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Abstract

Background: Despite agreement about spinal cord atrophy in progressive forms of multiple sclerosis
(MS), data on clinically isolated syndrome (CIS) and relapsing—remitting MS (RRMS) are conflicting.
Objective: To determine the onset of spinal cord atrophy in the disease course of MS.

Methods: Structural brain magnetic resonance imaging (MRI) was acquired from 267 patients with CIS
(85) or RRMS (182) and 64 healthy controls (HCs). The upper cervical cord cross-sectional area (UCCA)
was determined at the level of C2/C3 by a segmentation tool and adjusted for focal MS lesions. The coef-
ficient of variation (CV) was calculated from all measurements between C2/C3 and 13 mm above as a
measure of structural variability.

Results: Compared to HCs (76.1£6.9 mm?), UCCA was significantly reduced in CIS patients (73.5+5.8
mm?, p=0.018) and RRMS patients (72.4+7.0 mm?, p<0.001). Structural variability was higher in patients
than in HCs, particularly but not exclusively in case of focal lesions (mean CV HCs/patients without/with
lesions: 2.13%/2.55%/3.32%, all p-values<0.007). UCCA and CV correlated with Expanded Disability
Status Scale (EDSS) scores (» =—0.131/0.192, p=0.044/<0.001) and disease duration (r=—0.134/0.300,

p=0.039/<0.001). CV additionally correlated with hand and arm function (=0.180, p=0.014).
Conclusion: In MS, cervical cord atrophy already occurs in CIS. In early stages, structural variability
may be a more meaningful marker of spinal cord pathology than atrophy.
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Introduction

To date, imaging markers have been insufficient to
explain the clinical heterogeneity of multiple sclerosis
(MS). One explanation thereof might be the disregard
of spinal cord pathology which is more strongly cor-
related with some aspects of clinical disability than
brain imaging parameters. Hence, spinal cord meas-
urements have been proposed to monitor disease pro-
gression and response to disease modifying
treatment. !~

Numerous studies have demonstrated spinal cord atro-
phy in progressive forms of MS,>##® while studies
on clinically isolated syndrome (CIS) and relapsing—
remitting MS (RRMS) have shown inconsistent
results.>38-15 Pooling these results (Figure 1(a)) in a
meta-analysis, '8 we found no clear indication of upper

cervical cord (UCC) atrophy in RRMS. In CIS, our
meta-analysis yielded the unexpected finding of sig-
nificant UCC decrease in one study and significant
UCC increase in another. Since we and others'?2° had
made the observation that, at least in single cases,
focal lesions can cause both swelling and shrinking
(see Figure 1(b)), we first tested the hypothesis that
focal lesions exert a substantial influence on spinal
cord measurements at the group level. Accounting for
focal MS lesions as potential confounder, we next
aimed to determine the onset of spinal cord atrophy by
studying a large cohort of healthy controls (HCs) and
patients with CIS or RRMS. Finally, we investigated
whether measures of UCC pathology yield informa-
tion regarding the heterogeneity of MS in addition to
measures of brain pathology, which would make them
promising candidates for clinical practice and research.
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Figure 1. Upper cervical cord in early multiple sclerosis (MS). (a) Meta-analysis of previous studies on the upper
cervical cord in early MS: left, clinically isolated syndrome (CIS); right, relapsing—remitting MS (RRMS). (b) Influence
of focal lesions in individual patients. The influence of focal lesions on upper cervical cord cross-sectional area (UCCA)
is illustrated by two of our examples; one causing local swelling (left) and one causing local shrinking (right). One
sagittal and three different axial sections (below, across and above the lesion) and the corresponding UCCA are depicted
in each case.
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Materials and methods

Meta-analysis

We searched the databases Pubmed, Google Scholar
and Cited Reference Search in Web of Science for
magnetic resonance imaging (MRI) studies on the cer-
vical cord in CIS and RRMS. The included studies had
to provide planimetric or volumetric measurements of
the whole cervical cord area in patients with CIS and/
or RRMS as well as HCs. Studies overlapping with
included datasets were excluded.!'>!3 Sample sizes,
means and standard deviations of controls and patients
were assembled from all studies and used to calculate
standardized mean differences and their standard
errors. A pooled estimate was obtained by a random-
effects model.'® We used the package ‘metafor’!”
available for the R language of statistical computing.!®
The work of Daams et al.!> was added later.

