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Abstract Upper cervical cord area (UCCA) atrophy is a

prognostic marker for clinical progression in longstanding

multiple sclerosis (MS). The objectives of the study were to

quantify UCCA atrophy and evaluate its impact in clini-

cally isolated syndrome (CIS) and relapsing–remitting MS

(RRMS); to compare converting CIS patients with

stable CIS, and to study changes of UCCA and brain white

matter (WM) and grey matter (GM) at 2-year follow-up.

110 therapy-naive patients including 53 CIS

[6 ± 6 months after symptom onset (SO)] and 57 early

RRMS (SO: 12 ± 9 months) underwent sagittal 3D-T1w

brain MR (3T). Mean UCCA (C1–C3 level), WM and GM,

disability status (EDSS), pyramidal and sensory functional

scores, motoric fatigue were assessed at baseline (BL), 12

and 24 months. Volumes were compared with 34 age- and

gender-matched healthy controls to assess atrophy. RRMS

(78.1 ± 8.7 mm2, p = 0.011) and converting CIS

(77.3 ± 8.0 mm2, p = 0.046) presented with baseline

UCCA atrophy, when compared with controls

(82.7 ± 5.2 mm2), but not stable CIS (82.6 ± 7.4 mm2,

p = 0.998). Baseline WM was reduced in RRMS

(509.3 ± 25.7 ml vs. controls: 528.4 ± 24.1 ml,

p = 0.032). Baseline UCCA correlated negative with

muscular weakness and fatigability in all patients and

RRMS. EDSS exceeding 3 was associated with lower

baseline UCCA. Longitudinal atrophy rates were higher in

UCCA than in brain volumes. Early cervical cord atrophy

in CIS and RRMS was confirmed and may represent a

potential new risk marker for conversion from CIS to MS.

Baseline atrophy and atrophy change rates were higher in

UCCA compared to WM and GM, suggesting that cervical

cord volumetry might become an additional MRI marker

relevant in future clinical studies in CIS and early MS.

Keywords Multiple sclerosis � Clinically isolated

syndrome � RRMS � Cervical cord � Brain � Conversion

Introduction

Spinal cord (SC) pathology plays an important role in

diagnosis and development of clinical impairment in

multiple sclerosis (MS) [1]. The presence of SC lesions is

an established criterion in recent diagnostic guidelines

[2–8]. Reduction in SC volume or mean cross-sectional

area has been previously suggested as a potential outcome

measure to monitor disease progression in clinically defi-

nite MS [4–8]. However, longitudinal data on the temporal

dynamics of SC atrophy in patients with clinically isolated

syndrome (CIS) and early MS are sparse. Previous studies

mainly investigated differences between relapsing–remit-

ting (RRMS) and progressive MS subtypes [6, 9–14] with
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inconsistent results regarding the onset of SC atrophy

during disease evolution [8, 9, 15–17]. This also holds true

for CIS, as only two studies examined the longitudinal

course of cervical cord atrophy in such patients. In a 1-year

follow-up study SC atrophy in CIS was noted only in

patients with brain lesions [15], a recent longitudinal study

over 5-years suggested spinal cord atrophy as an important

marker for disability progression in non-spinal CIS patients

[18].

The present study aimed at investigating the clinical

impact of SC atrophy in early phases of the disease as well

as its prognostic relevance in CIS patients in terms of

predicting the risk of conversion to clinically definite MS

(CDMS) during 2 years of follow-up. Since several recent

studies have found early brain involvement in CIS patients

[13, 19, 20], we additionally aimed at comparing longitu-

dinal SC results to global brain grey and white matter (GM,

WM) atrophy, both cross-sectionally and longitudinally.

Materials and methods

Patients and healthy controls

53 CIS and 57 RRMS patients were enrolled from an

ongoing longitudinal study of the German Competence

Network Multiple Sclerosis (KKNMS, http://www.kompe

tenznetz-multiplesklerose.de). Inclusion criteria of the

study were: adult patients, therapy-naive to disease-modi-

fying drugs, diagnosis of CIS with a high risk of conversion

to MS, or early CDMS less than 3 years after the first

documented symptoms have occurred. Patients with a CIS

within 6 months prior to baseline visit were eligible when

either 3 of 4 Barkhof criteria were fulfilled or 2 of 4 Bar-

khof criteria were fulfilled and altered visually evoked

potentials or the detection of oligoclonal bands in the

cerebrospinal fluid supported the diagnosis. The diagnosis

for CDMS was based on the revised McDonald criteria

2005 [3].

High-resolution magnetic resonance imaging (MRI) and

assessment of clinical disability was performed at yearly

visits including the Expanded Disability Status Scale

(EDSS) [21], the pyramidal sensory and bowel–bladder

Functional System Scores (FSS) and the motoric fatigue

score which is part of the fatigue scale for motor and

cognitive functions (FSMC) [22]. Patient-reported restric-

tions of the walking abilities were classified into five

groups (unrestricted,[500,[300,[200,[100 m).

Standard disease-modifying treatment (DMT by inter-

feron beta, glatiramer acetate or dimethyl fumarate) was

initiated after inclusion in the study in 72% of CIS and 84%

of RRMS patients.

The baseline (BL) visit and MRI took place

9 ± 8 months (mean ± standard deviation, SD) after the

onset of symptoms. The first follow-up (FU1) visit and

MRI were acquired after 11 ± 3 and 26 ± 6 months for

the second follow-up (FU2). Of the 110 patients studied at

baseline, 92 patients completed FU1 (43 CIS patients and

49 RRMS patients) and 63 patients completed FU2 (29 CIS

patients and 34 RRMS patients). For comparison of volu-

metric results and assessment of atrophy MRI datasets of

an existing in-house database of 34 gender- and age-mat-

ched healthy volunteers (HC) were evaluated. The HC

group was examined at the same scanner using the identical

imaging protocol as the patient group.

MR imaging

Imaging was performed on a 3T scanner using a stan-

dardized brain imaging protocol including sagittal, iso-

tropic (1 9 1 9 1 mm3) 3D-T1-weighted and 3D-FLAIR

sequences covering the upper cervical cord. Dedicated cord

images were not acquired. Details of the MRI protocol are

provided in the electronic supplement (Online Resource 1).

Quantitative image analysis

Prior to analysis, images of all included subjects were

anonymized and randomly presented to a single rater (I.H.)

performing measurements of mean upper cervical cord area

(UCCA) between the C1 and C3 level based on sagittal 3D-

T1-weighted image series. UCCA was measured using a

semi-automated software (NeuroQLab; Fraunhofer

MEVIS, Bremen, Germany) as previously described [7].

The method has been previously referred to as both

MUCCA and UCCA in different studies; it does, however,

refer to the same technique [5, 7]. Details are provided in

the electronic supplement (Online Resource 2).

