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Purpose: Thalamic atrophy and whole brain atrophy in multiple sclerosis (MS) are
associated with disease progression. The motivation of this study was to propose and
evaluate a new grouping scheme which is based on MS patients’ whole brain and
thalamus volumes measured on MRI at a single time point.
Methods: In total, 185 MS patients (128 relapsing-remitting (RRMS) and 57
secondary-progressive MS (SPMS) patients) were included from an outpatient facility.
Whole brain parenchyma (BP) and regional brain volumes were derived from single
time point MRI T1 images. Standard scores (z-scores) were computed by comparing
individual brain volumes against corresponding volumes from healthy controls. A
z-score cut-off of −1.96 was applied to separate pathologically atrophic from normal
brain volumes for thalamus and whole BP (accepting a 2.5% error probability). Subgroup
differences with respect to the Symbol Digit Modalities Test (SDMT) and the Expanded
Disability Status Scale (EDSS) were assessed.
Results: Except for two, all MS patients showed either no atrophy (group 0: 61 RRMS
patients, 10 SPMS patients); thalamic but no BP atrophy (group 1: 37 RRMS patients;
18 SPMS patients) or thalamic and BP atrophy (group 2: 28 RRMS patients; 29 SPMS
patients). RRMS patients without atrophy and RRMS patients with thalamic atrophy did
not differ in EDSS, however, patients with thalamus and BP atrophy showed significantly
higher EDSS scores than patients in the other groups.
Conclusion: MRI-based brain volumetry at a single time point is able to reliably
distinguish MS patients with isolated thalamus atrophy (group 1) from those without
brain atrophy (group 0). MS patients with isolated thalamus atrophy might be at risk for
the development of widespread atrophy and disease progression. Since RRMS patients
in group 0 and 1 are clinically not distinguishable, the proposed grouping may aid
identification of RRMS patients at risk of disease progression and thus complement
clinical evaluation in the routine patient care.
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INTRODUCTION

contrast, it was expected that a substantial proportion of included
MS patients is characterized by an isolated thalamic atrophy with
a non-measurable whole brain atrophy.

Next to lesion burden as a marker for disease activity, brain
atrophy measured by magnetic resonance imaging (MRI) has
in recent years been established as an important biomarker of
tissue damage and neurodegeneration in multiple sclerosis (MS)
(1–4). The approaches to measure brain atrophy in MS are not
standardized yet and potentially influenced by biological and
technical parameters (1, 5). However, several studies showed
an association of whole brain atrophy with worsening of the
Expanded Disability Status Scale (EDSS) as a measure of physical
disability (6–8). A recent review summarizes that brain atrophy
in both cross-sectional and longitudinal studies predicts disability
progression and is associated with cognitive impairment (1).
Consequently, brain atrophy has been a target for multiple
pharmacological phase II and III studies (1, 5).
Besides whole brain atrophy, the volume of subcortical
structures, like putamen (9, 10) and caudate nucleus (10), as well
as the corpus callosum (11, 12) were found to be reduced in
MS. The thalamus has been shown to be especially susceptible
to atrophy already at early stages of MS (10, 13, 14), and early
thalamic atrophy has even been discussed as a marker to predict
the transition from clinically isolated syndrome (CIS) to clinically
definite MS (15). Several longitudinal (16, 17) studies as well
as a cross-sectional study (14) showed that thalamic atrophy is
associated with progression of disability in MS patients, while
some other studies found only a weak (10) or no association
between thalamus volume and the EDSS (18). A reduction in
volume and connectivity in the thalamus was also found to be
associated with cognitive decline (19–21), and fatigue (22). Taken
together, measures of both whole brain and regional subcortical
thalamus atrophy could help to predict a worsening of clinical
symptoms in individual MS patients.
In most studies, brain atrophy is measured as brain volume
change between two examination time points. The interval
between examinations must be sufficiently large, in order to
reliably detect significant atrophy. In the present study, MRIbased brain volumetry was applied to MRI scans of a cohort
of MS patients from an outpatient facility reflecting a typical
clinical distribution of different MS phenotypes. The motivation
of this study was to show that MRI-based brain volumetry at a
single time point is able to reliably identify MS patients with an
isolated thalamic atrophy and thus may complement the clinical
evaluation of MS patients. This subgroup of patients with an
isolated thalamic atrophy might be of special clinical interest,
since thalamic atrophy might mark the beginning of a more
pronounced whole brain atrophy which in turn is associated with
physical and cognitive decline (13, 14, 16, 17, 19–21). Therefore,
whole brain parenchyma (BP) and thalamic volumes of MS
patients measured at a single time point were compared against
corresponding volumes of a cohort of healthy control subjects.
Based on these comparisons MS patients were grouped according
to the presence or absence of thalamic and BP atrophy. Since
previous studies showed that thalamic atrophy is pronounced in
MS and might occur earlier than BP atrophy (10, 13, 14, 23),
it was expected that no patients with BP atrophy but without
thalamic atrophy can be found in this cohort of MS patients. In
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PATIENTS AND METHODS
Patient Cohort and Healthy Control
Subjects
Patients with definite relapsing-remitting (RRMS) or secondaryprogressive MS (SPMS) were included upon first visit at an
outpatient facility specialized to MS (Neurozentrum Hamburg,
Germany). Exclusion criteria were MRI acquisition with
deviating sequence parameters or strong MRI artifacts and a
primary progressive disease course. This study was carried out
in accordance with the recommendations of the Ärztekammer
Hamburg with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the
Ärztekammer Hamburg.
The EDSS (24) was assessed for each patient by an experienced
neurologist. The EDSS measures disability in eight functional
systems, and the results can range from 0 (normal neurological
exam) to 10 (death due to MS). The Symbol Digit Modalities Test
[SDMT (25)] was assessed as a measure of cognitive impairment.
The SDMT is a standardized score, meaning that an average
performance of a healthy subject is denoted by an SDMT score
of 0, reduced cognitive performance would reflect in a negative
SDMT score. Disease duration was estimated as time since first
symptoms were documented.
Subjects without clinical symptoms as confirmed by an
experienced neurologist and without evidence of pathological
brain abnormalities on the MRI scan as confirmed by an
experienced neuroradiologist were included as healthy control
subjects.