Subjects

We obtained MRI scans from 64 HCs and 267 patients
with a diagnosis of CIS (n=85) or RRMS (n=182)
according to the 2005 revision of McDonald criteria.?!
CIS was defined as first demyelinating event suspi-
cious of MS accompanied by at least two MRI-detected
brain lesions. Patients did not receive corticosteroid
treatment within 30 days prior to MRI scan. The study
had been approved by the local ethics committee.
Written informed consent was obtained from HCs to
undergo an MRI scan for scientific purposes and from
patients to provide their MRI scans, acquired in routine
clinical practice, for scientific studies. All patients were
recruited at the same centre (Klinikum Rechts der Isar,
Technische Universitit Miinchen, Germany).

Disability was quantified using the Expanded
Disability Status Scale (EDSS) and in a subgroup of
patients by the Fatigue Scale for Motor and Cognitive
Functions (FSMC),22 and the Multiple Sclerosis
Functional Composite (MSFC) with its three subtests:
Nine-Hole Peg Test (9-HPT), Timed 25-Foot Walk
(T25-FW) and Paced Auditory Serial Addition Test
(PASAT).2 Exact numbers and main characteristics
of the study population are given in Table 1. At MRI
acquisition, 126 patients received no disease modify-
ing drug, 85 patients were treated with interferon beta
la/b, 32 with glatiramer acetate, 21 with natalizumab
and three with fingolimod.

MRI

All brain images were acquired on the same 3T scanner
(Achieva, Philips, Netherlands). We used a 3D gradient
echo (GRE) T1-weighted sequence (orientation, 170

contiguous sagittal 1 mm slices, reaching down to C4/
CS5; field of view, 240%240 mm; voxel size, 1.0x1.0x1.0
mm; repetition time (TR), 9 ms; echo time (TE), 4 ms),
and a 3D fluid attenuated inversion recovery (FLAIR)
sequence (orientation, 144 contiguous axial 1.5 mm
slices, reaching down to the foramen magnum,; field of
view, 230x185 mm,; voxel size, 1.0x1.0x1.5 mm; TR,
10* ms; TE, 140 ms; TI, 2750 ms).

Spinal cord images, acquired on two different 3T
scanners (Achieva, Philips, Netherlands and Verio,
Siemens, Germany), were available in a subgroup of
patients. The scan protocol included a T1-weighted
sequence (orientation, 15 contiguous sagittal 2 mm
slices; field of view, 160x250 mm; voxel size,
0.8x1.0%2.0 mm; TR, 524 ms; TE, 8 ms), and a T2-
weighted sequence (1. orientation, 15 contiguous sag-
ittal 2 mm slices; field of view, 160250 mm; voxel
size, 0.8x1.07%2.0 mm; TR, 3584 ms; TE, 100 ms; 2.
orientation, 82 axial 4 mm slices; field of view
120x120 mm; voxel size, 0.65x0.81x4 mm; TR, 2342
ms; TE, 90 ms).

Measurement of the upper cervical cord area (UCCA)
As described earlier, UCCA was measured from
brain MRI covering the upper cervical cord?*?° at the
level of the C2/C3 intervertebral disc.! Measurement
of UCCA comprised three steps. First, the original
images were manually rotated by the use of commer-
cially available software (Amira 5.3.3, Visage
Imaging, Inc.) resulting in vertical orientation of the
cervical cord around C2/C3. Second, images were
segmented without a priori probability maps into spi-
nal cord parenchyma, including grey matter (GM)
plus white matter (WM), and cerebrospinal fluid
(CSF) by the use of FSL software (www.fmrib.ox.ac.
uk/fsl/). This procedure (‘hard segmentation’)
resulted in binary maps. The axial slice at C2/C3 of
the corresponding binary map was manually selected.
Contiguous voxels of spinal cord parenchyma were
automatically counted in the selected slice and multi-
plied by the voxel size to obtain UCCA in mm?. To
examine the reliability of our method, UCCA was
determined independently by two raters in 267 sub-
jects. Pearson’s correlation coefficient was calculated
from the UCCA measurements of the two raters,
which showed high agreement (»=0.975). To investi-
gate possible systematic deviation between the two
measurements, the intercept and slope of the linear
function that best describes the relation between the
measures of both raters was calculated. The 95%
confidence interval was (—0.32—3.6) for the intercept
and (0.95-1.01) for the slope. Since the interval for
the intercept covers 0 and the interval for the slope

http://msj.sagepub.com

Downloaded from msj.sagepub.com at Technical University of Munich University Library on November 3, 2016

877


http://msj.sagepub.com/

Multiple Sclerosis Journal 21(7)

Table 1. Demographic, global imaging and clinical parameters.

