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Abstract

Background: The use of composite magnetic resonance imaging (MRI) measures has been suggested to
better explain disability in patients with multiple sclerosis (MS). However, little is known about the utility
of composite scores at the earliest stages of the disease.

Objective: To investigate whether, in patients with clinically isolated syndrome (CIS), a composite MRI
measure, rather than the single metrics, would explain conversion to MS and would better correlate with
disability at baseline and at 1 year of follow-up.

Methods: Corticospinal tract (CST), corpus callosum (CC) and optic radiation (OR) volume, fractional
anisotropy (FA), and mean diffusivity (MD) values were measured in 27 CIS patients and 24 healthy
controls (HCs). Z-scores of FA, MD, and tract volume measures were calculated in patients, based on
the corresponding measures obtained from HCs, and then combined in a composite score for each tract.
Correlations between Z-scores at baseline and both the Expanded Disability Status Scale (EDSS) at

baseline and at follow-up (FU-EDSS) were investigated.

Results: Only CST, CC, and OR composite scores as well as the CST volume were significantly associ-
ated with FU-EDSS (p=0.005, p=0.007, p=0.020, and p=0.010, respectively).

Conclusion: The combination of MRI measures rather than the individual metrics better captured the
association between tissue damage in both the CC, OR and CST and short-term follow-up disability.
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Introduction

The prediction of short-term disability progression
and the response to treatments are still challenging for
patients with multiple sclerosis (MS). Both clinical
and radiological measures of outcome present limita-
tions, including the inadequacy of the most widely
used scale for clinical assessment (i.e. the Expanded
Disability Status Scale; EDSS) and the incomplete
information about global damage gathered from single
or conventional magnetic resonance imaging (MRI)
parameters. Although a relationship between MRI
conventional measures and clinical relapses has been
confirmed, conventional MRI metrics are weakly
associated with disability or disease progression.!

In approximately 85% of cases, MS presents with a
relapse that is an isolated neurological event, defined

as clinically isolated syndrome (CIS).2 About 68% of
CIS patients convert to Clinically Definite Multiple
Sclerosis (CDMS) or MRI-only MS, according to
2010 McDonald criteria within 6years of onset.?
Although MRI T2 lesion load and changes during the
first 5 years have a role in predicting long-term disease
progression,* these metrics do not provide a compre-
hensive and reliable prognostic measure for short-term
disability accrual in CIS patients. So far, only a few
studies have investigated the role of advanced MRI
techniques in the early stages of the disease.>

It has been suggested that the use of composite MRI
measures could better describe the relationship
between damage in selected brain regions and neu-
rological impairment.” In particular, the use of the
diffusion tensor imaging (DTI), which provides
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information on brain tissue microstructural integrity,
could be complementary to volumetric measures in
the assessment of the major white matter (WM)
tracts damage. Histopathological findings indicate
that acute axonal damage occurs since the early
stages of the disease® and DTI studies have revealed
that WM tracts, such as the corpus callosum (CC)
and the corticospinal tract (CST), are frequently
affected by the disease pathology in CIS patients.’
Indeed, as shown by Lin et al., both volumetric and
diffusion tensor metrics of CC differed between CIS
patients and controls'® and volume loss of the CC
predicted conversion to MS.>!! Conventional MRI
studies have also shown that, in patients with greater
disability, T2 lesions were more likely localized in
optic radiation (OR) and left internal capsule.!?
However, in these studies, there was no attempt to
combine single MRI metrics in a composite score
and test its clinical impact. The aim of our study was
to investigate whether composite MRI measures of
specific major WM tracts, such as the CST, the OR,
and the CC, compared with individual MRI-derived
metrics, would explain conversion to MS and would
improve the correlation with clinical disability over
short-term follow-up in patients with CIS.

Materials and methods

Participants

The study was approved by the Local Ethics
Committee and all participants gave written informed
consensus prior to enrollment.