MRI Acquisition
MRI brain scans of MS patients and healthy control subjects
were acquired in the clinical routine at two different radiological
facilities. One radiological facility was equipped with a GE Signa 3
Tesla (T) scanner system (General Electric, Milwaukee, WI, USA)
whereas the other radiological facility was equipped with a Philips
Achieva 3 T scanner system (Philips Healthcare, Eindhoven, the
Netherlands).
Each MRI examination included the acquisition of a high
resolution pre-contrast 3D T1-weighted sequence and a Fluid
Attenuated Inversion Recovery (FLAIR) sequence. On the GE
scanner system the T1 was acquired using a 3D Fast Spoiled
Gradient Echo (FSPGR) sequence [repetition time (TR) = 6.8 ms,
echo time (TE) = 1.9 ms, inversion time (TI) = 450 ms, voxel
size = 1.02 × 1.02 × 1 mm, scan time = 4:47 min] and the
FLAIR sequence was acquired using a 3D CUBE sequence
(TR = 8,000 ms, TE = 85–127 ms, TI = 2,123–2,296 ms, voxel
size = 0.51 × 0.51 × 2.6 mm, scan time = 4:43 min). On the
Philips scanner system the T1 was acquired using a 3D Turbo
Field Echo (TFE) sequence (TR = 8.1 ms, TE = 3.7 ms, voxel
size = 0.86 × 0.86 × 1 mm, scan time = 3:37 min) and the
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provided by the Open Access Series of Imaging Studies [OASIS,
(34)]. Brain volumes of healthy control subjects were derived by
using the Biometrica MS R platform as described in section MRIbased Brain Volumetry. Furthermore, a non-linear regression
technique was applied to the brain volumes of the 316 healthy
control subjects from OASIS to derive the age-volume trajectory
of physiological aging as described recently (35). Subsequently,
individual TIV-adjusted brain volumes were adjusted for age by
computing the residuals with respect to the estimated age-volume
trajectories.

FLAIR sequence was acquired using a 3D Volume Isotropic
Turbo spin echo Acquisition (VISTA) sequence (TR = 8,000 ms,
TE = 337 ms, TI = 2,400 ms, voxel size = 0.44 × 0.44 × 2 mm,
scan time = 4:43 min). The exact same acquisition protocol
settings were applied to acquire the brain scans of both MS
patients and healthy control subjects.

MRI-Based Brain Volumetry
MRI scans were processed using the Biometrica MS R analysis
platform (version 2.1, jung diagnostics GmbH, Hamburg,
Germany). The first step was the automated estimation of the
T2 hyperintense lesion load using the Lesion Segmentation Tool
(LST) which is based on the Statistical Parametric Mapping
(SPM8, version 8, http://www.fil.ion.ucl.ac.uk/spm/software/
spm8/) software package. The resulting lesion map image was
used to calculate the FLAIR lesion load (in ml). Furthermore,
the lesion map was used to replace the voxel intensities of
lesion voxels in the T1-weighted MRI image with estimated
healthy white matter intensity. The rationale for this step was
to mitigate the effect of WM hyperintensities on automatic
brain tissue segmentation as described in detail elsewhere (26).
The lesion-corrected T1 MRI images were segmented using
a previously described and validated atlas-based volumetry
approach implemented in SPM12 (27, 28). In brief, MRI brain
scans were segmented into tissue class component images
representing either gray matter (GM), WM or cerebrospinal
fluid (CSF). GM and WM volumes were derived by summing
up the voxel intensities within each component image. Global
BP volume was defined as the sum of GM and WM volume.
Regional brain volumes were derived by the multiplication of
the tissue class component images with a predefined binary
mask and subsequent integration of voxel intensities within the
resulting masked image. The thalamus mask was taken from the
Wake Forest University Pickatlas (29), http://fmri.wfubmc.edu/
software/pickatlas). Masks for the caudate nucleus and putamen
were taken from the LPBA40 atlas (30). The corpus callosum
mask contained binary masks from subregions, i.e., genu, body,
and splenium, taken from the ICBM-DTI-81 white matter labels
atlas (31, 32). Volumes of the thalamus and the putamen were
defined as the sum of GM and WM volume within the respective
brain region. The volume of the caudate nucleus was obtained
from the GM component image only and the volume of the
corpus callosum was defined from the WM component image
only. The total intracranial volume (TIV) was estimated using a
method which was recently introduced and validated by Malone
et al. (33). Results of the lesion and tissue segmentation were
visually checked for segmentation errors.