After lesion filling, using the lesion segmentation toolbox

(LST toolbox) [23], volumes of brain GM and WM were

analyzed using the VBM8 pre-processing and segmentation

tools with default parameters (available at http://www.fil.

ion.ucl.ac.uk/spm/; http://dbm.neuro.uni-jena.de/vbm/) and

normalized to the corresponding intracranial cavity volumes

(ICCV) [24]. The longitudinal results were normalized to the

baseline ICCV to avoid potential influence by longitudinal

variations of the intracranial cavity volume.

Since no significant dependencies of UCCA on the

intracranial cavity volume were observed in the control

group (data not shown), uncorrected UCCA results were

used for the further analyses.

In addition, brain and cervical cord results were checked

for dependency on physiological aging. Age correction was

necessary for brain GM (Online Resource 3); uncorrected

values were used for all other variables.
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Lesion quantification

Hypointense T1 lesions in the upper cervical cord were

counted and scored [(1) no lesions, (2) lesion involvement

by small focal lesions, (3) large and/or progressive lesions

(during follow-up)]. Total brain lesion load (ml) was

quantified on 3D FLAIR images using the LST tool as

described [23]. The presence of significant brain lesions

was scored using a minimum threshold of 2 ml for the total

brain lesion load.

Statistical analysis

Statistical analyses were performed using SPSS20 (IBM

SPSS, Chicago, USA). Normal distribution of MRI

results, except the brain lesion load, was confirmed by

Kolmogorov–Smirnov tests. To provide normal distribu-

tion of the lesion load, a log transformation (log10) was

applied. Parametric statistical tests were used for the

normally distributed, linear scaled variables like the

volumetry results, age, and disease duration, while non-

parametrical tests were applied when ordinal variables

like the disability scores were included. Group compar-

isons regarding all volumetry results, age, and disease

duration were performed by univariate ANOVA with

post hoc Games–Howell tests for pairwise comparisons.

Student’s t tests were calculated to investigate differ-

ences of the MRI results between two disability groups.

Inter-group differences between disability scores were

assessed using Kruskal–Wallis tests with post hoc pair-

wise Mann–Whitney U tests. Group differences in ordi-

nal variables were characterized using cross-tables with

Kendall-s analysis. Longitudinal changes of UCCA and

brain GM and WM were studied by paired t tests.

Change rates per year (%) between BL, FU1, and FU2

were calculated for each patient by dividing the difference

of UCCA, GM or WM by the time difference and UCCA,

GM or WM at the initial time point.

Spearman correlation analyses were used to assess

associations between disability scores, demographical, and

MRI data. Partial Pearson correlations, corrected for age

were assessed for associations between UCCA and brain

WM.

Calculations of effect sizes and statistical power were

assessed using G*Power [25].

Results

Demography and clinical status (Table 1)

At baseline, CIS patients did not differ significantly from

RRMS patients in terms of age [CIS/RRMS: (mean ± SD):

35.0 ± 10.5/35.7 ± 11.6 years], gender (female: 62/67%),

EDSS or fraction of patients with initiation of DMT

(Table 1). Time since onset of first symptoms suggestive of

MS was 6 ± 6 months in CIS patients, and 12 ± 9 months

in RRMS.

Patients were stratified by classification at study entry and

by follow-up course: non-converting CIS, CIS converting to

RRMS, or RRMS at baseline. 51% of followed patients with

CIS converted to RRMS during 24 months follow-up. The

percentages of patients, who received DMT after inclusion in

the study was high (77%) and did not differ significantly

between non-converting CIS, converting CIS and RRMS

patients. Thus, stratification according to the use of medica-

tion was not investigated in the further analyses.

A minority of patients showed T1w-hypointense cervi-

cal cord lesions at baseline with a significantly higher

number and proportion of large or multiple lesions in the

RRMS group compared to the CIS group. When comparing

the CIS subgroups we observed more hypointense T1

lesions in non-converting CIS than in converts, indication

that these observed cervical cord lesions had no major

impact with respect to conversion from CIS to CDMS.

In contrast, the mean total brain lesion load was low in

all patient subgroups and did not differ significantly

between the groups.

In the whole group, median baseline EDSS at study

entry was low (median [range] 1.5 [0–4.0]), without sig-

nificant group differences (Table 1). During follow-up, an

EDSS increase was observed, which was not significant

(EDSS at FU1: 1.5 [0–6.5], EDSS at FU2: 2.0 [0–6.5];

paired Kendall’s W tests between baseline, FU1 and FU2;

p = 0.068).

There were no signs of major spinal affection, like

restricted walking abilities or bladder and bowel symptoms in

any subgroup (Table 1). Furthermore, the group median val-

ues of all other baseline clinical parameters (pyramidal, sen-

sory and bowel/bladder Functional System Scores,

restrictions in walking abilities and motoric fatigue (by

FSMC) were not significantly different between the

subgroups.

No significant within-group longitudinal changes of

these clinical parameters during the follow-up period were

observed.

Cervical cord and brain volumetry at baseline

Table 2 summarizes results of cervical cord and brain MRI

volumetry.

At baseline, significant reduction of UCCA was detected in

RRMS and in CIS compared to HC (Table 2; Fig. 1). Strati-

fying CIS, converting CIS patients showed significantly lower

baseline UCCA compared to HC (p = 0.046), while non-

converters did not. UCCA group differences between patient
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subgroups did not reach significance (p = 0.135). Brain WM

volume was significantly lower in RRMS compared to con-

trols (p = 0.017). WM differences between the patient sub-

groups were not significant. Baseline brain GM volume loss in

comparison to healthy controls was not detected in the entire

patient group and within subgroups.

Cervical cord and brain volumetry at follow-up

(Table 2)

Significant longitudinal changes in UCCA were found

between baseline and 12 months follow-up in RRMS and in

converting CIS patients. Additionally, significant UCCA

changes were found in RRMS, converting CIS and the entire

CIS group when comparing baseline and 24 months, and

differences between 12 and 24 months. Annualized change

rates of UCCA were higher in the first year of follow-up than

in the second year (all patients: -1.6% during first year;

-0.7% during second year; for details see Table 2).

Longitudinal changes in brain WM were not significant

during the first year, but during the second year of follow-

up (in the subgroups RRMS, converting CIS and all CIS

patients). Annualized change rates of WM between month

12 and 24 were -1.0% for all patients.