Patients presenting with a first neurological event,
suggestive of a demyelinating disease, were consec-
utively recruited. The diagnosis was made upon
clinical examination and supported by radiological
and cerebrospinal fluid (CSF) findings, according to
McDonald’s criteria 2010. Patients were excluded if
they had a history of any previous neurological sign
or symptom that could possibly be interpreted as a
demyelinating event or if they presented a second
relapse before the baseline visit, pregnancy, an
active major organ disease, or a serious mental dis-
order. Patients entered the study within 75 days from
their first clinical event and MRI examination at
baseline was performed at least 1 month after steroid
administration. All patients underwent clinical
assessment, including EDSS, every 6 months, up to
12 month.

Healthy volunteers without any neurological dis-
ease or other comorbidities served as healthy con-
trols (HCs).

MRI acquisition

All subjects underwent MRI at baseline on a 1.5T
scanner (SignaHDxt scanner, GE Medical Systems),
using an 8-channel transmit/receive head coil and
including the following sequences: (1) spin-echo dual-
echo proton density-weighted and T2-weighted (TR/
TE1/TE2: 2120/38.2/102ms, 72 contiguous 4-mm-
thick axial slices); (2) three-dimensional sagittal Fast
Spoiled Gradient Recalled echo (FSPGR) T1-weighted
sequence (TR/TE: 9.6/4.1 ms; Inversion Time 500;
152 contiguous sagittal slices; voxel size: 1.2mm,
isotropic; field of view 240; matrix size 256 % 256);
(3) DTI was obtained using a single-shot spin-echo
echo-planar imaging (TR/TE: 14,000/93.4ms, slice
thickness 2.5, gradients applied to 15 non-collinear
directions; b-value=1000s/mm?; 5 volumes with
b-values=0); and (4) spin-echo T1-weighted after
injection of a single dose of Gadoteridol (0.2 mL/kg)
(TR/TE 520/20ms, 36 contiguous 4-mm-thick axial
slices).

MRI analysis: lesion identification and DTI
preprocessing

WM T2, T1, and gadolinium T1 (GD T1) lesion vol-
umes (LV) were measured on the T2/Proton Density
(PD)-weighted and pre- and post-contrast T 1-weighted
images, using a semi-automated technique based on
user-supervised local thresholding (Jim version 6;
Xinapse Systems, http://www.xinapse.com).

Volumes of the whole brain (WBV), gray matter
(GMYV), white matter (WMYV), and CSF, normalized
for subject head size, were estimated with SIENAX, 13
part of FSL, on the lesion-filled three-dimensional
(3D) T1-weighted images, as described in Battaglini
et al.,'* for both patients and healthy subjects. Brain
parenchymal fraction (BPF) was calculated by adding
WMV and GMV and dividing the resulting value for
the sum of WMV, GMYV, and the volume of CSF.

Maps of fractional anisotropy (FA) and mean diffu-
sivity (MD) were obtained for all subjects by fitting of
the diffusion tensor images after eddy current correc-
tion and brain extraction, using DTIFit (FMRIB
Diffusion Toolbox, part of the FMRIB Software
Library, FSL; http://www.fmrib.ox.ac.uk/fsl).

Volume, FA, and MD values of the CC of the left and
right CST and of the left and right OR were com-
puted for each subject with the following procedure:
(1) T1 images were linearly registered to the
Montreal Neurological Institute (MNI) 152 T1 2mm
template brain using FMRIB’s Linear Imager
Registration Tool (FLIRT)!® version 6.0 with affine
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Figure 1. Selected axial (top row) and coronal (bottom row) sections of 3D FSPGR T1-weighted (left column), FA map
(middle column), and MD map (right column) images from a CIS patients, with superimposed co-registered JHU atlas
masks of CC (yellow), right and left CST (red), and right and left OR (blue).

