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Disability-Specific Atlases of Gray Matter Loss
in Relapsing-Remitting Multiple Sclerosis
Allan MacKenzie-Graham, PhD; Florian Kurth, MD, PhD; Yuichiro Itoh, PhD; He-Jing Wang, MD;
Michael J. Montag, MS; Robert Elashoff, PhD; Rhonda R. Voskuhl, MD

IMPORTANCE Multiple sclerosis (MS) is characterized by progressive gray matter (GM)
atrophy that strongly correlates with clinical disability. However, whether localized GM
atrophy correlates with specific disabilities in patients with MS remains unknown.

OBJECTIVE To understand the association between localized GM atrophy and clinical
disability in a biology-driven analysis of MS.

DESIGN, SETTING, AND PARTICIPANTS In this cross-sectional study, magnetic resonance
images were acquired from 133 women with relapsing-remitting MS and analyzed using
voxel-based morphometry and volumetry. A regression analysis was used to determine
whether voxelwise GM atrophy was associated with specific clinical deficits. Data were
collected from June 28, 2007, to January 9, 2014.

MAIN OUTCOMES AND MEASURES Voxelwise correlation of GM change with clinical outcome
measures (Expanded Disability Status Scale and Multiple Sclerosis Functional Composite
scores).

RESULTS Among the 133 female patients (mean [SD] age, 37.4 [7.5] years), worse
performance on the Multiple Sclerosis Functional Composite correlated with voxelwise GM
volume loss in the middle cingulate cortex (P < .001) and a cluster in the precentral gyrus
bilaterally (P = .004). In addition, worse performance on the Paced Auditory Serial Addition
Test correlated with volume loss in the auditory and premotor cortices (P < .001), whereas
worse performance on the 9-Hole Peg Test correlated with GM volume loss in Brodmann area
44 (Broca area; P = .02). Finally, voxelwise GM loss in the right paracentral lobulus correlated
with bowel and bladder disability (P = .03). Thus, deficits in specific clinical test results were
directly associated with localized GM loss in clinically eloquent locations.

CONCLUSIONS AND RELEVANCE These biology-driven data indicate that specific disabilities in
MS are associated with voxelwise GM loss in distinct locations. This approach may be used to
develop disability-specific biomarkers for use in future clinical trials of neuroprotective
treatments in MS.
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P rogressive brain atrophy is a well-known feature
of multiple sclerosis (MS) and is considered an
indicator of irreversible tissue damage, primarily

in gray matter (GM) but also in white matter (WM).1-3

Gray matter atrophy occurs in the earliest stages of
MS,4-7 develops faster than WM atrophy,8,9 and is more
strongly correlated with physical disability and cognitive
impairment than T1-weighted gadolinium-enhancing
lesions or T2-weighted lesions.1,5,6,10-13 Although MS is
characterized by WM lesions, GM atrophy is considered
one of the most relevant markers of permanent disability
in MS.14-16

Cognitive disability is of particular interest because cog-
nitive impairment occurs in approximately 40% to 70% of
patients with MS and affects them personally, socially, and
professionally.17-19 Gray matter atrophy has been associated
with cognitive disability in MS20-22; specifically, cognitive
impairment in relapsing-remitting MS (RRMS) was better
explained by brain atrophy than by T2-weighted lesion
volume.23 This explanation appears to be true for RRMS and
benign MS, suggesting a silent progression of cognitive
impairment independent of standard measures of the clini-
cal course of MS.24 In particular, cortical atrophy has been
suggested as one of the major underlying causes of cogni-
tive impairment.10,22,25 Consistent with this suggestion, sev-
eral pathologic26,27 and magnetic resonance imaging
(MRI)4,6,28 studies have shown that the cerebral cortex is
affected in MS.

Voxel-based morphometry (VBM) is a well-established
and well-validated image analysis technique29-31 and pro-
vides an unbiased and comprehensive assessment of ana-
tomical differences throughout the brain with high local
specificity. If brain atrophy is not homogenous in MS, then
regional measures may provide more sensitive indices of
change and localize that atrophy. Indeed, regional measures
of brain atrophy may better define the nature of the patho-
logic mechanism underlying MS disability. Voxel-based
morphometry has been used extensively in the analysis of
brain atrophy in MS.32-37 However, few studies have evalu-
ated the association between voxelwise GM atrophy and
disability,38,39 despite extensive reporting of the association
of whole-GM atrophy or hypothesis-driven substructure
atrophy with clinical disability.3,9,40,41 The voxelwise
approach has the advantage of being purely biology driven
and capable of identifying new brain regions not previously
considered in MS.

