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Loss of corticospinal tract integrity in early

MS disease stages

ABSTRACT

Objective: We investigated corticospinal tract (CST) integrity in the absence of white matter (WM)
lesions using diffusion tensor imaging (DTI) in early MS disease stages.

Methods: Our study comprised 19 patients with clinically isolated syndrome (CIS), 11 patients
with relapsing-remitting MS (RRMS), and 32 age- and sex-matched healthy controls, for whom
MRI measures of CST integrity (fractional anisotropy [FA], mean diffusivity [MD]), T1- and T2-
based lesion load, and brain volumes were available. The mean (SD) disease duration was 3.5
(2.1) months, and disability score was low (median Expanded Disability Status Scale 1.5) at the
time of the study.

Results: Patients with CIS and RRMS had significantly lower CST FA and higher CST MD values
compared with controls. These findings were present, irrespective of whether WM lesions
affected the CST. However, no group differences in the overall gray or WM volume were
identified.

Conclusions: In early MS disease stages, CST integrity is already affected in the absence of
WM lesions or brain atrophy. Neurol Neuroimmunol Neuroinflamm 2017;4:e399; doi: 10.1212/
NX1.0000000000000399

GLOSSARY

aCST = affected CST; CIS = clinically isolated syndrome; CST = corticospinal tract; EDSS = Expanded Disability Status
Scale; FA = fractional anisotropy; GMV = gray matter volume; MD = mean diffusivity; naCST = not affected CST; NAWM =
normal-appearing white matter; NBV = normalized brain volume; RIS = radiologically isolated syndrome; ROl = region of
interest; RRMS = relapsing-remitting MS; SPM = statistical parametric mapping; WM = white matter; WMV = WM volume.

MS is characterized by chronic demyelinating CNS white matter (WM) lesions that were diag-
nosed and monitored using structural MRI.' The extent and spread of the lesions is not,
however, associated with early neurologic symptoms nor with underlying disease progression.?

Recent postmortem studies examining patients with long-standing MS not only demon-
strated T2-hyperintense WM lesions histologically characterized by demyelination and trans-
ected axons but also identified diffuse microscopic axonal damage within the normal-
appearing WM (NAWM).>* If NAWM alterations could be found in vivo, they would poten-
tially provide a valuable tool for the earlier detection of disease activity, especially when focusing
on functionally important WM tracts, e.g., corticospinal tract (CST).

Diffusion tensor imaging (DTT) has been demonstrated to provide superior sensitivity com-
pared with T2-weighted MRI, for the in vivo detection and quantification of WM and axonal
damage.’ In the absence of new or enlarging T2-weighted lesions, only ongoing whole-brain
atrophy, and not loss of axonal integrity, has thus far been suggested to be indicative of disease
activity in MS.¢ Further studies emphasizing the potential of DTT measures within the clinical
setting are therefore required.
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Until now, most DTI studies in MS
have been performed in (1) patients having
long-standing disease and (2) without taking
account of concurrent WM lesions. Our aim
was, therefore, to examine the axonal integ-
rity of the CST within the NAWM com-
pared with the tract integrity when affected
by WM lesions at early MS disease stages.

METHODS Participants. This study involved 30 patients
with clinically isolated syndrome (CIS, n = 19) or relapsing-
remitting MS (RRMS, n = 11) according to the McDonald
criteria (2001)” and 32 age- and sex-matched healthy controls
without a history of neurologic or psychiatric disorders. The
participants were consecutively recruited in the Department of
Neurology, Otto von Guericke University Magdeburg, Germany.

Clinical disability was quantified using the Expanded Disability
Status Scale (EDSS) ranging from 0 to 10 points, with higher values
indicating worse function.® Clinical evaluation of all patients was

performed by 2 independent neurologists (M.P. and M.S.).

Standard protocol approvals, registrations, and patient
consents. The study was approved by the local ethics committee
of the Otto von Guericke University Magdeburg, Germany (No.
09/04), and all participants provided written informed consent.

MRI. Acquisition. Images were acquired using a neuro-
optimized 1.5-T GE Signa Horizon LX (General Electric Com-
pany, Milwaukee, WI) scanner with actively shielded magnetic
field gradients (maximum amplitude 40 mTm™'). For further
details of the MR protocol comprising DTI measures, see the

supplemental material at Neurology.org/nn.

