain, using the patient-derived tract localization technique
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TBSS. Compared with the controls, the NMO patients
exhibited significantly increased A;, A,; and MD, and a
trend towards decreased FA in many WM tracts, as
described. This study may provide evidence for wide-
spread, subtle cerebral WM changes in NMO.

In our study, nearly all of the WM tracts exhibited abnor-
mal diffusion changes in NMO patients revealed by TBSS.
Confirmatory, atlas-based tract analyses also showed diffu-
sion abnormalities in specific WM tracts beyond the CST and
OR, including the whole corpus callosum and bilateral cingu-
lum bundles, which confirmed our TBSS findings. The dis-
cordances with previous studies®’ which only show CST and
OR abnormalities are likely due to the increased sensitivity of
the TBSS method and due to increased sample size. These
findings indeed suggest that there are widespread structural
changes in NAWM in NMO patients. The lack of specificity
for visual or corticospinal tracts suggests that more complex
mechanisms other than only trans-synaptic degeneration pro-
duce the abnormalities revealed in the current study.
Concordant with the notion that subtle NMO pathology could
extend into cerebral NAWM, a recent study evaluating neu-
ropsychological tests in NMO patients revealed evidence of
disease-associated cognitive impairment.?!

It is believed that anti-aquaporin 4 antibodies contribute
to pathogenesis,?>?* and the aquaporin-4 water channel is
widely expressed on astrocytes, including cerebral astro-
cytes. In concordance with this hypothesis, recent patho-
logical descriptions strongly suggest that the primary
cellular target of autoimmune CNS injury in NMO lesions
are astrocytes?* and a Japanese study confirmed marked
CSF increase of the astrocytic protein GFAP in NMO
relapses.? As the astrocyte, the presumed cellular target of
NMO autoimmunity, is distributed across the brain and spi-
nal cord, the confirmation of subtle, widespread diffusion
abnormalities by DTI would suggest that NMO pathology
could extend into the NAWM of the brain. Our study found
trends towards correlations between disease duration and
the extent of diffusion abnormalities, suggesting a possible
evolution of pathology from lesion-restricted and intense to
widespread in the NAWM and low grade. Other possible
explanations for NAWM abnormalities in NMO include
occult NAWM lesions which cannot be detected by current
conventional MRI techniques or pathological consequences
from cortical abnormalities reported previously.?

Neural substrates of diffusion changes

Compared with the healthy controls, the NMO patients
showed significantly increased MD, A, and A,; in many
brain regions by TBSS, but only a trend towards signifi-
cantly decreased FA. These differential changes in diffu-
sion metrics could provide some clues to the nature of the
micro-structural changes in the WM.

Many studies of CNS neurological diseases have
observed regional reductions in diffusion anisotropy, and

some researchers have proposed that the primary determi-
nant of anisotropy is the packing density of axons within a
voxel.2627 Axonal packing density encompasses a variety of
micro-structural level variables (e.g. degree of myelination,
axonal diameters, and extracellular space). As this study
did not find significant changes in FA, however, signifi-
cantly increase in MD, A, and A,;. It may imply that FA, as
a relative index, was not sensitive when the A, and A,;
changed proportionally. Therefore, the analysis of compo-
nent eigenvalues was necessary to capture the full extent of
WM changes. Selective decreased A, could reflect acute
axonal loss or damage,!>!132% and selective increased A,
could suggest predominant demyelination and a loss of
myelin integrity.'>? Our findings, indicating a proportional
increase in both component eigenvalues, are not pathologi-
cally specific and could reflect numerous subtle tissue
alterations secondary to fibre re-organization, increase in
membrane permeability, destruction of intracellular com-
partments, glial alterations,®!%23 axonal loss and increased
axonal diameter,? all of which can induce water molecules
to diffuse faster in unanticipated directions, accounting for
increased A,.