Disease-specific brain atlases store multimodal imaging
data from a specific subpopulation.42-44 In this cross-
sectional study, we created disability-specific brain atlases
representing regions of GM loss associated with deficits in
specific clinical test results. The clinical test data and MR
images were collected from 158 women with RRMS at their
baseline pretreatment evaluation as part of a recently com-
pleted, multicenter estriol treatment trial.45 We hypoth-
esized that worse performance on specific clinical tests
would be associated with worse focal GM atrophy not nec-
essarily limited to a previously described neuroanatomical
structure.

Methods

Patients
All study patients were enrolled in the phase 2 clinical
trial of combination treatment with glatiramer acetate
(Copaxone) and estriol (clinicaltrials.gov trial identifier
NCT00451204)46; enrollment criteria have been described
previously.45 Briefly, women aged 18 to 50 years with the
diagnosis of RRMS and active relapsing disease within the
previous 24 months were eligible for inclusion. Patients were
untreated with a 3-month washout of all other disease-
modifying treatments or had been treated for less than 2
months with glatiramer acetate. Patients were enrolled at 16
sites throughout the United States. The present ad hoc study
was approved by the institutional review board of the
University of California, Los Angeles. All patients provided
written informed consent.

Data were collected from June 28, 2007, to January 9, 2014.
All enrolled patients underwent a neurologic examination and
cognitive and behavioral testing consisting of the Expanded
Disability Status Scale (EDSS) (range, 0 to 5.5, with higher scores
indicating greater disability)47 and the Multiple Sclerosis Func-
tional Composite (MSFC) (range, −1.96 to 1.33, with higher
scores indicating better performance and less disability),48

which included the 9-Hole Peg Test (9-HPT) (range, 13.4-
54.4, with longer times indicating worse performance), the
Timed 25-Foot Walk (T25-FW) (range, 2.7-10.4, with higher
scores indicating worse performance), and the Paced Audi-
tory Serial Addition Test at 3 seconds (PASAT3) (range, 26-60,
with higher scores indicating better performance) and 2 sec-
onds (PASAT2) (range, 18-60, with higher scores indicating bet-
ter performance). We collected high-resolution T1-weighted
and fluid-attenuated inversion recovery (FLAIR) MR images
from all patients. Only the baseline clinical tests and MRIs at
enrollment (month 0) were used for this analysis. The MR im-
ages needed to pass stringent quality control to ensure suffi-
cient image contrast to produce high-quality tissue segmen-
tations. Of the original 158 patients from 16 sites, a total of 133
patients from 13 sites met this quality control criterion for VBM
analysis. An overview of included and excluded patients is
given in Table 1. We found no significant differences in any out-
come measures between patients included vs excluded from
this analysis.

Key Points
Question Is there an association between specific clinical deficits
in multiple sclerosis and localized gray matter atrophy?

Findings Instead of choosing regions of interest a priori, a
biology-driven approach revealed that poor performance on
specific clinical tests correlated with localized gray matter atrophy
in clinically eloquent regions.

Meaning Specific disabilities are associated with gray matter loss
in distinct locations.
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Table 1. Baseline Patient Characteristics

Characteristic

Patient Groupa

Excluded
(n = 25)

Included
(n = 133)

All
(N = 158)

Age, y

Mean (SD) 39.1 (7.6) 37.1 (7.4) 37.4 (7.5)

Median (IQR) 39.3 (33.9 to 44.7) 36.8 (32.3 to 43.0) 37.9 (32.5 to 43.4)

Range 26 to 50 19 to 53 19 to 53

Educational level, No. (%)b

≤High school 4 (16.6) 13 (9.8) 17 (10.8)

Some college 7 (29.2) 43 (32.3) 50 (31.8)

Bachelor’s degree 6 (25.0) 54 (40.6) 60 (38.2)

Graduate degree 7 (29.2) 23 (17.3) 30 (19.1)

No. of relapses

≤1 y Before screening

Mean (SD) 1.4 (0.6) 1.6 (0.7) 1.5 (0.7)

Median (IQR) 1 (1 to 2) 2 (1 to 2) 2 (1 to 2)

Range 0 to 2 0 to 3 0 to 3

≤2 y Before screening

Mean (SD) 2.0 (0.7) 2.1 (0.8) 2.1 (0.8)