transformation and correlation ratio cost function;
(2) the matrix from the previous registration was
used to perform a non-linear registration from T1 to
MNI 152 space using FMRIB’s Non-linear Imager
Registration Tool (FNIRT);!® (3) non-diffusion
weighted b0 average images were linearly registered
to the T1 dataset, using FLIRT, with affine transfor-
mation and mutual information cost function; (4) the
warp of the non-linear registration from T1 to MNI
152 and the matrix of linear registration from b0 to
T1 were both inverted; (5) left and right CST, left
and right OR, and CC masks were obtained from the
JHU white-matter tractography atlas, the Juelich his-
tological atlas,!” and the JHU ICBM-DTI-81 white-
matter labels atlas;'® (6) CST, OR, and CC masks
were translated from atlas space to T1 space using
the inverted warp and to b0 space applying the
inverted matrix; (7) all masks were visually inspected
for correct positioning. CC, OR, and CST masks
translated to native T1 space were used to derive
mean volume values of each tract; CC, OR, and CST
masks translated to b0 space were applied to FA and
MD maps to measure the respective mean FA and
MD values for each tracts (Figure 1). Masks of the
white matter lesion region of interest (ROI) identi-
fied on the T2-weighted images were used to evalu-
ate the presence of focal lesions within the CC, the
OR, or the CST. For each patient, T2-weighted
images were co-registered to the native T1-weighted
space using FLIRT with traditional transformation

and mutual information cost function; the matrix
was then applied to the lesion mask using FLIRT
with nearest-neighbor interpolation. Lesion, OR,
CST, and CC masks were visualized in T1 space to
compute the lesion number within each tract. Finally,
after segmenting the lesions out, the corresponding
CC, OR, and CST masks without lesions were trans-
lated to native T1 space, to derive mean volumes of
each normal-appearing white matter (NAWM) tract,
and to the FA and MD maps, to derive the respective
mean FA and MD values for each NAWM tract.

Z-scores calculation

Z-scores were calculated for FA (Zp,), MD (Zyp), and
volume (Zy;) measures for all CIS subjects, based
on controls mean values (meanHC) and standard
deviation data (SDHC), as follows

(FACIS B FAmeanHC )

“rn FAgpc
_ (VOLCIS - VOLmeanHC)
o VOLgpyc
ZMD _ (MDCIS — MDmeanHC )
MDgpyc

for CC, OR, and CST with and without lesions

(Za-nawms Zyvornawms and Zyp xawwm)-
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Table 1. Demographic, clinical and conventional, and tract-specific MRI features in patients with clinically isolated
syndrome and healthy subjects.

Volume, FA, and MD Z-scores values were subse-
quently combined to obtain a composite Z-score

Zeome= Zea = ZuptZyor»

ZCOMP-NAWM = ZFA-NAWM - ZMD-NAWM +ZVOL—NAWM

Statistical analysis

Mann—Whitney test was used to assess differences in
MRI parameters between patients who converted to
MS within 1-year follow-up (FU) and patients who
did not convert and to assess differences in MRI
parameters between patients and HCs. Spearman
rank correlation test was used to assess the correla-
tion between single and composite MRI scores and
baseline and 1-year follow-up EDSS scores. Non-
parametric partial correlation was used to correct for
BPF and treatment variables. Statistical analysis was
performed with SPSS (IBM SPSS Statistics 21) and
statistical significance reported at p<0.05.

Correction for multiple comparisons was achieved
with the false discovery rate (FDR) method.'?

Results

Demographics and clinical data

Demographic and clinical data at 1year of follow-up
were available for 27 patients (17 females, 10 males;
mean age, 39+ 10.9 years) and are reported in Table 1.
A total of 24 healthy volunteers (11 females, 13 males;
mean age, 37.71£19.5 years) served as controls. In all,
12 out of 27 CIS patients presented with optic neuritis,
7 with brainstem and 6 with spinal cord syndrome.

A total of 19 patients converted to MS according to
McDonald criteria 2010 and 7 out of 27 patients pre-
sented a clinical relapse within 1 year of follow-up.