In the NMO patients, we found most WM tracts had sub-
tle increases in both A, and A,;, which we interpret as defi-
nite but subtle tissue change. The increase in both A, and A,
are also reported in some studies of pre-term infants,? nor-
mal aging,’' and Alzheimer’s disease,'? all of which cause
relatively low-grade alterations in WM. We speculate that,
in NMO, the observed concomitant increases in MD and in
both A, and A,; could be due to low-grade astrocytic pathol-
ogy, perhaps a small alteration in intracellular water content
or increased reactivity secondary to sub-lethal antibody-
mediated cellular injury. In this regard, MRI examination
of appropriate animal models of NMO, which are being
developed at present, could allow histological/DTI correla-
tion studies to be performed to confirm or refute this
hypothesis.

Clinical correlations

A trend towards a positive correlation between EDSS and
Ay increase in the CST were identified in our study. The
EDSS is predominantly a measure of motor function, par-
ticularly above EDSS score of 3.5.20 The CST is the motor
pathway that connects the cerebral motor cortex with the
lateral motor tracts of the spinal cord. The SLF, as the main
association fiber tract connecting the frontal, parietal and
temporal lobes, plays an important role in regulating motor
behavior.3? Thus, the trend towards positive correlations
between EDSS and CST/SLF diffusion abnormalities are
not surprising, and could correspond to direct and trans-
synaptic axonal degeneration following spinal cord lesions,
but this will require confirmation in a replication dataset.
Our study also found a trend towards a positive correla-
tion between disease duration and the extent of diffusion
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abnormalities, suggesting a possible evolution of pathology
from lesion-restricted and intense to widespread in the
NAWM and low grade.

These results may collectively suggest that NAWM dif-
fusion abnormalities accumulate with increasing EDSS
scores and increasing disease duration in NMO patients,
although none of above correlations between skeletal voxel
diffusivity and EDSS scores or disease durations remained
after correction for multiple testing (p < 0.05).

Limitations

The present study used a 4-mm slice thickness with a slice
gap of 0.4 mm for the DTI data and a suboptimal DTI
sequence with six diffusion-encoding gradient directions.
In the TBSS analyses, the DTI data were converted into
MNI space with an isotropic resolution of I mm x 1 mm x1
mm. Therefore, all of the clusters with diffusion changes in
patients detected in this study were more than 4 mm in
length, as diffusion changes less than 4 mm in the z-axis
direction could not be reliably evaluated due to the resolu-
tion limit. Moreover, it should be noted that the sequence
with six gradient directions could provide different metrics
than sequences with a higher number of diffusion axes; par-
ticularly the A, A, and A,.33 Future studies with improved
data acquisition parameters are needed to validate and
extend our findings. Second, the automated TBSS method-
ology is subject to bias, especially in areas of tract junctions
or crossing fibers, such as the superior and inferior longitu-
dinal fasciculus. Therefore, the interpretations of the diffu-
sion changes in these regions must be interpreted with
caution. Third, we only focused on the WM changes in
NMO patients in this study. The relationship between these
functional and structural changes, however, is still unclear.
In future studies, the putative connection between WM
degeneration and functional connectivity could be exam-
ined by combining both DTI and fMRI techniques. Fourth,
the NMO-IgG test, which is part of the diagnostic criteria
for NMO, was not available in our study, but in future it
will be very interesting for us to replicate and extend these
results also focusing on subgroups based on NMO-IgG
testing, although this will require recruitment of additional
cohorts of patients. Finally, the exact histopathological pro-
cesses leading to changes in DTI eigenvalues are complex,
and appropriate animal models where MRI DTI assess-
ments can be directly correlated with morphometric histol-
ogy will be very useful.

Conclusion

We used the DTI technique and TBSS method to investi-
gate changes in both the anisotropic properties of diffusion
(FA) and absolute diffusivities (MD, A, and A,;) in NMO
patient cerebral WM tracts, and provide imaging evidence
for widespread cerebral WM DTI abnormalities. While

these findings require independent replication, they poten-
tially signify the presence of widespread, low-grade cere-
bral pathology in NMO.
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