Table 1 Demographic and clinical characteristics of the study population at baseline

All CIS (n = 53) CIS non-converting

(n = 20)

CIS converting

(n = 21)

RRMS

(n = 57)

p

Female/male 33/20 9/11 15/6 38/19

EDSS, median [range] 1.5 [0–4] 1.5 [0–4] 1.5 [0–3.5] 2 [0–4.5] 0.566a

0.512b

Pyramidal FSS, median [range] 1 [0–3] 1 [0–3] 1 [0–2] 1 [0–3] 0.121a

0.191b

Sensory FSS, median [range] 1 [0–3] 1 [0–3] 0 [0–3] 1 [0–3] 0.799a

0.790b

Bladder/bowel FSS, median [range] 0 [0–2] 0 [0–1] 0 [0–2] 0 [0–1] 0.935a

0.805b

Walking restrictionse, no. of patients 3 2 1 1 0.593c

0.543d

Motoric fatiguef, median [range] 17 [10–38] 16 [10–35] 18 [12–36] 22 [10–49] 0.151a

0.315b

Brain lesion load/mlg, median [range] 1.0 [0–20.4] 1.3 [0–16.2] 1.0 [0–20.4] 1.2 [0–21.7] 0.407a

0.707b

Cervical cord lesionsh, % of patients 15% 25% 5% 33% 0.027c
*

0.041d
*

Cervical cord lesion gradei, n 45/5/3 15/3/2 20/1/0 38/8/11 0.029c
*

0.205d

DMT at baseline, % of patients 72% 75% 86% 84% 0.133c

0.391d

EDSS Expanded Disability Status Scale, FSS Functional System Score, DMT disease-modifying therapy. Subgroups: CIS all all baseline CIS

patients, CIS non-converting baseline CIS patients, who did not convert to MS during follow-up period, CIS converting baseline CIS patients

who converted to MS during follow-up period, RRMS all baseline RRMS patients

p significance of group differences (*significant with p\ 0.050)
a CIS–RRMS (MWU test)
b CIS non-converting–CIS converting–RRMS (Kruskal–Wallis tests)
c CIS–RRMS (Kendall-Tau c)
d CIS non-converting–CIS converting–RRMS (Kendall-Tau c)
e Low-grade walking restrictions (patient-reported): more than 500 m, but not unrestricted
f Motoric fatigue (FSMC), low grade: score C22, medium grade: score C27, severe: score C32
g Total brain lesion volume on 3D-FLAIR images
h Hypointense lesions of the upper cervical cord scored on sagittal 3D-T1 weighted brain images
i Cervical cord hypointense T1 lesion grade: (1) no lesions/(2) single focal lesion/(3) multiple or large or progressing lesions)
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Table 2 Comparison of mean cervical cord area (UCCA) and brain grey (GM) and white matter (WM) in MS subgroups and controls.

Volumetry results presented as mean (SD), at baseline (BL) and follow-up examinations (FU1: 12 months, FU2: 24 months)

Healthy controls CIS all CIS non-converting CIS converting RRMS

BL UCCA/mm2 82.7 (5.2) 79.4 (7.4) 82.6 (7.1) 77.3 (8.0) 78.1 (8.7)

Inter-group 0.019b; 0.006c 0.046d

0.784f

0.998g

0.119j

0.046h

0.135k

0.006e

0.011i

0.984l

n 34 53 20 21 57

FU1 UCCA/mm2 78.8 (8.0) 82.4 (6.8) 76.6 (8.0) 76.6 (8.5)

Inter-group 0.202b; 0.023c 0.014j 0.042k 0.998l

Longitudinal BL-FU1 0.059m 0.736m 0.007m <0.001m

Change rate/year (BL-FU1) -0.8% -0.1% -0.9% -2.4%

n 43 20 21 49

FU2 UCCA/mm2 78.3 (8.6) 82.0 (8.1) 76.8 (7.9) 75.7 (10.0)

Inter-group 0.226b; 0.149c 0.113j 0.247k 0.894l

Longitudinal BL-FU2 <0.001m 0.055m 0.003m <0.001m

Change rate/year (BL-FU2) -0.8% -0.9% -0.9% -1.2%

Longitudinal FU 1–2 0.007m 0.273m 0.013m 0.002m

Change rate/year (FU 1–2) -0.8% -0.2% -0.9% -0.7%

n 29 12 17 34

BL GM/mla 640.8 (37.7) 647.3 (38.6) 640.1 (43.2) 646.6 (33.4) 644.1 (28.7)

Inter-group 0.705b; 0.907c 0.748d

0.828f

0.998 g

0.984j

0.939h

0.935k

0.964e

0.989i

0.978l

n 34 53 20 21 57

FU1 GM/mla 641.5 (35.1) 636.6 (41.6) 644.6 (31.0) 637.8 (24.9)

Inter-group 0.427b; 0.506c 0.998j 0.789k 0.531l

Longitudinal BL-FU1 0.510m 0.951m 0.622m <0.001m

Change rate/year (BL-FU1) -0.2% 0.1% -0.29% -1.4%

n 40 17 21 43

FU2 GM/mla 637.8 (37.5) 633.5 (48.6) 638.5 (31.6) 630.0 (29.8)

Inter-group 0.358b; 0.629c 0.934j 0.959k 0.534l

Longitudinal BL-FU2 0.012m 0.130m 0.085m 0.013m

Longitudinal FU 1–2 0.062m 0.276m 0.128m 0.294m

Change rate/year (BL-FU2) -0.7% -0.7% -0.7% -0.7%

n 25 9 15 22

BL WM/mla 528.4 (24.1) 516.8 (28.1) 522.1 (20.0) 509.3 (29.0) 509.3 (25.7)

Inter-group 0.016b

0.008c

0.180d

0.415f

0.998g

0.311j

0.172h

0.200k

0.017e

0.032i

0.999l

n 34 53 20 21 57

FU1 WM/mla 510.8 (24.9) 513.3 (20.4) 508.6 (29.3) 508.7 (23.8)

Inter-group 0.533b; 0.536c 0.800j 0.843k 0.996l

Longitudinal BL-FU1 0.190m 0.084m 0.821m 0.808m

Change rate/year

(BL-FU1)

-0.5% -1.1% -0.1% -0.3%

n 40 17 21 43

FU2 WM/mla 503.0 (31.0) 509.3 (26.0) 498.3 (34.6) 507.6 (27.2)

Inter-group 0.915b; 0.394c 0.985j 0.656k 0.654l

Longitudinal BL-FU2 0.007m 0.080m 0.043m 0.001m

Longitudinal FU 1–2 0.022m 0.455m 0.023m <0.001m
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For brain GM, significant longitudinal changes were

detected during the first year and over 2 years in the RRMS

group and over 24 months in the entire CIS group. GM

differences between month 12 and 24 were not significant.

Annualized atrophy rates of brain GM were lower than SC

atrophy rates (all patients: -0.8% during the first year).

Significant correlations of the longitudinal changes of

UCCA and brain volumes were detected between the

change rates of UCCA (month 12 to month 24) and the

change rates of brain GM (BL to month 24, q = 0.453,

p = 0.001), but not between changes of UCCA and brain

WM.