In all, 12 out of 27 patients started a treatment within
1 year of observation, at a variable lapse of time from
the baseline assessment. In particular, 10/27 patients
started a first-line disease-modifying therapy (inter-
feron beta or dimethyl fumarate), 2 of them were sub-
sequently switched to a second-line agent (natalizumab
or fingolimod); 2 patients presented an aggressive
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course of the disease, therefore a second-line drug
was used as initial treatment.

Median EDSS was 1.5 (range, 0-3.5) at baseline and
1.0 (range, 0-3) at 1-year follow-up. EDSS worsening
(defined as an increase of 1 point compared with the
initial EDSS score or an increase of 1.5 points if the
initial score was 0) was detected in four patients (con-
firmed at the 6-month and 1-year follow-up visit).

Global and regional lesion load

Mean T2-LV and T1-LV are reported in Table 1.
T2-LV was significantly higher in patients who con-
verted to MS within 1 year (p<0.01).

T2-LV and T1-LV significantly correlated with EDSS
at 1-year FU (r=0.447, p=0.02 and r=0.659, p<0.01,
respectively) but not with EDSS at baseline.

No significant association was found between WBY,
GMYV, and WMV and EDSS at baseline or at 1-year FU.

In all, 9 out of 27 patients presented T2-W lesions in
the CC (mean number, 2.3; range, 1-5), 5 patients
presented T2-W lesions in the left or right OR (mean
number, 2.8; range, 1-5), and 5 patients presented
T2-W lesions in the left or the right CST (mean num-
ber, 1.0; no more than 1 lesion detected in either left
or right CST per each patient).

CC and CST MRI metrics
Mean and standard deviation of MRI parameters for
both patients and HCs are reported in Table 1.

MD values of CC, CST, and OR were significantly dif-
ferent between patients and HCs groups, for both the
entire tract and the tract without lesions (p=0.032 for
both CC and NAWM CC; p<0.01 for both CST and
NAWM CST; p<0.01 for both OR and NAWM OR).
A trend of significance was also found for FA values of
the three tracts (p values ranging from 0.061 to 0.081).

None of the CC, OR, or CST Z-scores differed
between patients who had converted or not to MS.

None of the single or composite MRI metrics from
both CC, OR, and CST with and without lesions
(NAWM CC and CST) was significantly associated
with baseline EDSS scores (p values ranging from
0.1t00.9).

Correlations between CC, OR, and CST MRI metrics
and EDSS scores at 1-year FU are reported in Table 2.

Among the CC MRI measures, a statistically signifi-
cant correlation was found between the composite
score and EDSS score at 1-year FU, for both CC with
and without lesions (NAWM CC) (r=—0.528,
p=0.005 and r=-0.526, p=0.005 for Z.gp and
Zcompnawms Tespectively). No significant correla-
tions were found with isolated volume, FA, and MD
CC measures.

Among the CST MRI measures, a statistically signifi-
cant correlation was found between the composite
score for both CST with and without lesions (NAWM
CST) (r=-0.506, p=0.007 and »=-0.492, p=0.009
for Zqopp and Zoppnawms Tespectively) and between
the single volume score for both CST with and with-
out lesions (NAWM CST) (r=-0.461, p=0.016 and
r=—0.495, p=0.009 for Zyo; and Zyo nawms T€SPEC-
tively) and EDSS at 1-year FU.

Among the OR MRI measures, a statistically signifi-
cant correlation was found between the composite
score for both OR with and without lesions (NAWM
OR) (r=-0.444, p=0.020 and r=-0.433, p=0.024
for Zqopp and Zoppnawms Tespectively) and between
the single volume score of NAWM OR (r=-0.418,
p=0.030 for Zy; nawn) and EDSS at 1-year FU.