Standard Score (Z-Score) Calculation
For each scanner system (GE Signa 3T and Philips Achieva 3 T),
head-size- and age-adjusted brain volumes of MS patients were
compared to the adjusted brain volumes of the corresponding
healthy control subjects whose MRI scans were acquired on the
same MRI scanner system using the same acquisition protocol
settings. For each MS patient, a z-score was calculated according
v −mean(controls)
, where vi denotes the patient’s
to the formula i std(controls)

brain volume adjusted for head-size and age, mean controls
and std(controls) denote the mean and the standard deviation
of the corresponding cohort of healthy control subjects from
the respective scanner system. With the calculation of z-scores,
we take the variable “scanner” into account for the statistical
analyses: The calculation of z-scores enables pooling and direct
comparison of brain volumes derived from both scanner systems.

Cut-Off Value and Grouping of MS Patients
Assuming a normal distribution in the cohort of healthy control
subjects, 95% of the brain volume values are located within the
area of the mean ± 1.96∗ standard deviation. Only 5% of the brain
volume values are expected to be larger or smaller. Therefore it
can be assumed that z-scores below −1.96 represent a significant
brain volume reduction with an error probability of 2.5% at most.
The z-score cut-off of −1.96 was consequently applied to group
individual MS patients based on their BP and thalamus volumes
into the following subgroups:
Group 0: no thalamic or BP atrophy (i.e., both within the
normal range; z-scores greater than −1.96)
Group 1: thalamic (z-score below −1.96) but no BP atrophy
(z-score greater than −1.96)
Group 2: thalamic and BP atrophy (both z-scores below
−1.96).

Statistics
Descriptive statistics were reported for the whole patient cohort
and for the subgroups of RRMS and SPMS patients separately.
Differences between RRMS and SPMS patients were tested for
significance using the Wilcoxon rank sum test.
The distribution of z-scores of the different brain regions was
tested for a significantly different deviation from a distribution
with a zero mean using a one-sample t-test. Differences in
z-scores between different brain regions were tested with an
analysis of variance (ANOVA) and a Bonferroni post-hoc test.
After grouping of MS patients as described in the previous

Adjustment of Brain Volumes for
Head-Size and Age
Individual brain volumes were adjusted for head-size and age to
minimize the impact of these confounding variables on statistical
analysis. TIV was used as a surrogate measure for head-size.
The adjustment was performed by computing the residuals
from a linear regression function. The linear regression function
was estimated based on brain volumes obtained from the T1weighted MR images of a cohort of 316 healthy control subjects
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increasing atrophy (i.e., from the subgroup without atrophy
to the subgroup with thalamic and BP atrophy). In contrast,
the number of SPMS patients in each subgroup increases with
increasing atrophy. RRMS patients with both thalamic and BP
atrophy had a significantly longer disease duration compared to
RRMS patients without atrophy (p = 0.036).
The EDSS score for the subgroup of RRMS patients with
thalamic and BP atrophy was significantly higher compared
to RRMS patients without atrophy (p < 0.001) and those
with an isolated thalamus atrophy (p = 0.01). No significant
difference between RRMS patients without and with isolated
thalamus atrophy was found with respect to the EDSS (p > 0.05).
Within the SPMS patients, no significant difference with respect
to disease duration or EDSS was found between the atrophy
subgroups. A significantly lower SDMT score was found for
SPMS patients with thalamic and BP atrophy compared to those
without atrophy (p = 0.047).
A significantly higher FLAIR lesion load was found for
RRMS patients with thalamic and BP atrophy compared to
RRMS patients without and those with an isolated thalamus
atrophy (p < 0.001 for both comparisons). For SPMS patients a
significantly higher FLAIR lesion load was only found for patients
with thalamic and BP atrophy compared to SPMS patients
without atrophy (p = 0.002).

section, various clinical parameters were tested for betweengroup differences using the Kruskal-Wallis test. In case of a
significant between-group difference, a Dunn and Sidák’s posthoc test was applied for pairwise comparison.
A p-value below 0.05 was a priori defined as significant.
Statistical analyses were performed using MATLAB (R2014b, The
Mathworks Inc., Natick, USA) and its Statistics and Machine
Learning toolbox.

RESULTS
Patient Characteristics
In total, 185 MS patients were included at their first visit at the
Neurozentrum Hamburg. Of these, 55 patients were scanned on
the Philips Achieva 3 T scanner system and 130 MS patients were
scanned on the GE Signa 3 T scanner system. Furthermore, 84
healthy control subjects were included (50 subjects were scanned
on the Philips Achieva 3 T and 34 subjects on the GE Signa
3 T scanner system). Characteristics and volumetric results for
patients and healthy control subjects separated according to the
MRI scanner system used for MRI acquisition can be found
in Supplementary Table 1. Clinical characteristics of the whole
patient cohort and for the clinical subgroups of RRMS and
SPMS patients are summarized in Table 1. RRMS patients were
found to be significantly younger, were characterized by a shorter
disease duration, a lower EDSS score, and a higher SDMT score
compared to SPMS patients (all p < 0.001).

Grouping of the MS Patients According to
Other Subcortical Volumes
To emphasize the unique role of the thalamus, we additionally
performed the grouping by replacing the thalamus volume
with the volume of the corpus callosum. Within this setup,
11 MS patients were found with BP atrophy but no corpus
callosum atrophy. Moreover, the z-score values were found to
be more evenly distributed within each of the subgroups (see
Supplementary Figure 1). Similar results were obtained when
putamen and the caudate nucleus volumes were used as an early
indicator of regional atrophy in MS (results not shown).

Brain Volumes
The distribution of z-scores for BP and regional brain volumes
of RRMS and SPMS patients are summarized in Table 1 and
additionally illustrated in Figure 1. Median z-scores for all brain
regions were significantly lower than zero (p < 0.0001 for
all brain regions) and generally lower for SPMS compared to
RRMS patients. The median z-score for the thalamus volume
was significantly lower compared to all other brain regions in
both RRMS and SPMS patients (p = 0.0295 for comparison with
corpus callosum, p < 0.001 for all other comparisons).