Effect size and power calculations

The effect sizes (Cohen’s d) between UCCA in converting

CIS and patients non-converting CIS at follow-up, on the

basis of mean and SD of the subgroups shown were:

baseline d = 0.550, month 12: d = 0.650, month 2:

d = 0.429, indicating medium strengths of the effects. In

comparison, the discrimination between the two CIS

groups by brain WM was considerably weaker (effect size

by WM at month 12: d = 0.186).

The corresponding power calculation (assumed a type I

error rate a = 0.050 and a power level of 80%) to estimate the

minimum number of patients needed to differentiate between

converting CIS and non-converting CIS by cervical cord

volumetry at baseline, resulted in n = 84 patients.

Table 2 continued

Healthy controls CIS all CIS non-converting CIS converting RRMS

Change rate/year (FU1–2) -0.7% -0.4% -0.9% -1.3%

Change rate/year (BL-FU2) -0.7% -0.9% -0.6% -0.6%

n 25 9 15 21

Significance of group differences by univariate ANOVA with post hoc Games–Howell tests for pairwise comparisons (bold: significant with

p\ 0.050)

Subgroups: healthy controls, CIS all all baseline CIS patients, CIS non-converting baseline CIS patients, who did not convert to MS during

follow-up period, CIS converting baseline CIS patients who converted to MS during follow-up period, RRMS all baseline RRMS patients
a Volumes normalized to intracranial cavity volume; change rate/year (%) = mean of volume difference/time difference/initial volume
b ANOVA: baseline: controls–all CIS–RRMS, follow-up all CIS–RRMS
c ANOVA: controls–CIS non-converting–CIS converting–RRMS; d: post hoc: controls-all CIS
d Post hoc: controls–all CIS
e Post hoc: controls–RRMS
f Post hoc: all CIS–RRMS
g Post hoc: controls–CIS non-converting
h Post hoc: controls–CIS converting
i Post hoc: controls–RRMS
j Post hoc: CIS non–converting–RRMS
k Post hoc: CIS non–converting–CIS converting
l Post hoc: CIS non–converting–RRMS
m Significance of longitudinal change rates by paired t test (p values)

Fig. 1 UCCA in the patient subgroups and in the control group

(boxes median/interquartile range, error bars minimum/maximum).

For patients, baseline, follow-up 1 (12 months) and follow-up 2

(24 months) results are presented. Significance of group differences

assessed by univariate ANOVA with post hoc Games–Howell tests

for pairwise comparisons; significance: **p\ 0.010, *p\ 0.050, n.s.

not significant
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Impact of cervical cord and brain lesions on spinal

and brain volumetry

When comparing patients with or without T1w hypoin-

tense cervical cord lesions, we found no significant dif-

ferences between these groups in terms of baseline UCCA,

brain GM or brain WM, either in the whole patient group

or within the CIS and RRMS subgroups.

By contrast patients with hyperintense T2 brain lesions had

significantly smaller brain GM and WM compared to patients

without brain lesions (with/without brain lesions: age-cor-

rected GM 641.8 ± 23.6/624.6 ± 37.1 ml; p = 0.004; WM

516.5 ± 22.4/502.0 ± 30.4 ml; p = 0.015). No significant

differences in UCCA in any patient subgroup, depending on

presence of brain lesions were detected.

Associations between cervical cord, brain volumes

and clinical disability (Table 3)

At baseline UCCA was significantly negatively correlated

with the pyramidal Functional System Score in the entire

patient group, indicating that those patients who showed

signs of muscular weakness [24% (n = 26) who had

minimal-to-moderate symptoms relating to pyramidal FSS

of 2 or 3 at baseline] had lower UCCA than asymptomatic

patients. This correlation was mainly driven by the RRMS

subgroup since a similar association was found exclusively

in this subgroup.

A significant negative correlation was found between

baseline UCCA and EDSS at FU1 in the whole patient

group (Fig. 2a).

To further investigate the clinical impact of early SC

and brain atrophy concerning the degree of disability, the

patients were further categorized according to their EDSS

(low degree of disability: EDSS \3; high degree of dis-

ability EDSS C3). In patients reaching EDSS C3 during

the follow-up period [n = 16 (17%)] UCCA at baseline

was significantly smaller than in patients who remained on

an EDSS level \3 [n = 76 (83%)]; Student’s t test:

p = 0.004). In contrast, brain GM (p = 0.696) and WM

values (p = 0.228) were not significantly different between

these EDSS groups.

No significant correlations were detected between the

EDSS and brain volumes (age-corrected GM and WM) at

baseline or at the follow-up times.

Furthermore, UCCA and the motoric fatigue score

were significantly negatively correlated in the whole

patient group and in the RRMS subgroup (Fig. 2b), in

the sense that at baseline patients who suffered from

low-to-severe grade motoric fatigue tended to have

lower UCCA than patients without clinically relevant

motoric fatigue.

UCCA and brain WM were significantly positive cor-

related in all patients, in the entire CIS group, converting

CIS and RRMS at baseline. The correlation was stronger in

CIS patients than in the RRMS group. A significant cor-

relation between UCCA and brain WM was also detected

in the healthy control group (correlation coefficient

r = 0.701, p\ 0.001) indicating a partly physiological

association between cervical cord and brain WM volume

[9].

Discussion

The results of this monocentric observational study confirm

that upper cervical cord atrophy is present even in the

earliest disease stages of MS. Specifically, converting CIS

Table 3 Correlations between UCCA and clinical scores and UCCA and brain WM at baseline (BL) and follow-up (FU1 = 12 months)

All patients All CIS CIS non-converting CIS converting RRMS

Pyramidal FSBL vs. UCCA BLa -0.232/0.008* -0.035/0.805 -0.108/0.325 -0.037/0.437 -0.438/0.001*

n = 109 n = 52 n = 20 n = 21 n = 57

EDSS FU1 vs. UCCA BLa -0.225/0.016* -0.183/0.251 -0.217/0.142 -0.085/0.356 -0.265/0.063

n = 91 n = 41 n = 20 n = 21 n = 50

Motoric fatigue BL vs. UCCA BLa -0.253/0.005* -0.080/0.579 -0.336/0.074 0.141/0.277 -0.323/0.017*

n = 104 n = 50 n = 20 n = 20 n = 54

Brain WM BL vs. UCCA BLb 0.450/\ 0.001* 0.565/\ 0.001* 0.523/0.026* 0.682/0.001* 0.353/0.011*

n = 108 n = 53 n = 20 n = 21 n = 55

Subgroups: healthy controls, CIS all all baseline CIS patients, CIS non-converting baseline CIS patients, who did not convert to MS during

follow-up period, CIS converting baseline CIS patients who converted to MS during follow-up period, RRMS all baseline RRMS patients
a Spearman correlation q/p
b Partial correlation corrected for age: r/p