HCs Patients p-value CIS RRMS p-value
HC-Pat CIS-RRMS

n 64 n 267 — 85 182 =
Age in years (range) 64 35.0 (20-60) 267 35.8 (19-66) 0.663 35.2 (18-58)  36.0 (19-66) 0.563
Gender (male/female) 64  23/41 267 83/185 0.459 28/57 55/127 0.672
Disease duration (years) 64 - 267 3.3£3.9 = 0.8£1.5 4.54+4.2 <0.001
TIV (ml) 64 1387+109 267 1368+136 0.315 1374+127 1366+140 0.624
Volume of cerebral grey matter (ml) 64 859+49 267 837+50 0.002 842+47 835+ 52 0.319
Volume of cerebral white 64 683+43 267 667+43 0.007 674+34 663+46 0.031
matter (ml)
Volume of cerebral white matter 64 - 267 3.4£5.7 - 1.9+2.8 4.1+6.5 0.005
lesions (ml)
UCCA (mm?) 62 76.1£6.9 239 72.8+6.6 0.001 73.5+£5.8 72.44£7.0 0.223
CV of UCCA 58 2.13+0.8 222 2.89+1.3 <0.001 2.38+0.9 3.13+1.4 <0.001
Spinal lesions at C2/C3 (%) - - 267 33.7 - 23.5 40.7 0.06
Median EDSS (range) - - 267 1.0 (0-5.5) - 1.0 (0-5.5) 1.5 (0-5.5) 0.008
MSFC - - 210 0.57+0.42 - 0.61+0.4 0.54+0.4 0.247
PASAT - - 210 46.3+11.1 - 46.6+10.9 46.1x11.2 0.745
T25-FW (s) - - 211 4.0+0.9 - 3.8+£0.7 4.2+1.0 0.013
9-HPT mean left and right (s) - - 211 18.6+£2.8 - 18.2+2.4 18.8+3.0 0.157
FSMC - - 155 42.9420.2 - 36.5+18.4 46.0+£20.4 0.006
- cognition 20.6+10.1 18.0+£9.3 21.9+10.3 0.002
- motor 22.3+10.7 18.6+9.7 24.1£10.8 0.024

CIS: clinically isolated syndrome; CV: coefficient of variation; EDSS: Expanded Disability Status Scale; FSMC: Fatigue Scale for Motor and Cognitive
Function; HC: healthy control; MS: multiple sclerosis; MSFC: Multiple Sclerosis Functional Composite; 9-HPT: 9-Hole Peg Test; PASAT: Paced Audi-
tory Serial Addition Test; RRMS: relapsing—remitting multiple sclerosis; T25-FW: Timed 25-Foot Walk; TIV: total intracranial volume; UCCA: upper

cervical cord cross-sectional area.
Unpaired #-test and Fisher’s exact test (gender, presence of spinal lesions) were used to compare groups.

covers 1, there is no evidence for a systematic differ-
ence. As MS lesions can influence UCCA by local
swelling or shrinking (Figure 1(b)), levels including
lesions visible in the T1 image were omitted; instead,
UCCA was determined up to 13 mm higher, depend-
ing on the size of the lesion. Similarly, levels with
poor contrast of the spinal cord to the surrounding
CSF were skipped. This approach was justified as we
showed earlier in two large cohorts of HCs that the
measurement of UCCA between the level of C2/C3
and up to 13 mm above is not influenced by the slice
chosen.?* UCCA could not be determined in 28 MS
patients and two HCs due to image artefacts or large
lesions. Similarly to our earlier findings in HCs,>* we
found that UCCA was most strongly correlated with
brain WM volume in MS patients (7=0.333;
p<0.0001). UCCA was not correlated with brain
T2-hyperintense lesion volume (p=0.162).

To quantify the variance in UCC introduced by MS
lesions, a coefficient of variation (CV) was calculated
from all measurements between the level of C2/C3

and 13 mm higher (standard deviation/mean in %).
Levels with and without lesions but not with image
artefacts or poor contrast were included; a minimum
of eight measurements was required to calculate the
CV, resulting in 31 dropouts (four HCs, 27 MS
patients).