[ Figure 1 CST pathways affected or not affected by focal white matter lesions. ]

Pyramidal tracts (CST) in a 35-year-old male patient with clinically isolated syndrome (CIS)
diagnosed two months ago (EDSS = 1) are shown. In the right hemisphere, CST is affected
by a white matter lesion (the T2-intense lesion is shown in red, the T1-intense overlapping
lesion is demonstrated in white). CST proportions passing the lesion are demonstrated in
blue (affected CST, aCST). Within the left hemisphere CST (in blue) is not affected by any
white matter lesions (not affected CST, naCST).
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CST integrity. The whole CST, between cortex and pons,
was analyzed. First, 10 voxels of the CST were segmented at
the level of the pons, using MRIcro and individual color-coded
fractional anisotropy (FA) maps, to create a pons region of
interest (ROI). Individual ROIs were exported, and fiber tract
reconstruction was performed using a Monte Carlo simulation
algorithm repeatedly searching for probable paths through the
derived diffusion tensor matrix.” Multiple tracking began in each
preselected ROI voxel.

A fixed starting number of 50,000 fiber paths were com-
puted for the CST for each ROI. For better visualization, single
fibers were clustered according to the Euclidean distance of the
path coordinates. All calculated paths were used sequentially for
distance calculation. A path that could not be assigned to an ex-
isting cluster according to the distance criterion resulted in
a new cluster. To select only the fibers of the CST, an additional
filter (oval ellipse) was placed in the internal capsule. Only those
clusters overlapping with this filter ROI were selected. The CST
was then stored as a binary mask and exported for further
processing.

Lesion segmentation. Lesion segmentation was performed
on T1- and T2-weighted images using a semiautomated algo-
rithm. Visual quality control of segmentation data was performed
by 2 neurologists (M.P. and M.S.), and additional manual
delineation was performed where necessary (see supplemental
material). ROIs were then stored in a separate file and exported as
binarized T1- and T2-lesion masks. ROI volume was taken as the
sum of the volume of all lesions for a given participant and was
calculated using statistical parametric mapping (SPM) software.
CST and lesion masks were then coregistered and transformed
using SPM.

Volumetric measures. The freely available software package
Structural Imaging Evaluation with Normalization of Atrophy
(SIENAX), as part of the FMRIB Software Library (FSL;
fmrib.ox.ac.uk), was used to determine the brain tissue volume
including the gray matter volume (GMV) of cortical and sub-
cortical structures and the WM volume (WMYV), and each was
normalized against the participant’s head size (normalized brain
volume [NBV]).

Data analysis. CST and lesion masks were integrated to
enable visual determination of whether CST fibers passed along-
side lesions in each individual hemisphere of every patient
(figure 1). Each hemisphere was examined separately. CST fibers
that were affected by any lesion were classified as affected CST
(aCST). In cases where CST fibers were unaffected by any lesion,
the CST was defined as not affected CST (naCST).

For 3D-visualization, visual inspection and for FA and mean
diffusivity (MD) measurements, MeVisLab (MeVis Medical Sol-
utions AG and Fraunhofer MEVIS, Bremen, Germany) was used;
analysis was performed by 1 rater (M.P.).

To assess whether FA or MD CST differed between the left and
right hemispheres, an asymmetry index was calculated for each indi-
vidual study participant. Calculation was performed as follows:
asymmetry index = (p* — pY/(p* + p") with p indicating the
measure of interest (FA or MD), ® indicating the right side, and *
the left side.’® The index ranges between —1 and 1, with values
close to —1 or close to 1 indicating maximum asymmetry, whereas

values close to 0 rule out FA and MD side differences.'®

Statistical analysis. Statistical analysis was performed using
SPSS 21 (IBM Corp., Armonk, NY). Left- and right-sided FA
and MD CST values were averaged, as evaluation of the asym-
metry index revealed no hemispheric differences (see Results for
further details). An independent samples 7 test and a Mann-

Whitney U test were performed to determine group differences
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between patients (with separate consideration of RRMS and CIS
cases) and controls, taking account of FA, MD, NBV, GMV,
WMV, and T1-/T2-lesion load. As 7 MRI outcome measures
and 3 groups were considered, p values =0.005 (0.05/10) were
deemed to be statistically significant.