* Significant with p\ 0.050
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patients, but not non-converting CIS patients showed

UCCA atrophy at baseline, as well as ongoing spinal cord

atrophy during the disease course. Until now, studies

including CIS, RRMS patients and HC showed inconsistent

results regarding SC atrophy [8, 9, 13]. In line with our

study, UCCA atrophy was previously reported in patients

with CIS and RRMS, with a higher structural variability in

RRMS suggesting occult diffuse neurodegeneration in this

MS subtype [9]. In another previous study, SC atrophy in

CIS was restricted to patients with baseline brain lesions,

but was not found in converting CIS patients [15]. By

contrast, including similar numbers of CIS patients, the

results of our study did not reveal any significant UCCA

differences between CIS patients with and without brain

lesions, suggesting SC atrophy as an independent process

in the development of the disease. Nevertheless, such dif-

ferences between different studies might also be attributed

to divergent inclusion details, e.g., inclusion of patients

with shorter or longer disease durations in the CIS group,

or methodological differences.

During follow-up, significant progression of UCCA

atrophy was detected in the entire CIS group, converting

CIS and RRMS, after the first year and to a lesser extent

also after the second year. Such volume decrease over time

in CIS patients confirms the results of recent longitudinal

findings [18]. Cervical cord atrophy rates were highest in

patients with RRMS (up to 2.4% in the first year), which is

in line with previous studies reporting similar rates in

RRMS [12, 26–28]. Furthermore, converting CIS patients

had higher atrophy rates than non-converters. Comparing

annualized SC atrophy rates among CIS studies, highest

overall atrophy rates of included CIS subjects were found

in the present investigations [15, 18]. Including all CIS

patients we observed an almost doubled annualized SC

atrophy rate (first year 0.8 vs. 0.4%) compared to Brownlee

et al., which was mainly driven by CIS patients who con-

verted to MS later on. By contrast, annualized SC atrophy

rates in non-converting CIS patients were similar in both

studies. The differences between these studies might be

attributed to a more rigorous patient selection with a focus

on non-spinal cord CIS patients in the Brownlee study. As

in our study inclusion criteria were less restricted and

dedicated spinal cord imaging has not been performed we

cannot fully exclude that our cohort was biased towards a

subset of the disease with spinal features. Still, when

considering the clinical characteristics of the CIS cohort in

the present study such as walking ability, pyramidal, sen-

sory and bladder functional scores and presence of

hypointense spinal cord lesions an over-representation of

spinal cord affection was not obvious. Nevertheless, other

reasons might also contribute in part to this divergent

finding including methodological differences in spinal cord

volumetry as well as different follow-up periods. Notably

annualized UCCA atrophy rates in the study by Brownlee

et al. have been calculated on a 5-year follow-up, hence

such data represent an averaged rate over a longer period

possibly masking different non-linear temporal dynamics

that have been described previously for brain [29] and SC

atrophy [27]. Specifically, in the current study annualized

atrophy rates in the first year were found to be higher

Fig. 2 Associations between baseline UCCA and clinical parameters:

a association between UCCA at baseline and EDSS at 12 months

follow-up; b association at baseline between UCCA and motoric

fatigue; dotted lines linear regression in RRMS (grey circles), solid

lines regression in all patients: RRMS and CIS (open circles); R2

values coefficient of determination of the linear regression
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compared to the consecutive time interval. Given this

observation one would expect a pseudo-atrophic effect on

SC atrophy within the first year after treatment. Although

we cannot fully exclude confounding effects due to treat-

ment initiation within the first year, similar distribution of

DMT was noted among CIS patients. Hence, 75% of non-

converting CIS patients have also received DMT and

atrophy rates did not differ between the first and second

year in this specific group, suggesting no relevant pseudo-

atrophy in the cervical cord overall.

The clinical relevance of early atrophy of the SC and the

brain was further investigated by taking the development

towards a clinically relevant EDSS threshold into account.

Patients reaching EDSS 3 or higher during the follow-up

presented significantly smaller baseline UCCA than patients

who remained at a lower EDSS level. Neither baseline brain

WM nor GM was different between these EDSS groups. This

relation was further confirmed by a significant inverse cor-

relation between baseline UCCA and the EDSS after 1 year

of follow-up in the entire patient group.

In the analysis of the functional systems this association

could be specified by significant inverse correlations of

UCCA with muscular weakness (pyramidal functional

score) as well as with motor fatigability at baseline. Struc-

tural abnormalities in the lateral and posterior columns of the

spinal cord containing relevant fiber tracts are likely to

contribute to this motor function impairment, as recently

shown in relapsing and progressive MS [30, 31]. However, a

recent fMRI study could not establish an association between

fatigue and structural abnormalities in the spinal cord [32].

Differences in study designs and tests used to assess fatigue

probably limit direct comparisons between these studies.

Furthermore, as fMRI data were not available in our study,

we cannot exclude a possible bias by additional abnormal

brain functions on muscular weakness and fatigue.

In line with previous studies, atrophy rates of brain WM

and GM differ between CIS and RRMS patients, being

higher in RRMS. Further, brain atrophy rates were con-

siderably lower than upper cervical cord atrophy rates

[10, 27] and we observed stronger effect sizes for UCCA

than for brain atrophy regarding the potential to discrimi-

nate between converting CIS patients and patients who

remained CIS during follow-up. Reduced brain WM vol-

ume was noticed only in RRMS at baseline. Over

24 months of follow-up WM atrophy could be detected in

all CIS patients, mainly driven by converting CIS and also

in RRMS. In accordance with a recent study [13] WM

volume loss was more pronounced in the second year of

follow-up in these patients. By contrast, progression of GM

volume loss in the first year was restricted to RRMS, while

it was detected in all CIS and RRMS during 24 months of

follow-up. For RRMS patients our annualized GM atrophy

rates are in line with previous findings [33, 34]; however,

marked differences were found when focusing on CIS

patients. In contrast to [35] we were not able to confirm

higher GM atrophy rates in converting compared to in non-

converting CIS patients. Again, depending on different

follow-up times, atrophy rates differ between these studies,

possibly reflecting methodical and technical issues. GM

atrophy rates in our study were in line with rates presented

by Dalton et al. [32] and Tiberio et al. [33], but consistently

higher than in the study by Fisher et al. that used the

longest follow-up period to measure GM but also WM

atrophy (4 years [34]). As mentioned earlier, averaging

atrophy rates over a longer period might possibly mask

different non-linear temporal dynamics as recently descri-

bed for GM [13] and include phases in which atrophy rates

may slow down [36, 37]. This hypothesis seems to be

supported by the lower and less variable GM and WM

atrophy rates in the subgroups when comparing rates of the

first year with rates over 24 months.