In a subgroup of 67 patients, simultaneous spinal
cord MRI (within 75 days) was available. Visual
lesion detection at C2/C3 from brain MRI was com-
pared to visual lesion detection from spinal cord
MRI (T1- and T2-weighted, sagittal and transverse
plane). In accordance with recent findings,?¢ the per-
centage of image artefacts was similar between both
methods (brain MRI 4/67, spinal MRI 3/67). Twenty-
three lesions were detected with both methods in the
same individual; three additional lesions were found
with spinal cord MRI, and one additional lesion with
brain MRI (which was retrospectively also detected
in the spinal cord MRI). Overall, we found that cor-
respondence between both methods was sufficient to
justify evaluation of focal lesions from brain MRI.
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Analysis of global volumes

T2-hyperintense brain WM lesions were determined by
our software package lesion segmentation tool (LST).
LST (www.applied-statistics.de/Ist.html) includes lesion
segmentation in native space?’ and lesion filling.8 A
natural log transformation (In) was applied to all lesion
volumes to approximate normal distribution.?® Global
volumes of GM and WM were derived from the first
segmentation step of the VBMS8 toolbox (http://dbm.
neuro.uni-jena.de/vbms), an extension of SPMS8 soft-
ware (http://www.fil.ion.ucl.ac.uk/spm). Total intracra-
nial volume (TIV) was estimated by a ‘reverse MNI
(Montreal Neurological Institute) brain mask method’.3°

Statistical analysis

SPSS 20 and GraphPad Prism 5 were used to analyse
and plot data. Group comparisons for demographic,
imaging and clinical parameters were assessed by
unpaired ¢-test and Fisher’s exact test. A two-factorial
analysis of variance (ANOVA) was used to assess the
effect of the presence of focal lesions (yes/no) and the
disease stage (CIS/RRMS) on the CV of UCCA.
Correlations of UCCA and the CV of UCCA with
imaging and clinical parameters were calculated by
simple (Pearson) and partial correlation. Nuisance
variables were age, sex, total T2-hyperintense brain
WM lesion volume (UCCA and CV of UCCA) and
the presence of focal lesions at C2/C3 (CV of UCCA).

The relationship of UCCA and the CV of UCCA with
disease duration was estimated in a simple linear
regression model. Disease duration was log (Ig10)
transformed to approximate normality.

Results

Demographic, global imaging and clinical
parameters

We analysed structural brain MRI of 64 HCs and 267
patients with RRMS (182; 68%) or CIS (85; 32%).
Patients and HCs did not differ in age, gender, and TIV.
Compared to HCs, patients had reduced brain GM and
WM volumes. Comparing RRMS to CIS patients, we
found longer disease duration, reduced brain WM vol-
ume, higher T2-hyperintense brain WM lesion volume,
more frequent lesions at C2/C3, higher EDSS, slower
T25-FW and higher fatigue scores (Table 1).

Structural variability and atrophy of the UCC in
early MS

Focal lesions at C2/C3 resulted in higher structural
variability, expressed by the CV of UCCA (Figure 2).
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Figure 2. Influence of focal lesions at the group level.
Scatter plot of coefficient of variation (CV) of upper
cervical cord cross-sectional area (UCCA) is shown
separately for healthy controls (HCs) and the subgroups
of patients with and without focal lesions. Mean CV of
UCCA is marked by a horizontal line. Unpaired #-test was
performed to compare groups. MS: multiple sclerosis.

However, even in the absence of macroscopic lesions
in the UCC, structural variability was higher in MS
patients than in HCs. In contrast, UCCA did not differ
between patients with and without lesions (p=0.363).
There was neither a difference between patients with
and without disease modifying drugs (p=0.131).

Compared to HCs, UCCA was significantly reduced
in CIS and RRMS patients, but the difference between
both patient groups was not significant (Figure 3(a)).
In contrast, the CV of UCCA was significantly higher
in RRMS than in CIS (Figure 3(b)). According to the
two-factorial ANOVA, this difference was explained
by both the higher percentage of focal lesions in
RRMS (p=0.001) and the disease stage (p=0.007).
There was a trend towards higher CV of UCCA in CIS
patients compared to HCs (Figure 3(b)).