An analysis of variance was subsequently conducted with left-
or right-sided CST FA or MD as the respective dependent vari-
able and group as the independent binary variable. Various
groups were defined as follows: (1) left CST (controls, coded as
0) vs left aCST (patients, coded as 1), (2) left CST (controls,
coded as 0) vs left naCST (patients, coded as 1), (3) left naCST
(patients, coded as 0) vs left aCST (patients, coded as 1) or (4)
right CST (controls, coded as 0) vs right aCST (patients, coded
as 1), (5) right CST (controls, coded as 0) vs right aCST (patients,
coded as 1), and (6) right naCST (patients, coded as 0) vs right
aCST (patients, coded as 1). As 4 MRI outcome measures and
6 groups were considered, p values =0.005 (0.05/10) were

deemed to be statistically significant.

RESULTS The demographics of the cohort and the
relevant clinical data are given in table 1. Considering
the whole patient group, n = 20 (66%) received
standard immunomodulatory therapy agents, com-
prising interferon B-1la, interferon B-1b, and glatir-
amer acetate (table 1). There were no age or sex
differences between controls and patients in the sep-
arate analysis of the RRMS and CIS subgroups. In
addition, disease duration, age at disease onset, and
median EDSS did not differ between the CIS and
RRMS cases.

Table 2 shows the imaging characteristics of the
groups under investigation. No T1 or T2 lesions were
identified in any of the healthy controls. Lesion vol-
ume did not differ between the RRMS and CIS sub-
groups. Moreover, NBV, GMV, and WMV did not
differ significantly between the controls and the
patient cohort.

In patients and controls, the asymmetry indices for
FA and MD ranged from —0.02 to 0.00, suggesting
no significant differences between both hemispheres.
The overall patient cohort, as well as the RRMS and
CIS patient subgroups separately, had significantly
lower CST FA values and significantly higher CST
MD values compared with controls. The results re-
mained largely unchanged when considering the left-
and right-sided FA and MD values separately (table 2
and figure 2).

In 21 patients (n = 12; CIS, n = 9 RRMS), at
least 1 CST was associated with WM lesions (aCST),
resulting in 29 affected hemispheres. Of those 21
12 CIS, n = 6 RRMS),
the left hemisphere was affected, whereas in n = 11
(n = 6 CIS, n = 5 RRMS), the right hemisphere was
affected. Compared with the CST in the controls, the
aCST (of the patients) revealed significantly lower FA

patients, in n = 18 (n =

(for the left side only) and significantly higher left-
and right-sided MD values. Left- and right-sided FA
values were also lower in the naCST of the patients
when compared with controls (figure 3 and table e-1).

DISCUSSION We aimed to investigate CST axonal
integrity in the presence or absence of WM lesions
using D'TT in the very early stages following MS diag-
nosis. Our data revealed significant group differences
between controls and patients (comprising RRMS
and CIS) when considering cortical spinal tract FA
and MD values, which were used to quantify axonal
integrity loss. The findings did not depend on RRMS
or CIS diagnosis. Group differences could not be fur-
ther explained by other variables, including age, sex,
or brain volume. In patients, axonal damage was

[ Table 1 Demographics and clinical data of the sample under consideration. ]
p Value, p Value, p Value,
Controls Patients RRMS controls controls controls p Value, CIS
(N =32) (N = 30) CIS (N = 19) (N =11) vs patients  vs CIS vs RRMS  vs RRMS
Age, y 34[13.4] (20-60) 30[8.7](16-45) 32[8.6](16-43) 28[8.6](18-45) 0.2 0.5 0.1 0.2
Male sex, n (%) 16 (50) 11 (37) 7 (37) 4 (36) 0.6 0.6 0.6 0.6
Age at disease onset, y — 30[8.5] (16-44) 32[8.5](16-43) 27[8.2] (18-44) 0.2
Disease duration, mo = 3.5[2.1] (0-9) 3.5 [2.1] (0-9) 3.4 [2.2] (1-9) = = = 0.2
EDSS, median (range) = 1.5 (0-4) 1.5 (0-4) 1.0 (0-2) = = = 0.2
Treatment, n (%) — 20 (66) 12 (63) 8 (73) - — — 0.6
Interferon g-1aIM, n (%) — 16 (53) 10 (53) 6 (55) — — — 0.5
Interferon g-1a SC, n (%) — 2(7) 1 (5) 1(9) — — — 0.5
Interferon B-1b SC, n (%) — 1(3) 1 (5) - — - - 0.5
Glatiramer acetate, n (%) — 1(3) - 1(9) - - - 0.5

Abbreviations: CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; IM = intramuscular; N = number of participants; RRMS =

relapsing-remitting MS; SC = subcutaneous.