Correlations remained significant after correction for
BPF (p=0.005 and p=0.006 for Z e and Zoppnawm
of CC, respectively; p=0.010 for Z omp> Zcomp-nawms
and Zy o nawm @and p=0.018 for Zy,, of CST, respec-
tively; p=0.014, p=0.017, and p=0.018 for Zqopp,
Zcompnawms A Zyor xawm Of OR, respectively) or
after adding disease treatment as a covariate (p=0.032
and p=0.033 for Zcopyp and Zeoypnawm of CC,
respectively; p=0.031 for both Z.gp and
Zcompnawm Of CST; p=0.032 for Z,,,; and p=0.020
for Zyornawm Of CST; p=0.033 and p=0.037 for
Zcomp a0d Zoppnawm Of OR, respectively).

Correlations between EDSS at 1-year FU and both
Zcomp ad Zeoppnawm Of CST and CC survived the
FDR correction.

Discussion

Our study suggests that composite MRI measures of
selected white matter tracts, which are preferentially
involved in MS, provide a better correlate of short-
term disease progression, even at the early stages of
the disease, compared with individual MRI-derived
metrics.

In line with previous studies,? we confirmed that a
greater T2-LV is associated with conversion to MS
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Table 2. Correlations between EDSS at 1-year FU and the Z-scores of the corpus callosum, the optic radiation, and the
bilateral corticospinal tract with and without lesions (NAWM).

Corpus callosum

Corpus callosum NAWM

Zuo #=0.162, p=0.420
Zia r=-0.253, p=0.203
ZvoL r=-0.331, p=0.092
Zeowr r=-0.528, p=0.005

r=0.162, p=0.420

r=—0.252, p=0.205
r=—0.364, p=0.062
r=—0.526, p=0.005

Bilateral corticospinal tract

Bilateral corticospinal tract NAWM

Zvp r=-0.099, p=0.624 r=-0.099, p=0.624
Zpa r=-0.206, p=0.303 r=-0.181, p=0.367
sy r=-0.461, p=0.016 r=-0.495, p=0.009
Zcomp r=-0.506, p=0.007 r=-0.492, p=0.009
Optic radiation Optic radiation NAWM

g r=0.201, p=0.314 r=0.185, p=0.355

Zpa r=-0.081, p=0.687 r=-0.078, p=0.698
Zyor r=-0.378, p=0.052 r=-0.418, p=0.030
Z o r=-0.444, p=0.020 r=-0.433, p=0.024

EDSS: Expanded Disability Status Scale; FU: follow-up; NAWM: normal-appearing white matter; Zy,: Z-scores for MD measures;
Zyo1: Z-scores for volume measures; Zg,: Z-scores for FA measures; Zqqyp: composite Z-score of MD, volume, and FA Z-score values.

Significant results are indicated in bold.

within 1-year follow-up (FU). The role of the T2 and
T1 lesion load on short-term disability worsening is
more controversial and the few available studies have
showed only the association of T2 lesion load with
long-term FU disability.?1-?2 Our results support the
role of the global burden of damage in determining
disability, even on a short-term follow-up; however,
considering the lack of support in the literature, even
on large sample size previous studies,’ the predictive
value on a short-term disability for T2-LV and T1-LV
should be considered cautiously.

DTI parameters, but not the volume values, differed
between patients and healthy subjects; this finding
confirms that microstructural damage occurs early in
demyelinating disorders.

The most interesting finding of our study is the asso-
ciation between a decrease in the composite CC, OR,
and CST Z¢qyp scores at baseline and EDSS scores at
I-year FU (CC and CST Zcyp scores survived after
FDR correction). Indeed, only the composite measure
showed a correlation between EDSS scores at 1-year
FU in the CC, OR, and CST, while only OR Zy,o; nawm
and CST Zyq, and Zyo; yawv—but not CC volume—
correlated with disability at 1 year.