DISCUSSION

Grouping of the MS Patients According to
Thalamus and BP Atrophy

In this study, MRI-based brain volumetry at a single time
point was applied to MS patients from clinical routine patient
care to evaluate its potential to complement clinical assessment
in identifying MS patients at risk of disease progression. The
proposed grouping scheme created subgroups comprising MS
patients without thalamic and BP atrophy (group 0), those
with an isolated thalamic atrophy (group 1) and those with a
pronounced thalamic and BP atrophy (group 2). Two out of
185 MS patients showed BP atrophy and no thalamic atrophy
according to the predefined z-score cut-off of −1.96. However,
the z-score values for the thalamus and BP volume (thalamus:
z-score = −1.48 and −1.83 and BP: z-score = −2.0 and −2.7
for the first and second outlier patient, respectively) were found
to be close to the cut-off and thus might be considered to
reflect the uncertainty of the applied cut-off value. These results
therefore confirm our hypothesis, that hardly any patients with
BP atrophy but without thalamic atrophy are present in this

The distribution of MS patients across the three subgroups based
on the z-score cut-off of −1.96 for regional thalamic and BP
atrophy is shown in Figure 2. Almost all MS patients fit in one
of the following three groups: 71 MS patients (38%, 61 RRMS, 10
SPMS) showed no thalamic or BP atrophy, 55 MS patients (30%,
37 RRMS, 18 SPMS) showed thalamic atrophy but no BP atrophy
and 57 MS patients (31%, 28 RRMS, 29 SPMS) showed both,
thalamic and BP atrophy. Only two patients with BP atrophy but
without thalamic atrophy were found. These MS patients were
omitted from further statistical analyses.

Association of Grouping and Clinical
Parameters
Clinical characteristics for the three subgroups, separated by
RRMS and SPMS patients, are summarized in Table 2. The
number of RRMS patients in each subgroup decreased with
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TABLE 1 | Patient characteristics and volumetric results for the whole MS patient cohort.
All MS patients
Sample size
Females
Age (years)

RRMS patients

SPMS patients

185

128

57

133 (71.9%)

94 (73.4%)

39 (68.4%)

p-value

43.5 (33.1; 50.3)

39.8 (30.3; 46.0)

51.6 (45.8; 61.1)

Disease duration (years)

7 (2.4; 14)

5 (2; 9)

16 (11; 22.8)

< 0.0001
< 0.0001

EDSS

2 (1; 4.5)

1.5 (1; 2)

6 (5; 7)

< 0.0001

SDMT

−1 (−2; 0)

−0.5 (−1; 0)

−1.75 (−2.5; −1)

< 0.0001

Treatment
Yes

108 (58.4%)

84 (65.6%)

24 (42.1%)

No

77 (41.6%)

44 (34.4%)

33 (57.9%)

BP volume z-score

−1.13 (−2.50; −0.16)

−0.81 (−1.92; 0.12)

−2.14 (−3.43; −0.94)

GM volume z-score

−0.76 (−1.57; 0.13)

−0.60 (−1.28; 0.37)

−0.93 (−1.86; −0.15)

WM volume z-score

−1.02 (−2.06; −0.09)

−0.81 (−1.58; 0.00)

−1.82 (−2.94; 0.71)

Corpus callosum volume z-score

−1.50 (−2.87; −0.52)

−1.21 (−2.31; 0.28)

−2.52 (−3.94; −1.34)

< 0.0001

Caudate nucleus volume z-score

−0.89 (−1.87; 0.10)

−0.64 (−1.49; 0.12)

−1.57 (−2.39; 0.76)

< 0.0001

Thalamus volume z-score

−2.46 (−3.99; −0.96)

−1.97 (−3.24; −0.63)

−3.50 (−5.14; −2.48)

< 0.0001

Putamen volume z-score

−1.20 (−2.45; −0.25)

−0.91 (−1.76; −0.12)

−2.11 (−3.10; 0.79)

< 0.0001

< 0.0001
0.0058
< 0.0001

Z-scores were calculated in comparison to the respective scanner-specific control cohort. All values are given as median and interquartile range or frequency and percentage. Symbol
Digit Modalities Test (SDMT) was assessed for 183 of the 185 patients. Values are also given for the groups of relapsing-remitting MS (RRMS) and secondary-progressive MS (SPMS)
patients separately. P-values indicate the difference between RRMS and SPMS patients, calculated with the Wilcoxon rank sum test. EDSS, Extended disability status scale; BP, brain
parenchyma; GM, gray matter; WM, white matter.

FIGURE 1 | Z-scores of calculated brain volumes. Brain volumes were normalized to the respective scanner-specific control cohort. Z-Scores for all regions were
significantly different from zero (p < 0.0001 for all brain regions). Mean z-scores for the thalamus were significantly lower than all other brain volumes (p = 0.0295 for
comparison with corpus callosum, p < 0.001 for all other comparisons, ANOVA with Bonferroni correction) in both the relapsing-remitting MS (RRMS) and secondary
progressive MS (SPMS) patients. GM, gray matter; WM, white matter; BP, brain parenchyma.