Unless otherwise reported, mean [SD] (range) is given. Disease duration was defined as the time span between symptom onset and MRI. p Values refer to
subgroup comparisons; p values of =0.05 were deemed to be statistically significant; for continuous variables, a independent samples t test or Mann-

Whitney U test was conducted, whereas for binary variables, a x2 test was calculated.
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[ Table 2 MRI measures of the sample under consideration.

N

p Value, CIS
vs RRMS

p Value, controls
vs RRMS

p Value, controls

vs CIS

p Value, controls
vs patients

RRMS (N = 11)

CIS(N =19)

= 30)

Patients (N

=32)

Controls (N

0.7

1,571 [2,352] (81-10,410) 1,263 [1772] (138-6,801)

1,459 [2,130] (81-10,410)

T1-lesion volume

0.5

2,391 [2,141] (276-7,077)

3,311 [4,076] (102-17,136)

2,974 [3,479] (102-17,136)

T2-lesion volume

0.02

0.9 0.5 0.2

1,543 [86] (1,292-1,695) 1,541 [110] (1,270-1738) 1,504 [112] (1,269-1,696) 1,602 [73] (1,496-1737)

NBV

0.05

0.2

0.8 1.0

816 [69] (701-946) 876 [53] (800-973)

834 [60] (655-917) 837 [69] (701-974)
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not only related to WM lesions, but was also detect-
able even in the normal-appearing WM. DTI meas-
ures should thus be considered as a promising tool for
identifying subtle WM alterations in patients at very
early MS disease stages.

Few NAWM DTT studies so far have been con-
ducted in early MS disease variants, such as CIS.'"'?
Most investigations have focused mainly on patients
with MS having long-standing and progressive disease
courses, only taking account of CST alterations within
periventricular WM  regions.'** In such studies,
chronic MS seems to be related to an MD increase
in the absence of FA alterations.”> An FA decrease
thereby primarily occurs as a result of axonal demye-
lination,'¢ indicating WM integrity loss at early inflam-
matory disease stages.'” By contrast, MD alterations
are mainly driven by increasing free space resulting
from (1) early disease pathology, comprising vasogenic
edema, astrocyte proliferation, or decreasing myelin
content and (2) axonal or overall tissue loss/destruction
occurring in longer-lasting disease.’® Consequently,
MD measures appear to be more sensitive for detecting
microstructural progressive changes at later MS disease
stages compared with FA measures."

On the other hand, FA differences between early
and chronic MS could also result from the evaluation
of particular CST segments. In eartly MS, CST altera-
tions have mainly been found in the internal capsule
segments of the tract, whereas in chronic disease stages,
periventricular CST has been investigated instead.'”"
In general, within periventricular regions and the cen-
trum semiovale, the FA values for the CST are lower as
a result of fiber dispersion and the vicinity of the CST
to gray matter or CSF." By contrast, CST bundles
reaching from the internal capsule to the brainstem
(as investigated here) are quite densely packed (indi-
cating a high degree of myelination and axonal den-
sity), resulting in high FA measures.'® Disease-related
FA alterations/gradients should, therefore, be much
more easily detectable in the latter CST segments,
characterized by high anisotropy; this aspect could
additionally account for the relationship found
between FA alterations and early disease stages.*

We documented CST FA and MD alterations not
only within the WM lesions, but also within the
normal-appearing WM segments. Such findings are in
line with recent imaging studies, revealing widespread
axonal pathology independent of MRI-visible lesions
when applying N-acetylaspartate MRI spectroscopy.”
FA and MD alterations in the NAWM thereby appear
to precede the occurrence of contrast-enhancing inflam-
matory lesions.”? DTT alterations in this instance indi-
cate early axonal swelling, oligodendrocyte stress, and
apoptosis, as well as microglial clustering and activation.
Subsequently, T-cell infiltration takes place, consistent
with the underlying pathology found in contrast-



[ Figure 2 Comparison of corticospinal tract diffusion values between controls, patients and the patients’ subgroups. ]
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enhancing lesions.”® FA and MD values could thus serve  unaltered overall brain volumes at initial disease
as alternative markers of inflammation, probably indi-  stages.”*® Of interest, despite a lack of difference in
cating ongoing demyelination®* and predicting new re-  total GMV between controls and patients with radio-
lapses.® DTT measures could thus have the potential to  logically isolated syndrome (RIS)* or CIS,?® both rep-
serve as a biomarker disclosing ongoing (inflammatory)  resenting potentially early MS disease stages, regional
disease activity, especially in secondary or primary pro-  subcortical volume loss has been observed, with reduced
gressive MS disease subtypes, which commonly do not  thalamic volume in both these groups.?** Regional vol-
present with contrast-enhancing lesions.”® ume differences were, however, not addressed in our