Apart from this, significant correlations between UCCA

and brain WM were found most pronounced in converting

CIS and in RRMS suggesting parallel pathological pro-

cesses in these CNS compartments. This is not contradic-

tory to the above described findings, that UCCA change

rates were significant already in the first year while sig-

nificant brain WM changes were found only in the second

year of follow-up. Early volume loss may become evident

first in smaller structures, and remain undetectable in the

first year in larger structures such as brain WM, especially

when using global brain volumetry. The question, to which

extent atrophy in the cervical cord is driven by remote

pathological processes in the brain, such as secondary

Wallerian degeneration, has often been raised. A recent

study reported that correlations between atrophy of the

cervical cord and brain WM and GM were restricted to

early MS, while in longstanding and progressive MS

pathological processes in spinal cord and brain seemed to

be increasingly decoupled [38]. We hypothesize that, in the

situation of first clinical events and early MS, secondary

axonal loss driven by the rising remote inflammatory and

neurodegenerative cascade in the brain, may accumulate in

the small volume of the cervical cord, and could at least in

part lead to the herein observed early cervical cord volume

loss. Since all descending and ascending projection path-

ways transect this structure, the clinical eloquence of the

upper cervical cord may amplify the effects of the patho-

logical processes commencing in the brain.

Some limitations of our study have to be mentioned.

First, although we included more than 100 patients at

baseline, not yet all patients had reached the complete

follow-up, limiting the power to differentiate between the

groups of converting and non-converting CIS. As such,

interpretation of our results has to be considered with

caution especially for our brain atrophy rates. Nevertheless,
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the herein observed conversion rate of CIS patients to

CDMS is in line with results from the literature [28].

Second, the follow-up time of 2 years was relatively short,

leading to limited progression of EDSS and other clinical

parameters. Longer follow-up periods are therefore war-

ranted to study the relevance of spinal cord atrophy in

greater detail. Third, we did not further characterize the

spatial distribution of WM and GM atrophy in the brain, for

example by voxel-based morphometry. Such analyses

could provide a higher sensitivity to reflect associations

between pathological processes in the brain and spinal

cord, and should be part of subsequent investigations.

In conclusion, we confirmed the presence of early cer-

vical cord atrophy in CIS and early MS. Furthermore,

cervical cord atrophy may represent a new prognostic

marker helping to identify CIS patients at risk of devel-

oping MS. These findings strongly support the need of

further clinical studies containing cervical cord atrophy as

an important measure in early MS.

Acknowledgements This work was supported by the German Fed-

eral Ministry for Education and Research, BMBF, German Compe-

tence Network Multiple Sclerosis (KKNMS), Grant No. 01GI1307A

and Grant No. 01GI0914.

Compliance with ethical standards

Ethical standards The study was approved by the local ethics

committee (Approval No. 3714-10) and was performed in accordance

with the ethical standards laid down in the 1964 Declaration of

Helsinki. Written informed consent was obtained from all participants

prior to inclusion in the study.

Conflicts of interest BB and AS received funding by the German

Federal Ministry for Education and Research, BMBF, German

Competence Network Multiple Sclerosis (KKNMS), Grant No.

01GI1601I and Grant No. 01GI0914. CL received a research grant by

the German Federal Ministry for Education and Research, BMBF,

German Competence Network Multiple Sclerosis (KKNMS), Grant

No. 01GI1601I, has received consulting and speaker’s honoraria from

BiogenIdec, Bayer Schering, Novartis, Sanofi, Genzyme and TEVA,

and has received research scientific grant support from Bayer

Schering, TEVA and MerckSerono. He holds an endowed profes-

sorship supported by the Novartis Foundation. RG received a research

grant by the German Federal Ministry for Education and Research,

BMBF, German Competence Network Multiple Sclerosis (KKNMS),

Grant No. 01GI0914, has received honoraria, consultant fees or other

support from Baxter, Bayer Schering, Biogen Idec, CLB, Behring,

Genzyme, Merck Serono, Novartis, Talecris, Teva and Wyeth. All

other authors declare that they have no conflict of interest in relation

to the material presented in this manuscript.

References

1. Gass A, Rocca MA, Agosta F, Ciccarelli O, Chard D, Valsasina

P, Brooks JC, Bischof A, Eisele P, Kappos L, Barkhof F, Filippi

M, Group MS (2015) MRI monitoring of pathological changes in

the spinal cord in patients with multiple sclerosis. Lancet Neurol

14(4):443–454. doi:10.1016/S1474-4422(14)70294-7

2. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA,

Filippi M, Fujihara K, Havrdova E, Hutchinson M, Kappos L,

Lublin FD, Montalban X, O’Connor P, Sandberg-Wollheim M,

Thompson AJ, Waubant E, Weinshenker B, Wolinsky JS (2011)

Diagnostic criteria for multiple sclerosis: 2010 revisions to the

McDonald criteria. Ann Neurol 69(2):292–302. doi:10.1002/ana.

22366

3. Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP,

Kappos L, Lublin FD, Metz LM, McFarland HF, O’Connor PW,

Sandberg-Wollheim M, Thompson AJ, Weinshenker BG,

Wolinsky JS (2005) Diagnostic criteria for multiple sclerosis:

2005 revisions to the ‘‘McDonald Criteria’’. Ann Neurol

58(6):840–846. doi:10.1002/ana.20703

4. Bonati U, Fisniku LK, Altmann DR, Yiannakas MC, Furby J,

Thompson AJ, Miller DH, Chard DT (2011) Cervical cord and

brain grey matter atrophy independently associate with long-term

MS disability. J Neurol Neurosurg Psychiatry 82(4):471–472.

doi:10.1136/jnnp.2010.205021

5. Daams M, Weiler F, Steenwijk MD, Hahn HK, Geurts JJ,

Vrenken H, van Schijndel RA, Balk LJ, Tewarie PK, Tillema JM,

Killestein J, Uitdehaag BM, Barkhof F (2014) Mean upper cer-

vical cord area (MUCCA) measurement in long-standing multiple

sclerosis: relation to brain findings and clinical disability. Mult

Scler 20(14):1860–1865. doi:10.1177/1352458514533399

6. Losseff NA, Webb SL, O’Riordan JI, Page R, Wang L, Barker

GJ, Tofts PS, McDonald WI, Miller DH, Thompson AJ (1996)