Correlation of spinal cord pathology with clinical
parameters

Both markers of spinal cord pathology, UCCA and CV
of UCCA, were correlated with disease duration. UCCA
and CV of UCCA were also correlated with disease
severity assessed by EDSS (Table 2). In addition, the
CV of UCCA but not UCCA correlated with 9-HPT and
showed a trend towards correlation with motor fatigue.
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Table 2. Correlation of spinal cord measures with clinical parameters.

Disease  EDSS MSFC FSMC

duration

(log 10) T25- Mean  PASAT  Motor Fatigue

Fw 9-HPT

UCCA -0.134*  -0.131" ns. n.s. n.s. n.s. n.s.
Nuisance variables: age and sex
CV of UCCA 0.300"*  0.192"* n.s. 0.180° n.s. 0.173 n.s.
Nuisance variables: age and sex (p=0.052)
UCCA -0.132*  -0.129" ns. n.s. n.s. n.s. n.s.
Nuisance variables: age, sex and
lesion volume (In)
CV of UCCA 0.253"" 0.160* ns. 0.157* ns. n.s. n.s.

Nuisance variables: age, sex, lesion
volume (In) and focal lesions C2/C3

Pearson’s correlation coefficients are given. CV: coefficient of variation; EDSS: Expanded Disability Status Scale; FSMC: Fatigue
Scale for Motor and Cognitive Functions; 9-HPT: 9-Hole Peg Test; MSFC: Multiple Sclerosis Functional Composite; n.s.: not sig-
nificant; PASAT: Paced Auditory Serial Addition Test; T25-FW: Timed 25-Foot Walk; TIV: total intracranial volume; UCCA: upper

cervical cord cross-sectional area.
*p<0.05; **p<0.01; **p<0.001.

Correlation of UCCA with disease duration and EDSS
survived correction for total T2-hyperintense lesion vol-
ume. Significant correlations of the CV of UCCA with
disease duration, EDSS and 9-HPT persisted after cor-
rection for both total T2-hyperintense brain WM lesion
volume and presence of focal lesions.

Discussion

This cross-sectional study was conducted to determine
the onset of spinal cord atrophy in the disease course of
MS and disentangle conflicting results of previous stud-
ies. We identified focal MS lesions as potential con-
founder. Accounting for this finding, we investigated
UCCA in a large cohort of CIS and RRMS patients and
found significant atrophy in both patient groups com-
pared to HCs. Structural variability of UCC was higher
in MS, which was in part, but not completely, explained
by focal lesions. Atrophy of the spinal cord, and even
more its variability, explained differences in clinical dis-
ability even after adjustment for T2-hyperintense brain
WM lesion volume, which is the most established
measure of brain pathology in MS.3! In the following,
we will discuss the influence of focal lesions on spinal
cord atrophy, speculate on the nature of increased struc-
tural variability of UCC, consider the potential of UCC
measures with regard to clinical practice and research,
acknowledge limitations of our study and relate our
findings to the current literature.

We could demonstrate at the group level that focal
lesions add variance to UCC measures. This is in line
with earlier reports!®2%32 and with our single case

observations that macroscopically visible focal WM
lesions can cause either local swelling or shrinking
(Figure 1(b)). In our cohort, the presence of focal
lesions increased the CV of UCCA but did not affect
UCKCA itself indicating that both effects, swelling and
shrinking, were present but counterbalanced in our
cohort. However, lesions might introduce a system-
atic bias in other cohorts, which is conceivable given
the commonly held view that swelling is caused by
acute inflammatory lesions and shrinking by chronic
lesions. Consequently, to account for focal lesions is
warranted for evaluation of spinal cord atrophy in
early MS in order to reduce variance and not to over-
estimate (in case of shrunken lesion) or miss (in case
of swelled lesion) an effect.

Intriguingly, we observed that variability of UCC was
higher in MS even in the absence of macroscopic
lesions, which may simply result from invisible or dif-
fuse lesions. Alternatively, the CV of UCCA might
cover at least one component of structural variability
independent of focal lesions. Since the CV of UCCA
correlated more strongly with disease duration and
clinical parameters than UCCA itself, even after cor-
rection for the presence of focal lesions, it is unlikely
that this component constitutes an epiphenomenon. Yet
we can only speculate on its nature. Atrophy may
develop unequally in a scattered manner, which could
lead to increased variability of UCCA across contigu-
ous levels before a decrease in UCCA becomes appar-
ent. Alternatively, more subtle damage from widespread
MS pathology in UCC may induce variance in UCCA
measures. Indeed, evidence from more sophisticated
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(a) Spinal cord atrophy in CIS and RRMS
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Figure 3. Group comparison of spinal cord measures.