suggested that subcortical atrophy might precede whole brain
atrophy in MS (10, 14). The results of our study demonstrate
with a different segmentation technique and a pre-defined cutoff that in a subset of patients, thalamus atrophy without
whole brain atrophy can be shown. But even more interesting,
we were able to show that almost no patients show whole
brain atrophy, without thalamus atrophy. This seems to be

cohort of MS patients. Furthermore, we were able to confirm
the hypothesis that a substantial proportion of MS patients
is characterized by an isolated thalamic atrophy with a nonmeasurable whole brain atrophy. A significant atrophy in the
thalamus was expected, since previous studies demonstrated
that thalamic atrophy is pronounced even at early disease
stages (10, 14, 23, 36). However, only a few studies so far
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FIGURE 2 | Illustration of the grouping of the whole MS patient cohort according to thalamic and whole brain atrophy. The association between z-scores for brain
parenchyma (BP) and z-scores for thalamus volumes are shown. Using a cut-off of −1.96 almost all patients (except for two) fall into one of the three groups: group
0 = no atrophy (green circle, upper right quadrant), group 1 = thalamic atrophy without BP atrophy (yellow circle, lower right quadrant) and group 2 = thalamic and
BP atrophy (red circle, lower left quadrant). Relapsing-remitting MS (RRMS) patients are marked with a filled circle in all groups, while secondary-progressive MS
(SPMS) patients are marked with open circles.

TABLE 2 | Characteristics of the RRMS and SPMS patients, grouped according to atrophy in thalamus and brain parenchyma (BP).
Group 0
(no atrophy)
RRMS

Group 1
(thalamus atrophy only)

SPMS

RRMS

SPMS

Group 2
(thalamus and BP atrophy)
RRMS

p-value
Kruskal-Wallis

SPMS

RRMS

SPMS

<0.001*+♦

0.001*

61

10

37

18

28

29

Thalamus volume
(z-score)

−0.57
(−1.05; 0.09)

−0.21
(−1.06; 1.03)

−2.71
(−3.28; −2.13)

−3.09
(−3.25; −2.48)

−4.27
(−5.55; −3.38)

−5.10
(−6.03; −4.29)

BP volume
(z-score)

0.15
(−0.64; 0.79)

−0.11
(−0.31; 0.91)

−1.02
(−1.46; −0.47)

−1.31
(−1.67; −0.84)

−2.84
(−3.43; −2.28)

−3.43
(−3.76; −2.61)

1.0
(0.5; 2.9)

4.1
(1.6; 8.8)

3.8
(1.3; 8.0)

11.6
(5.6; 28.8)

11.2
(4.4; 28.4)

24.3
(20.4; 31.6)

4
(1; 7)

15
(10; 30)

5
(2; 8.5)

17
(11; 21)

7
(4; 11)

15
(12; 21)

0.0386*

0.987

EDSS score

1.5
(1.0; 1.6)

5.5
(5.0; 6.5)

1.5
(1.0; 2.0)

6.0
(4.0; 6.5)

2.0
(1.5; 2.5)

6.0
(5.0; 7.0)

0.001*+

0.249

SDMT score

−0.5
(−1.0; 0)

−1.0
(−2.0; 0)

−0.5
(−1.0; 0)

−1.5
(−2.0; −1.0)

−1.0
(−2.0; 0)

−2.0
(−3.0; −1.3)

0.368

0.032*

n

FLAIR lesion
load (ml)
disease duration (years)

Values are given as median and interquartile range. Symbol Digit Modalities Test (SDMT) was assessed for 181 of the 183 categorized patients. P-values indicate the difference between
group 0, 1 and 2, both for the relapsing-remitting MS (RRMS) and secondary progressive MS (SPMS) patients separately. FLAIR, fluid attenuated inversion recovery; EDSS, Extended
Disability Status Scale.
*group 2 significantly different from group 0 (post-hoc Dunn-Sidak test).
+ group 2 significantly different from group 1 (post-hoc Dunn-Sidak test).
♦ group 0 significantly different from group 1 (post-hoc Dunn-Sidak test).

a unique feature of the thalamus and cannot be reproduced
if other subcortical brain volumes are used for grouping (see
Supplementary Figure 1). A possible explanation is that corpus
callosum, putamen and the caudate nucleus show a lower
susceptibility for atrophic processes compared with the thalamus
(see Figure 1). This indicates that the atrophic process in these
regions might advance rather simultaneously with whole brain
volume loss.

Frontiers in Neurology | www.frontiersin.org

Based on EDSS and SDMT, RRMS patients in group 0 and
1 were clinically not distinguishable (p > 0.05). Thus, thalamus
atrophy in group 1 is an important subclinical finding. Not
until further progression in terms of additional BP atrophy
(group 2), a significant difference with higher EDSS in group 2
compared with group 1 (p = 0.01) develops. Thus, there is a
strong indication that RRMS patients with an isolated thalamic
atrophy might be at a transitional stage toward the development
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appropriate. In order to increase the sensitivity, the cut-off could
be set to a higher value, accepting a higher error rate for falsely
including patients without atrophy. A stratification score for MS
patients based on longitudinal measures of thalamus atrophy has
also been proposed previously (43), but was not validated, yet.
In order to measure thalamic atrophy longitudinally, the time
interval between MRI examinations must be sufficiently large.
The proposed grouping has the advantage of applicability at a
single time point and may provide additional information for
the clinician to complement the clinical representation at the first
visit of the patient.
A limitation of this study is the small sample size in the
subgroups. Especially the proportion of SPMS patients in this
clinical outpatient cohort is small. If these patients are further
subdivided according to the proposed grouping scheme, this
yields quite small SPMS patient numbers per group. Therefore,
Especially the results for the SPMS patients have to be interpreted
with some caution. Another limitation of this study is that
the individual treatment plans differed between included MS
patients. Treatment might affect both the clinical scores and the
extent of atrophy and might therefore distort the associations
between z-scores and EDSS scores. However, the patient cohort
reflects the heterogeneity of patients in clinical routine care.