Median (IQR) 2 (2 to 2) 2 (2 to 2) 2 (2 to 2)

Range 1 to 4 0 to 6 0 to 6

Duration of MS
from diagnosis, y

Mean (SD), y 2.9 (5.4) 3.1 (4.3) 3.1 (4.5)

Median (IQR) 0.4 (0.2 to 1.6) 0.8 (0.3 to 4.4) 0.7 (0.3 to 4.4)

Range 0.1 to 20.3 0.1 to 24.3 0.1 to 24.3

Handedness, No. (%)

Right 24 (96.0) 123 (92.5) 147 (93.0)

Left 1 (4.0) 10 (7.5) 11 (7.0)

No. of gadolinium-
enhancing lesions

Mean (SD) 0.9 (2.4) 1.0 (2.2) 1.0 (2.2)

Median (IQR) 0 (0 to 0) 0 (0 to 1) 0 (0 to 1)

Range 0 to 10 0 to 14 0 to 14

Gadolinium-enhancing
lesion volume, mL

Mean (SD) 68.9 (163.0) 67.3 (184.8) 67.5 (181.1)

Median (IQR) 0 (0 to 0) 0 (0 to 30) 0 (0 to 29)

Range 0 to 581.0 0 to 1162.8 0 to 1162.8

FLAIR lesion volume, mL

Mean (SD) 13.1 (18.4) 6.2 (7.4) 7.2 (10.0)

Median (IQR) 5.9 (1.3 to 19.6) 3.5 (1.4 to 7.1) 3.6 (1.4 to 8.4)

Range 0.1 to 67.6 0.1 to 34.6 0.1 to 67.6

EDSS scorec

Mean (SD) 2.1 (1.2) 2.2 (1.1) 2.2 (1.1)

Median (IQR) 2.0 (1.5 to 2.5) 2.0 (1.5 to 3.0) 2.0 (1.5 to 3.0)

Range 0 to 5.5 0 to 5.5 0 to 5.5

MSFC scored

Mean (SD) 0.04 (0.73) 0.00 (0.74) 0.01 (0.74)

Median (IQR) 0.17 (−0.17 to 0.49) 0.09 (−0.46 to 0.56) 0.09 (−0.45 to 0.56)

Range −1.92 to 1.09 −1.96 to 1.33 −1.96 to 1.33

(continued)
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Image Acquisition and Processing
We acquired the MRI data using T1-weighted sequences with
and without gadolinium-based contrast agent and a FLAIR se-
quence to detect WM lesions. Brain images were processed in
MATLAB software (version R2011a; MathWorks) and exam-
ined using statistical parametric mapping (SPM8; Wellcome
Department of Cognitive Neurology) and the VBM8 toolbox
extension as described previously.37,49 In brief, we manually
delineated and subsequently inpainted WM lesions in the na-
tive T1-weighted scans to prevent a possible confound of WM
lesions on tissue segmentation.37,50,51 The inpainted images
were classified as GM, WM, or cerebrospinal fluid and regis-
tered to MNI (Montreal Neurological Institute) space using lin-
ear and nonlinear transformations. The tissue segmentation
algorithm accounted for partial volume effects52 and was based
on adaptive maximum a posteriori estimations53; a spatially
adaptive, nonlocal means denoising filter54; and a hidden
Markov random field model.55 These methods made the tis-
sue classification independent of the tissue probability maps
and thus additionally minimized the influence of misclassifi-
cations, lesions, and altered geometry.37,51

We used the resulting GM segments to calculate the global
and local GM volumes for the statistical analyses. Whole-
brain GM volumes were computed as the sum of all voxel-
wise volumes within a segment. The GM segments were spa-
tially normalized to the DARTEL template56 supplied with the
VBM8 toolbox and modulated for nonlinear components of the
transformation. This process resulted in voxelwise compara-
bility between the patients while correcting for differences in

whole-brain size. Spatially normalized GM segments were
smoothed with a gaussian kernel (8-mm full width half maxi-
mum) and a mean template was created from the normalized
brain images of all patients.

Statistical Analysis
We summarized patient characteristics using descriptive
statistics. We compared included and excluded patients
using the χ2 test for categorical variables and unpaired
2-tailed t test for continuous variables (or Wilcoxon rank
sum test when needed). Overall, 133 patients had EDSS
scores and 129 patients had PASAT2 scores. The 122 patients
who were right-handed were included in the 9-HPT analysis
to avoid the handedness confound.