Spinal cord atrophy and disability in multiple sclerosis. A new

reproducible and sensitive MRI method with potential to monitor

disease progression. Brain 119(Pt 3):701–708

7. Lukas C, Sombekke MH, Bellenberg B, Hahn HK, Popescu V,

Bendfeldt K, Radue EW, Gass A, Borgwardt SJ, Kappos L,

Naegelin Y, Knol DL, Polman CH, Geurts JJ, Barkhof F, Vren-

ken H (2013) Relevance of spinal cord abnormalities to clinical

disability in multiple sclerosis: MR imaging findings in a large

cohort of patients. Radiology 269(2):542–552. doi:10.1148/

radiol.13122566

8. Rocca MA, Horsfield MA, Sala S, Copetti M, Valsasina P,

Mesaros S, Martinelli V, Caputo D, Stosic-Opincal T, Drulovic J,

Comi G, Filippi M (2011) A multicenter assessment of cervical

cord atrophy among MS clinical phenotypes. Neurology

76(24):2096–2102. doi:10.1212/WNL.0b013e31821f46b8

9. Biberacher V, Boucard CC, Schmidt P, Engl C, Buck D, Berthele

A, Hoshi MM, Zimmer C, Hemmer B, Muhlau M (2015) Atrophy

and structural variability of the upper cervical cord in early

multiple sclerosis. Mult Scler 21(7):875–884. doi:10.1177/

1352458514546514

10. Furby J, Hayton T, Anderson V, Altmann D, Brenner R, Chat-

away J, Hughes R, Smith K, Miller D, Kapoor R (2008) Magnetic

resonance imaging measures of brain and spinal cord atrophy

correlate with clinical impairment in secondary progressive

multiple sclerosis. Mult Scler 14(8):1068–1075. doi:10.1177/

1352458508093617

11. Kearney H, Yiannakas MC, Abdel-Aziz K, Wheeler-Kingshott

CA, Altmann DR, Ciccarelli O, Miller DH (2014) Improved MRI

quantification of spinal cord atrophy in multiple sclerosis. J Magn

Reson Imaging 39(3):617–623. doi:10.1002/jmri.24194

12. Lin X, Tench CR, Turner B, Blumhardt LD, Constantinescu CS

(2003) Spinal cord atrophy and disability in multiple sclerosis

over four years: application of a reproducible automated tech-

nique in monitoring disease progression in a cohort of the

interferon beta-1a (Rebif) treatment trial. J Neurol Neurosurg

Psychiatry 74(8):1090–1094

13. Rocca MA, Preziosa P, Mesaros S, Pagani E, Dackovic J, Stosic-

Opincal T, Drulovic J, Filippi M (2016) Clinically isolated syn-

drome suggestive of multiple sclerosis: dynamic patterns of gray

J Neurol (2017) 264:1402–1412 1411

123

http://dx.doi.org/10.1016/S1474-4422(14)70294-7
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1002/ana.20703
http://dx.doi.org/10.1136/jnnp.2010.205021
http://dx.doi.org/10.1177/1352458514533399
http://dx.doi.org/10.1148/radiol.13122566
http://dx.doi.org/10.1148/radiol.13122566
http://dx.doi.org/10.1212/WNL.0b013e31821f46b8
http://dx.doi.org/10.1177/1352458514546514
http://dx.doi.org/10.1177/1352458514546514
http://dx.doi.org/10.1177/1352458508093617
http://dx.doi.org/10.1177/1352458508093617
http://dx.doi.org/10.1002/jmri.24194


and white matter changes—a 2-year MR imaging study. Radi-

ology 278(3):841–853. doi:10.1148/radiol.2015150532

14. Stevenson VL, Leary SM, Losseff NA, Parker GJ, Barker GJ,

Husmani Y, Miller DH, Thompson AJ (1998) Spinal cord atrophy

and disability in MS: a longitudinal study. Neurology

51(1):234–238

15. Brex PA, Leary SM, O’Riordan JI, Miszkiel KA, Plant GT,

Thompson AJ, Miller DH (2001) Measurement of spinal cord

area in clinically isolated syndromes suggestive of multiple

sclerosis. J Neurol Neurosurg Psychiatry 70(4):544–547

16. Losseff NA, Wang L, Lai HM, Yoo DS, Gawne-Cain ML,

McDonald WI, Miller DH, Thompson AJ (1996) Progressive

cerebral atrophy in multiple sclerosis. A serial MRI study. Brain

119(Pt 6):2009–2019

17. Stevenson VL, Miller DH, Leary SM, Rovaris M, Barkhof F,

Brochet B, Dousset V, Filippi M, Hintzen R, Montalban X,

Polman CH, Rovira A, de Sa J, Thompson AJ (2000) One year

follow up study of primary and transitional progressive multiple

sclerosis. J Neurol Neurosurg Psychiatry 68(6):713–718

18. Brownlee WJ, Altmann DR, Alves Da Mota P, Swanton JK,

Miszkiel KA, Wheeler-Kingshott CG, Ciccarelli O, Miller DH

(2016) Association of asymptomatic spinal cord lesions and

atrophy with disability 5 years after a clinically isolated syn-

drome. Mult Scler. doi:10.1177/1352458516663034

19. Calabrese M, Rinaldi F, Mattisi I, Bernardi V, Favaretto A, Perini

P, Gallo P (2011) The predictive value of gray matter atrophy in

clinically isolated syndromes. Neurology 77(3):257–263. doi:10.

1212/WNL.0b013e318220abd4

20. Filippi M, Rocca MA, Calabrese M, Sormani MP, Rinaldi F,

Perini P, Comi G, Gallo P (2010) Intracortical lesions: relevance

for new MRI diagnostic criteria for multiple sclerosis. Neurology

75(22):1988–1994. doi:10.1212/WNL.0b013e3181ff96f6

21. Kurtzke JF (1983) Rating neurologic impairment in multiple

sclerosis: an expanded disability status scale (EDSS). Neurology

33(11):1444–1452

22 Penner IK, Raselli C, Stocklin M, Opwis K, Kappos L, Calabrese

P (2009) The fatigue scale for motor and cognitive functions

(FSMC): validation of a new instrument to assess multiple scle-

rosis-related fatigue. Mult Scler 15(12):1509–1517. doi:10.1177/

1352458509348519

23 Schmidt P, Gaser C, Arsic M, Buck D, Forschler A, Berthele A,

Hoshi M, Ilg R, Schmid VJ, Zimmer C, Hemmer B, Muhlau M

(2012) An automated tool for detection of FLAIR-hyperintense

white-matter lesions in multiple sclerosis. Neuroimage

59(4):3774–3783. doi:10.1016/j.neuroimage.2011.11.032

24 Whitwell JL, Crum WR, Watt HC, Fox NC (2001) Normalization

of cerebral volumes by use of intracranial volume: implications

for longitudinal quantitative MR imaging. AJNR 22(8):

1483–1489

25 Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*Power 3: a

flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav Res Methods 39(2):175–191

26 Furby J, Hayton T, Altmann D, Brenner R, Chataway J, Smith KJ,

Miller DH, Kapoor R (2010) A longitudinal study of MRI-de-

tected atrophy in secondary progressive multiple sclerosis.