of a widespread whole brain atrophy and an accompanied disease
progression. This grouping of RRMS patients based on a single
time point MRI might support the clinical evaluation of MS
patients and contribute to the selection of disease-modifying
drugs. However, the prognostic value of the proposed cut-offs
for brain atrophy concerning disease progression needs to be
evaluated in longitudinal studies. The present study therefore
serves as a proof of concept study.
Included SPMS patients were generally characterized by a
higher EDSS score compared to RRMS patients. Whereas RRMS
patients showed EDSS scores between 1.5 and 2 indicating a
functional impairment only, the EDSS score in SPMS patients
ranged between 5.5 and 6 meaning that SPMS patients are already
disabled but still able to carry out activities of daily living by
themselves (37). Although no significant difference with respect
to the EDSS score between subgroups of SPMS patients was
found, there might be differences with respect to the performance
in functional systems in these groups of SPMS patients. This
assumption is supported by the significantly lower SDMT score
in SPMS patients with a thalamic and BP atrophy compared to
SPMS patients without atrophy (p < 0.05). Therefore, brain
volume assessment using MRI-brain volumetry at a single time
point might also be helpful for the clinician to monitor SPMS
patients and to take the neurodegenerative component of MS into
account.
The amount of lesion load in the included MS cohort increases
in parallel to the amount of brain atrophy in both RRMS and
SPMS patients. This result point to a direct relationship between
lesion load and brain atrophy, however, the discussion whether
inflammation and atrophy are two independent disease processes
in MS is still ongoing (38).
Overall, our results indicate an individual course of disease as
the severity of atrophy might not be directly linked to disease
duration. For instance, 10 SPMS patients with a median
disease duration of 15 years and a median EDSS score of 5.5, but
without evidence of atrophy in the thalamus or BP were found.
A possible explanation for this finding is an increased amount
of lesions in the spinal cord. To substantiate this hypothesis,
MRI images of the spinal cord of these patients were qualitatively
reviewed. Indeed, a substantial amount of lesions in the spinal
cord in these SPMS patients was found. Spinal lesion load has
been shown to be more pronounced in SPMS than in RRMS
patients and is positively correlated with the EDSS (39).
Previously published MRI-based classification schemes for
MS patients commonly use either markers of inflammation
like lesion load (40) or both inflammatory measures and brain
atrophy (41, 42). The latter two scores by Bielekova et al. (41) and
Tauhid et al. (42) define cut-off values for both lesion load and
atrophy measures as the median in the examined cohort. These
cut-offs, and therewith the scoring, will therefore largely depend
on the cohort. The advantage of the grouping scheme presented
here is the a priori defined cut-off for z-scores, that can be
applied to MS cohorts without prior knowledge about the z-score
distribution only requiring a cohort of healthy subjects. The predefined z-score cut-off of −1.96 represents an error probability
of 2.5%. Future studies are needed to evaluate if this cut-off is

Frontiers in Neurology | www.frontiersin.org

CONCLUSION
MRI-based brain volumetry at a single time point in combination
with pre-defined cut-offs for z-scores enables reliable and
standardized differentiation between MS patients in different
stages of atrophy progression. With this method, we were able
to show that thalamus atrophy is present in a significant subset of
patients that do no exhibit whole brain atrophy yet. The proposed
grouping can therefore provide information that goes beyond
clinical assessments. This may aid identification of MS patients at
risk of disease progression and thus might complement clinical
evaluation of MS patients in clinical routine patient care.

AUTHOR CONTRIBUTIONS
AR, LS, and GW made substantial contributions to the
conception of the work, interpretation of data for the work, and
revising it critically for important intellectual content. A-CO and
RO made substantial contributions to the conception of the work,
analysis, and interpretation of data for the work and drafting the
work as well as revising it critically for important intellectual
content. All authors gave final approval of the version to be
published, and agreed to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and
resolved.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2018.00545/full#supplementary-material

7

July 2018 | Volume 9 | Article 545

Raji et al.