We assessed associations of voxelwise GM volumes with
the MSFC, PASAT3, PASAT2, 9-HPT, or T25-FW scores using
voxelwise regression analyses within the general linear model.
Associations between voxelwise GM volumes and EDSS scores
were assessed by evaluating group differences between pa-
tients above and below the median disability score (EDSS score,
2.0) using unpaired 2-tailed t tests within the general linear
model. We assessed the associations between voxelwise GM
volumes and the individual EDSS functional system sub-
scores by evaluating group differences between patients with
and without disability using unpaired 2-tailed t tests within
the general linear model. All analyses were adjusted for age,
disease duration, number of relapses within the previous 12
months, scanner, and MRI WM measures (volume of FLAIR le-
sions, volume of enhancing lesions, and number of enhanc-

Table 1. Baseline Patient Characteristics (continued)

Characteristic

Patient Groupa

Excluded
(n = 25)

Included
(n = 133)

All
(N = 158)

PASAT3 scoree

Mean (SD) 51.7 (10.1) 51.6 (8.1) 51.7 (9.0)

Median (IQR) 55 (49 to 59) 56 (47 to 58) 56 (47 to 59)

Range 23 to 60 26 to 60 23 to 60

PASAT2 scoref

Mean (SD) 43.4 (11.3) 42.0 (11.6) 42.2 (11.5)

Median (IQR) 43 (37 to 52) 42 (32 to 52) 42 (32 to 53)

Range 19 to 60 18 to 60 18 to 60

9-HPT score, sg

Dominant hand

Mean (SD) 18.6 (2.6) 18.6 (3.0) 18.6 (2.9)

Median (IQR) 18.4 (16.4 to 20.0) 18.1 (16.4 to 20.3) 18.1 (16.4 to 20.3)

Range 15.1 to 25.8 13.4 to 32.0 13.4 to 32.0

Nondominant hand

Mean (SD) 20.1 (3.3) 20.2 (4.6) 20.2 (4.4)

Median (IQR) 19.1 (18.4 to 21.2) 19.4 (17.9 to 21.6) 19.3 (18.0 to 21.5)

Range 15.8 to 29.1 14.8 to 54.4 14.8 to 54.4

T25-FW, sh

Mean (SD) 4.9 (1.3) 4.9 (1.3) 4.9 (1.3)

Median (IQR) 4.6 (4.1 to 5.4) 4.7 (4.1 to 5.5) 4.7 (4.1 to 5.4)

Range 3.4 to 9.0 2.7 to 10.4 2.7 to 10.4

Abbreviations: EDSS, Expanded
Disability Status Scale;
FLAIR, fluid-attenuated inversion
recovery; 9-HPT, 9-Hole Peg Test;
IQR, interquartile range; MS, multiple
sclerosis; MSFC, Multiple Sclerosis
Functional Composite;
PASAT2, Paced Auditory Serial
Addition Test at 2 seconds;
PASAT3, PASAT at 3 seconds;
T25-FW, Timed 25-Foot Walk.
a Percentages have been rounded

and might not total 100.
b One patient from the excluded

group did not report educational
level (n = 24).

c Scores range from 0 to 5.5, with
higher scores indicating greater
disability.

d Scores range from −1.96 to 1.33,
with higher scores indicating less
disability.

e Scores range from 26 to 60, with
higher scores indicating better
performance.

f Scores range from 18 to 60, with
higher scores indicating better
performance.

g Scores range from 13.4 to 54.4, with
longer times indicating worse
performance.

h Scores range from 2.7 to 10.4, with
longer times indicating worse
performance.
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ing lesions). The VBM results were corrected for voxelwise mul-
tiple comparisons by controlling the familywise error on the
cluster level57 at P = .05, using a cluster-forming threshold of
P = .001. We applied a correction for nonstationarity to en-
sure valid results.58 For visualization, the corrected results were
subsequently overlaid on the mean template and maximum-
intensity projections were generated. In addition, we brought
significance clusters to the MNI single-subject space to en-
able comparisons with the underlying anatomy using the
Anatomy SPM toolbox.59

We assessed the correlations between whole-GM vol-
umes and the MSFC, PASAT3, PASAT2, 9-HPT, T25-FW, and
EDSS scores and EDSS functional system subscores using the
Spearman rank correlation. Analyses used SAS/STST soft-
ware (SAS Institute, Inc). A heat map and correlation cluster-
ing were created using the gplots package in R software (http:
//www.R-project.org). Owing to the relatively small sample size
in this exploratory study, the α level was only adjusted for
multiple comparisons in the voxelwise analyses, not in the
whole-GM analyses.