CC damage, in terms of FA changes, has been previ-
ously reported in CIS patients!%-2324 and the presence
of lesions within the CC as well as the early decrease

in CC volume have both been found to be associated
with a greater risk of conversion to MS.>!1-2 Our
study extends previous findings by showing the clini-
cal impact of a composite MRI score of CC damage
and its significant correlation with EDSS score at
short-term follow-up. Visual pathway is involved in
demyelinating disorders: a decrease in OR thickness
in patients at the early stages of the disease, when
compared to healthy subjects, has been detected;?
moreover, altered DTI parameters of the OR, in par-
ticular radial diffusivity and FA, correlate with the
visual evoked potential latencies.?” Like the CC and
the OR, the CST is affected by MS pathology since
the earliest stages of the disease. Pagani et al. reported
that lesion volume within CST and MD values of the
CST NAWM were higher in CIS patients with pyram-
idal symptoms compared to those without pyramidal
dysfunction, even though there was no statistically
significant association with measures of clinical dis-
ability.?® Our results are in line with previous findings
in that they confirm the lack of significant correla-
tions between either single or composite MRI scores
and EDSS scores at baseline; however, in our study,
both CST Zyy, OR Zyg.nawm and the composite
CC, OR and CST Z-scores were significantly associ-
ated with EDSS scores at 1-year follow-up.

Our findings suggest that the integration of MRI
measures, reflecting different histopathologic aspects
of WM damage, could better explain clinical
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outcome. Indeed, FA and MD provide a quantitative
measure of ongoing microstructural damage within
the tracts?® complementing volumetric measures,
which reflect the amount of tissue already lost.
Volumetric and microstructural damage of major WM
tracts could be the results of the presence of focal MS
lesions within the tract itself, extralesional damage
characterized by inflammation, gliosis, demyelina-
tion, and reduced axonal density of the NAWM within
the tracts,’® and Wallerian degeneration of axons tran-
sected in local and remote lesions.?!32 While the dam-
age of the CC, a commissural tract, could depend
predominantly on Wallerian degeneration of axons
injured in distant lesions, the CST, a projection tract,
could be affected predominantly by focal white mat-
ter or cortical damage; on the other hand, the visual
pathway is damaged both through focal damage and
trans-synaptic degeneration.33

The correlation with CST and OR, but not CC, vol-
ume could reflect the greater efficacy of EDSS in
detecting motor or visual disability; otherwise, CC
damage could result in a more subtle clinical impair-
ment, such as cognitive deficits, better assessed with
other clinical scores.

As expected in this early stage of the disease, the num-
ber of WM lesions in the OR, CC, and CST was quite
low and only half of the patients presented lesions in
either tract, thus, preventing the inclusion of a MRI
measure of lesion damage in the composite MRI score.
Although the presence of OR, CC, and CST lesions
did not seem to be relevant in our group of CIS patients
as shown by the similar magnitude and significance of
association of Zqqyp and Zeovpnawm, We believe that
adding the tract lesion component to the composite
score could become more relevant in the later stage of
the disease.

In our cohort, we did not observe a clinical progres-
sion at a group level, in terms of EDSS worsening; as
reported in the literature, even in studies with a large
cohort of patients,”> median EDSS after a short-term
follow-up did not increase in CIS patients. The cor-
relation between composite MRI metrics at baseline
and EDSS at 1-yeat FU, in spite of the absence of a
worsening at a group level, supports the prognostic
value of the composite measures even in patients with
a minimal disability.

Our study findings have to be interpreted with caution
due to the small sample size and the lack of clinical
scales of evaluation other than EDSS. Therefore, their
confirmation in a larger cohort of patients with a long-
term follow-up is warranted. Nonetheless, the use of a

composite measure instead of single scores reduces
the type I error, with valuable results especially in
studies with small sample sizes.

Determining the outcome of patients in terms of dis-
ability progression, since disease onset, is still chal-
lenging but crucial as more and earlier treatments
become available. While conventional MRI parame-
ters are insufficient to address this issue, a composite
set of selected and meaningful measures of macro-
and microscopic tissue damage could improve our
understanding of clinical variability.

The combination of different MRI measures, even at
the level of a single white matter tract, resulted clini-
cally significant and MRI-derived measures of OR,
CC and CST emerged as simple and reliable early
markers of clinical disability.
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