Volumetry-Based Grouping of MS Patients

REFERENCES

19. Houtchens MK, Benedict RH, Killiany R, Sharma J, Jaisani Z, Singh B,
et al. Thalamic atrophy and cognition in multiple sclerosis. Neurology (2007)
69:1213–23. doi: 10.1212/01.wnl.0000276992.17011.b5
20. Batista S, Zivadinov R, Hoogs M, Bergsland N, Heininen-Brown M, Dwyer
MG, et al. Basal ganglia, thalamus and neocortical atrophy predicting slowed
cognitive processing in multiple sclerosis. J Neurol. (2012) 259:139–46.
doi: 10.1007/s00415-011-6147-1
21. Schoonheim M, Hulst H, Brandt R, Strik M, Wink A, Uitdehaag
B, et al. Thalamus structure and function determine severity of
cognitive impairment in multiple sclerosis. Neurology (2015) 84:776–83.
doi: 10.1212/WNL.0000000000001285
22. Calabrese M, Rinaldi F, Grossi P, Mattisi I, Bernardi V, Favaretto A,
et al. Basal ganglia and frontal/parietal cortical atrophy is associated with
fatigue in relapsing-remitting multiple sclerosis. Mult Scler. (2010) 16:1220–8.
doi: 10.1177/1352458510376405
23. Azevedo CJ, Overton E, Khadka S, Buckley J, Liu S, Sampat
M, et al. Early CNS neurodegeneration in radiologically isolated
syndrome. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e102.
doi: 10.1212/NXI.0000000000000102
24. Kurtzke JF. Rating neurologic impairment in multiple sclerosis. an expanded
disability status scale (EDSS). Neurology (1983) 33:1444–52.
25. Smith A. Symbol Digits Modalities Test. Los Angeles, CA: Western
Psychological Services (1982).
26. Gelineau-Morel R, Tomassini V, Jenkinson M, Johansen-Berg H, Matthews
PM, Palace J. The effect of hypointense white matter lesions on automated
gray matter segmentation in multiple sclerosis. Hum Brain Mapp. (2012)
33:2802–14. doi: 10.1002/hbm.21402
27. Huppertz HJ, Kroll-Seger J, Kloppel S, Ganz RE, and Kassubek J. Intraand interscanner variability of automated voxel-based volumetry based on
a 3D probabilistic atlas of human cerebral structures. Neuroimage (2010)
49:2216–24. doi: 10.1016/j.neuroimage.2009.10.066
28. Opfer R, Suppa P, Kepp T, Spies L, Schippling S, Huppertz HJ, et al. Atlas
based brain volumetry: How to distinguish regional volume changes due to
biological or physiological effects from inherent noise of the methodology.
Magn Reson Imaging (2016) 34:455–61. doi: 10.1016/j.mri.2015.12.031
29. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. NeuroImage (2003) 19:1233–9. doi: 10.1016/s1053-8119(03)00169-1
30. Shattuck DW, Mirza M, Adisetiyo V, Hojatkashani C, Salamon G, Narr KL,
et al. Construction of a 3D probabilistic atlas of human cortical structures.
Neuroimage (2008) 39:1064–80. doi: 10.1016/j.neuroimage.2007.09.031
31. Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, et al. Stereotaxic white matter
atlas based on diffusion tensor imaging in an ICBM template. NeuroImage
(2008) 40:570–82. doi: 10.1016/j.neuroimage.2007.12.035
32. Rohlfing T. Incorrect ICBM-DTI-81 atlas orientation and white matter labels.
Front Neurosci. (2013) 7:4. doi: 10.3389/fnins.2013.00004
33. Malone IB, Leung KK, Clegg S, Barnes J, Whitwell JL, Ashburner
J, et al. Accurate automatic estimation of total intracranial volume:
a nuisance variable with less nuisance. Neuroimage (2015) 104:366–72.
doi: 10.1016/j.neuroimage.2014.09.034
34. Marcus DS, Wang TH, Parker J, Csernansky JG, Morris JC, Buckner RL. Open
access series of imaging studies (OASIS): cross-sectional MRI data in young,
middle aged, nondemented, and demented older adults. J. Cogn. Neurosci.
(2007) 19:1498–507. doi: 10.1162/jocn.2007.19.9.1498
35. Schippling S, Ostwaldt, A-C, Suppa P, Spies L, Manogaran P, Gocke C, et al.
Global and regional annual brain volume loss rates in physiological aging. J
Neurol. (2017) 264:520–8. doi: 10.1007/s00415-016-8374-y
36. Schoonheim MM, Popescu V, Lopes FCR, Wiebenga OT, Vrenken H, Douw
L, et al. Subcortical atrophy and cognition. sex effects in multiple sclerosis.
Neurology (2012) 79:1754–61. doi: 10.1212/WNL.0b013e3182703f46
37. van Munster CE, Uitdehaag BM. Outcome measures in clinical
trials for multiple sclerosis. CNS Drugs (2017) 31:217–36.
doi: 10.1007/s40263-017-0412-5
38. Losy J. Is MS an inflammatory or primary degenerative disease? J Neural
Transm. (2013) 120:1459–62. doi: 10.1007/s00702-013-1079-9
39. Schlaeger R, Papinutto N, Panara V, Bevan C, Lobach IV, Bucci M, et al. Spinal
cord gray matter atrophy correlates with multiple sclerosis disability. Ann
Neurol. (2014) 76:568–80. doi: 10.1002/ana.24241