(a) Spinal cord atrophy in clinically isolated syndrome (CIS) and
relapsing—remitting multiple sclerosis (RRMS). Scatter diagram of
upper cervical cord cross-sectional area (UCCA) for healthy controls
(HCs), CIS and RRMS is shown. Mean UCCA is marked by a
horizontal line. Unpaired #-test was performed to compare groups.
(b) Structural variability of upper cervical cord (UCC) in CIS and
RRMS. Scatter diagram of coefficient of variation (CV) of UCCA
for HCs, CIS and RRMS is shown. Mean CV of UCCA is marked
by a horizontal line. Unpaired #-test was performed to compare
groups.

MRI methods such as texture analysis®? or quantitative
MRI3+36 points towards the existence of those micro-
scopic structural changes in the cervical cord in MS
and their association with clinical disability33-343¢
before UCCA decreases.? Pial and subpial abnormali-
ties of cervical spinal cord in MS, as suggested recently
based on a magnetisation transfer ratio,’” might also
contribute to our measure of structural variability.

Both parameters of spinal cord pathology, UCCA and
CV of UCCA, are of value to describe and potentially
monitor MS because of their correlation with disease
duration after correction for T2-hyperintense brain

WM lesion volume. Correlations of UCCA with clini-
cal parameters given in Table 2 did not survive adjust-
ment for brain atrophy, whereas correlations of CV of
UCCA did. This might be explained by the fact that
UCCA and brain volume are not only changed in MS
but also strongly correlated in HCs, as we demon-
strated recently,?* so that including brain atrophy as a
nuisance variable, when assessing correlations of
UCCA, could introduce collinearity into the model
and produce false negative results. We acknowledge
that we were unable to disentangle the effect of brain
and spinal cord atrophy.

Although significant, the correlation of UCCA with
EDSS was rather weak in contrast to previous stud-
ies, 1532 which might be due to the low EDSS score
and, hence, the small range of disease severity cov-
ered by our group (Table 1). The measure of variabil-
ity in contrast, correlated better with clinical disability.
In addition to EDSS, it was correlated with hand and
arm function and showed a trend to correlation with
motor fatigue. The latter is in line with previous find-
ings of a relationship between an abnormal cervical
cord function and motor fatigue in MS.38 Correlations
between the CV of UCCA and clinical parameters
remained significant even after correction for the
presence of focal lesions and T2-hyperintense brain
WM lesions, indicating that subtle changes, not
detectable with the naked eye in conventional MRI
mediate this relation.

We acknowledge some limitations of our study.
UCCA could not be determined in 28 out of 267
patients. For most of them (22/28), this was due to
large lesions in the area of the measurement that could
not be omitted. Only six patients and two HCs had to
be excluded because of image artefacts. Dropout rates
for the CV of UCCA were similar (27 MS, four HCs).
Drop out and artefact rate was higher in the CIS/MS
group which might bias the results. Clinical tests
other than EDSS were only performed in 60-80% of
the patients, limiting the comparability of the esti-
mated correlations. Furthermore, the CV of UCCA is
a simple but also limited parameter to determine
structural variability in the spinal cord and the poten-
tial of this parameter needs to be further determined in
future studies. Finally, although our results are well
compatible with our hypothesis that the disregard of
focal lesions may have caused the conflicting results
of former studies,?3%15 we did not address this issue
directly. It is also conceivable that, besides focal spi-
nal cord lesions, other factors such as smaller sample
sizes (Figure 1(a)) or different methodological
approaches (e.g. planimetric vs volumetric measure-
ments, different image resolutions, different MRI
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field strengths) or a combination thereof may have
resulted in the heterogeneous results of former stud-
ies. Not unexpectedly, repetition of our meta-analysis
after inclusion of our data did not yield significant
overall results neither with regard to RRMS nor with
regard to CIS, although a trend to spinal cord atrophy
in RRMS was observed. Thus from a conservative
point of view, our findings require replication by a
study of a similarly large cohort with a methodology
accounting for focal lesions.

In conclusion, we could demonstrate in a large cohort
that spinal cord atrophy is present in MS patients as
early as in CIS and is associated with clinical disabil-
ity. Structural variability in the spinal cord cannot
fully be explained by focal lesions but may be a more
meaningful marker of spinal cord pathology in early
MS than spinal cord atrophy.
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