J Neurol 257(9):1508–1516. doi:10.1007/s00415-010-5563-y

27 Lukas C, Knol DL, Sombekke MH, Bellenberg B, Hahn HK,

Popescu V, Weier K, Radue EW, Gass A, Kappos L, Naegelin Y,

Uitdehaag BM, Geurts JJ, Barkhof F, Vrenken H (2015) Cervical

spinal cord volume loss is related to clinical disability progression

in multiple sclerosis. J Neurol Neurosurg Psychiatry

86(4):410–418. doi:10.1136/jnnp-2014-308021

28 Valsasina P, Rocca MA, Horsfield MA, Copetti M, Filippi M

(2015) A longitudinal MRI study of cervical cord atrophy in

multiple sclerosis. J Neurol 262(7):1622–1628. doi:10.1007/

s00415-015-7754-z

29 Lukas C, Minneboo A, de Groot V, Moraal B, Knol DL, Polman

CH, Barkhof F, Vrenken H (2010) Early central atrophy rate

predicts 5 year clinical outcome in multiple sclerosis. J Neurol

Neurosurg Psychiatry 81(12):1351–1356. doi:10.1136/jnnp.2009.

199968

30 Kearney H, Schneider T, Yiannakas MC, Altmann DR, Wheeler-

Kingshott CA, Ciccarelli O, Miller DH (2015) Spinal cord grey

matter abnormalities are associated with secondary progression

and physical disability in multiple sclerosis. J Neurol Neurosurg

Psychiatry 86(6):608–614. doi:10.1136/jnnp-2014-308241

31 Valsasina P, Rocca MA, Horsfield MA, Absinta M, Messina R,

Caputo D, Comi G, Filippi M (2013) Regional cervical cord

atrophy and disability in multiple sclerosis: a voxel-based analy-

sis. Radiology 266(3):853–861. doi:10.1148/radiol.12120813

32 Rocca MA, Absinta M, Valsasina P, Copetti M, Caputo D, Comi

G, Filippi M (2012) Abnormal cervical cord function contributes

to fatigue in multiple sclerosis. Mult Scler 18(11):1552–1559.

doi:10.1177/1352458512440516

33 Dalton CM, Chard DT, Davies GR, Miszkiel KA, Altmann DR,

Fernando K, Plant GT, Thompson AJ, Miller DH (2004) Early

development of multiple sclerosis is associated with progressive

grey matter atrophy in patients presenting with clinically isolated

syndromes. Brain 127(Pt 5):1101–1107. doi:10.1093/brain/

awh126

34 Tiberio M, Chard DT, Altmann DR, Davies G, Griffin CM,

Rashid W, Sastre-Garriga J, Thompson AJ, Miller DH (2005)

Gray and white matter volume changes in early RRMS: a 2-year

longitudinal study. Neurology 64(6):1001–1007. doi:10.1212/01.

WNL.0000154526.22878.30

35 Fisher E, Lee JC, Nakamura K, Rudick RA (2008) Gray matter

atrophy in multiple sclerosis: a longitudinal study. Ann Neurol

64(3):255–265. doi:10.1002/ana.21436

36 Fisher E, Rudick RA, Simon JH, Cutter G, Baier M, Lee JC,

Miller D, Weinstock-Guttman B, Mass MK, Dougherty DS,

Simonian NA (2002) Eight-year follow-up study of brain atrophy

in patients with MS. Neurology 59(9):1412–1420

37 Paolillo A, Pozzilli C, Giugni E, Tomassini V, Gasperini C,
Fiorelli M, Mainero C, Horsfield M, Galgani S, Bastianello S,

Buttinelli C (2002) A 6-year clinical and MRI follow-up study of

patients with relapsing-remitting multiple sclerosis treated with

Interferon-beta. Eur J Neurol 9(6):645–655

38 Bellenberg B, Schneider R, Weiler F, Suchan B, Haghikia A,

Hoffjan S, Gold R, Koster O, Lukas C (2015) Cervical cord area is

associated with infratentorial grey and white matter volume pre-

dominantly in relapsing-remitting multiple sclerosis: a study using

semi-automated cord volumetry and voxel-based morphometry.

Mult Scler Relat Disord 4(3):264–272. doi:10.1016/j.msard.2015.

04.003

1412 J Neurol (2017) 264:1402–1412

123

http://dx.doi.org/10.1148/radiol.2015150532
http://dx.doi.org/10.1177/1352458516663034
http://dx.doi.org/10.1212/WNL.0b013e318220abd4
http://dx.doi.org/10.1212/WNL.0b013e318220abd4
http://dx.doi.org/10.1212/WNL.0b013e3181ff96f6
http://dx.doi.org/10.1177/1352458509348519
http://dx.doi.org/10.1177/1352458509348519
http://dx.doi.org/10.1016/j.neuroimage.2011.11.032
http://dx.doi.org/10.1007/s00415-010-5563-y
http://dx.doi.org/10.1136/jnnp-2014-308021
http://dx.doi.org/10.1007/s00415-015-7754-z
http://dx.doi.org/10.1007/s00415-015-7754-z
http://dx.doi.org/10.1136/jnnp.2009.199968
http://dx.doi.org/10.1136/jnnp.2009.199968
http://dx.doi.org/10.1136/jnnp-2014-308241
http://dx.doi.org/10.1148/radiol.12120813
http://dx.doi.org/10.1177/1352458512440516
http://dx.doi.org/10.1093/brain/awh126
http://dx.doi.org/10.1093/brain/awh126
http://dx.doi.org/10.1212/01.WNL.0000154526.22878.30
http://dx.doi.org/10.1212/01.WNL.0000154526.22878.30
http://dx.doi.org/10.1002/ana.21436
http://dx.doi.org/10.1016/j.msard.2015.04.003
http://dx.doi.org/10.1016/j.msard.2015.04.003

	Relevance of early cervical cord volume loss in the disease evolution of clinically isolated syndrome and early multiple sclerosis: a 2-year follow-up study
	Abstract
	Introduction
	Materials and methods
	Patients and healthy controls
	MR imaging
	Quantitative image analysis
	Lesion quantification
	Statistical analysis

	Results
	Demography and clinical status (Table 1)
	Cervical cord and brain volumetry at baseline
	Cervical cord and brain volumetry at follow-up (Table 2)
	Effect size and power calculations
	Impact of cervical cord and brain lesions on spinal and brain volumetry
	Associations between cervical cord, brain volumes and clinical disability (Table 3)

	Discussion
	Acknowledgements
	References