1. De Stefano N, Airas L, Grigoriadis N, Mattle HP, O’Riordan J, OrejaGuevara C, et al. Clinical relevance of brain volume measures in
multiple sclerosis. CNS Drugs (2014) 28:147–56. doi: 10.1007/s40263-0140140-z
2. Wattjes MP, Rovira A, Miller D, Yousry TA, Sormani MP, de Stefano MP,
et al. Evidence-based guidelines: MAGNIMS consensus guidelines on the use
of MRI in multiple sclerosis–establishing disease prognosis and monitoring
patients. Nat Rev Neurol. (2015) 11:597–606. doi: 10.1038/nrneurol.20
15.157
3. Azevedo CJ, Pelletier D. Whole-brain atrophy: ready for implementation
into clinical decision-making in multiple sclerosis? Curr Opin Neurol. (2016)
29:237–42. doi: 10.1097/WCO.0000000000000322
4. Wang C, Beadnall HN, Hatton SN, Bader G, Tomic D, Silva DG,
et al. Automated brain volumetrics in multiple sclerosis: a step closer
to clinical application. J Neurol Neurosurg Psychiatry (2016) 87:754–7.
doi: 10.1136/jnnp-2015-312304
5. De Stefano N, Silva DG, Barnett MH. Effect of Fingolimod on Brain Volume
Loss in Patients with Multiple Sclerosis. CNS Drugs (2017) 31:289–305.
doi: 10.1007/s40263-017-0415-2
6. Fisher E, Rudick RA, Simon JH, Cutter G, Baier M, Lee, J-C, et al. Eightyear follow-up study of brain atrophy in patients with MS. Neurology (2002)
59:1412–20. doi: 10.1212/01.WNL.0000036271.49066.06
7. Fisniku LK, Chard DT, Jackson JS, Anderson VM, Altmann DR, Miszkiel
KA, et al. Gray matter atrophy is related to long-term disability in multiple
sclerosis. Ann Neurol. (2008) 64:247–54. doi: 10.1002/ana.21423
8. Popescu V, Agosta F, Hulst HE, Sluimer IC, Knol DL, Sormani MP,
et al. Brain atrophy and lesion load predict long term disability in
multiple sclerosis. J Neurol Neurosurg Psychiatry (2013) 84:1082–91.
doi: 10.1136/jnnp-2012-304094
9. Calabrese M, Rinaldi F, Mattisi I, Bernardi V, Favaretto A, Perini P, et al.
The predictive value of gray matter atrophy in clinically isolated syndromes.
Neurology (2011) 77:257–63. doi: 10.1212/WNL.0b013e318220abd4
10. Datta S, Staewen TD, Cofield SS, Cutter GR, Lublin FD, Wolinsky JS,
et al. Regional gray matter atrophy in relapsing remitting multiple sclerosis:
baseline analysis of multi-center data. Mult Scler Relat Disord. (2015) 4:124–
36. doi: 10.1016/j.msard.2015.01.004
11. Vaneckova M, Kalincik T, Krasensky J, Horakova D, Havrdova E, Hrebikova
T, et al. Corpus callosum atrophy–a simple predictor of multiple sclerosis
progression: a longitudinal 9-year study. Eur Neurol. (2012) 68:23–7.
doi: 10.1159/000337683
12. Yaldizli O, Penner IK, Frontzek K, Naegelin Y, Amann M, Papadopoulou A,
et al. The relationship between total and regional corpus callosum atrophy,
cognitive impairment and fatigue in multiple sclerosis patients. Mult Scler.
(2014) 20:356–64. doi: 10.1177/1352458513496880
13. Audoin B, Davies GR, Finisku L, Chard DT, Thompson AJ, Miller DH.
Localization of grey matter atrophy in early RRMS. Longitudinal Study J
Neurol. (2006) 253:1495–501. doi: 10.1007/s00415-006-0264-2
14. Bergsland N, Horakova D, Dwyer MG, Dolezal O, Seidl ZK, Vaneckova
M, et al. Subcortical and cortical gray matter atrophy in a large sample
of patients with clinically isolated syndrome and early relapsing-remitting
multiple sclerosis. AJNR (2012) 33:1573–8. doi: 10.3174/ajnr.A3086
15. Zivadinov R, Havrdová E, Bergsland N, Tyblova M, Hagemeier J,
Seidl Z, et al. Thalamic Atrophy Is Associated with Development
of Clinically Definite Multiple Sclerosis. Radiology (2013b) 268:831–41.
doi: 10.1148/radiol.13122424/-/DC1
16. Rocca MA, Mesaros S, Pagani E, Sormani MP, Comi G, Filippi M. Thalamic
damage and long-term progression of disability in multiple sclerosis.
Radiology (2010) 257:463–9. doi: 10.1148/radiol.10100326
17. Zivadinov R, Bergsland N, Dolezal O, Hussein S, Seidl Z, Dwyer MG,
et al. Evolution of cortical and thalamus atrophy and disability progression
in early relapsing-remitting MS during 5 years. AJNR (2013a) 34:1931–9.
doi: 10.3174/ajnr.A3503
18. Jacobsen C, Hagemeier J, Myhr KM, Nyland H, Lode K, Bergsland N, et al.
Brain atrophy and disability progression in multiple sclerosis patients: a
10-year follow-up study. J Neurol Neurosurg Psychiatry (2014) 85:1109–15.
doi: 10.1136/jnnp-2013-306906

Frontiers in Neurology | www.frontiersin.org

8

July 2018 | Volume 9 | Article 545

Raji et al.

Volumetry-Based Grouping of MS Patients

40. Vaneckova M, Seidl Z, Krasensky J, Havrdova E, Horakova D, Dolezal O,
et al. Patients’ stratification and correlation of brain magnetic resonance
imaging parameters with disability progression in multiple sclerosis. Eur
Neurol. (2009) 61:278–84. doi: 10.1159/000206852
41. Bielekova B, Kadom N, Fisher E, Jeffries N, Ohayon J, Richert N, et al. MRI
as a marker for disease heterogeneity in multiple sclerosis. Neurology (2005)
65:1071–6. doi: 10.1212/01.wnl.0000178984.30534.f9
42. Tauhid S, Neema M, Healy BC, Weiner HL, Bakshi R. MRI phenotypes based
on cerebral lesions and atrophy in patients with multiple sclerosis. J Neurol
Sci. (2014) 346:250–4. doi: 10.1016/j.jns.2014.08.047
43. Menendez-Gonzalez M, Salas-Pacheco JM, Arias-Carrion O. The yearly rate
of Relative Thalamic Atrophy (yrRTA): a simple 2D/3D method for estimating
deep gray matter atrophy in Multiple Sclerosis. Front Aging Neurosci. (2014)
6:219. doi: 10.3389/fnagi.2014.00219

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer MS and handling Editor declared their shared affiliation.
Copyright © 2018 Raji, Ostwaldt, Opfer, Suppa, Spies and Winkler. This
is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

9

July 2018 | Volume 9 | Article 545