In contrast to the group differences found when  study, and further investigations are required. Given that
applying DTI measures, patients having early MS dis-  the reduced thalamic volume is observed in these early
ease stages did not show overall gray or WM atrophy.  syndromes, and correlation reported between thalamic
These findings replicate previous results reporting and WM lesion volumes was more modest in RIS*

Figure 3 Comparison of diffusion values between corticospinal tracts (CST) of controls and CSTs of the patients not affected (naCST) or
affected (aCST) by white matter lesions.
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than in CIS,”® future work investigating a potentially
stronger early correlation between DTI measures
(CST FA and MD) and the thalamic volume may shed
new light on the earliest WM changes in MS. Reduction
of the whole-brain volume has been shown to take place
over time, correlating with a clinical disease progres-
sion,*® when examining patients with (1) clinically def-
inite MS,* (2) presenting with higher median EDSS
values,® or (3) displaying longer mean disease durations
of 1.8 years after symptom onset.*” In addition, with
respect to long-standing MS, NAWM alterations have
also been related to neuronal damage, i.e., deep gray
matter and cortical atrophy.” Patients with early disease
stage MS displaying NAWM alterations in the face of
(still) normal brain volume measures seem to be at a par-
ticular risk of later gray matter atrophy, associated with
cognitive decline®® and related long-term disability.>
These findings overall emphasize the need for early iden-
tification of these cases (with NAWM alterations) to
maintain their likely still intact gray matter structure.”
In routine clinical practice, patients with RRMS
and CIS commonly display symptoms that should
be unequivocally interpreted as a relapse, but in the
case of absent underlying MRI lesions, neurologists
often refrain from the necessary initiation of sufficient
therapy. Early therapy initiation in CIS, however, re-
duces the patients’ risk of MS conversion by 37%.%
Conversely, late therapy initiation is related to
a greater likelihood of frequent relapse.’” Detection
of NAWM alterations at early disease stages could
overall result in a more rapid initiation of sufficient
therapy, with avoidance of long-term disability.
RRMS and CIS cases displayed similar CST as well
as white and GMVs, again replicating previous re-

sults.!%38

Disease severity assessed using the EDSS
did not differ between disease groups, as also previously
demonstrated.®® Nevertheless, compared with patients
with CIS, patients with RRMS have frequently
received disease-specific therapies, with the application
of a wider range of new, disease-modifying drugs, re-
sulting in significantly lower (1) annual relapse rates,
(2) clinical disability, and (3) WM lesions and overall
brain atrophy.** On the other hand, patients with CIS
left without disease-modifying therapy have been
shown to develop rapidly progressive MRI changes.*
All these aspects imperatively argue for the application
of similar therapeutic standards when handling pa-
tients with CIS and RRMS.

The strengths of our study comprise (1) the inclu-
sion of patients with MS at very early disease stages,
(2) the use of fiber tracking allowing differentiation
between WM bundles affected or not affected by
T2 or T1 lesions, and (3) the application of 3-
dimensional T1 images with a small slice thickness
of 1.5 mm, facilitating highly sensitive measurements
(of, e.g., gray and WMYVs). Limitations of the present

Neurology: Neuroimmunology & Neuroinflammation

study include relatively a small sample size, which did
not allow the splitting of the cohort into CIS and
RRMS case groups when analyzing DTI measures
with the CST affected or not affected by WM lesions.
An additional shortcoming is the absence of other
measures of WM tracts (e.g., optic radiation and cer-
ebellar connections), and further studies are needed.
Long-term follow-up of these patients is required to
evaluate the correlation between these DTI measures
and clinical progression.

Our findings suggest that corticospinal motor system
axonal integrity loss can also be detected in very early
MS disease stages, even in the absence of WM lesions
and before brain volume loss takes place. DTT measures
may, therefore, be useful to guide and reinforce thera-
peutic decisions in cases displaying no or only few
inflammatory lesions in the face of just 1 clinical event,
with the hope of slowing disease progression and avoid-
ing long-term disability in patients with MS. Future
studies should moreover combine DTI, spectroscopy,
PET, functional MRI, and CSF measures of, e.g., neu-
rofilament, to better understand the underlying patho-
physiology of early FA and MD alterations in NAWM.
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