Results
Composite Measures, MSFC, and EDSS
The final study sample included 133 women with RRMS (mean
[SD] age, 37.4 [7.5] years). We observed a significant direct cor-

relation between the MSFC scores and voxelwise GM vol-
ume. Because lower MSFC scores indicate worse perfor-
mance, this result indicated that worse MSFC performance
correlated with localized GM loss. A significance cluster in the
middle cingulate cortex reached into Brodmann area (BA) 660

and medial superior parietal area 5M (P < .001).61 The second
significance cluster with a maximum in the right middle fron-
tal gyrus extended posteriorly to the precentral gyrus with-
out reaching BA 6 and 4 (P = .004).60 Contralaterally, a third
significance cluster extended from the Rolandic operculum
over the precentral gyrus without reaching BA 6 and 460 and
terminating in BA 44 (P = .009).62 The maximum intensity pro-
jections and renderings are depicted in Figure 1. In contrast to
the MSFC findings, we observed no significant correlations
between voxelwise GM volumes and EDSS scores.

Individual Clinical Tests
We observed a significant direct correlation between PASAT2
scores and voxelwise GM volume. Because lower PASAT2 scores
indicated worse performance, this result indicated that worse
PASAT2 performance correlated with localized GM loss. A sig-
nificance cluster was located in the left primary auditory cor-
tex Te1.063 and extended to the left superior temporal gyrus,
the left posterior insula (Ig1),64 and the left inferior parietal lobe
(P < .001). A significance cluster was also located in the right
primary auditory cortex Te1.0 and extended onto the right pos-
terior insula (Ig1) and the right inferior parietal lobe (P = .008).

Figure 1. Direct Association Between the Multiple Sclerosis Functional Composite (MSFC) Scores
and Voxelwise Gray Matter (GM) Volume

Sagittal planeA

Left hemisphereD Right hemisphereE

Coronal planeB Axial planeC

Maximum intensity projections of GM
loss superimposed on the sagittal (A),
coronal (B), and axial (C) planes of the
SPM standard glass brain. The
significance clusters (red) are located
in the middle cingulate cortex, the
left precentral and inferior frontal
gyrus, the right precentral and middle
frontal gyrus, and the right inferior
temporal gyrus. A positive
association indicated by lower scores
(worse performance) on the MSFC
correlate with less GM volume (more
atrophy). Surface GM loss is displayed
on the left (D) and right (E)
hemispheres of a rendering of the
mean template. Hot colormap
indicates areas of greater statistical
significance.
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The significance cluster in the left precentral gyrus was
located in BA 6 (P = .04).60 Maximum intensity projections, a
coronal section, and a rendering for visualization are
depicted in Figure 2A.

We observed a significant inverse correlation between
9-HPT time and voxelwise GM volume. Because longer 9-HPT
times indicated worse performance, this result indicated that
worse performance correlated with localized GM loss. The clus-
ter was located in the left inferior frontal gyrus, specifically BA
44 (P = .02).62 The cluster extended slightly in the occipital di-
rection into the inferior frontal junction. Maximum intensity
projections and a coronal section for visualization are
depicted in Figure 2B.

Patients with bowel and bladder disability (EDSS func-
tional system subscore >0) had significantly less GM within the
right paracentral lobulus (P = .03) and the left anterior-basal
insula (P = .04). Maximum intensity projections and coronal
sections for visualization are depicted in Figure 2C.

We observed no significant correlations between voxel-
wise GM volumes and the PASAT3 and T25-FW findings. Fur-
thermore, we observed no significant correlations between vox-
elwise GM volumes and any of the other EDSS functional
system scores.

Table 2. Spearman Correlation Coefficients Between Whole–Gray Matter
Volume and Specific Clinical Measurements

Clinical Measurement
Spearman Correlation
Coefficient P Valuea

MSFC 0.34 <.001

9-HPT −0.19 .03

PASAT3 0.32 <.001

PASAT2 0.30 <.001

T25-FW −0.23 .008

EDSS functional system −0.13 .13

Bowel and bladder −0.22 .01

Brainstem 0.03 .75

Cerebellar −0.24 .006

Cerebral 0.01 .95

Pyramidal −0.06 .46

Sensory −0.09 .28

Visual 0.04 .63

Abbreviations: EDSS, Expanded Disability Status Scale; 9-HPT, 9-Hole Peg Test;
MSFC, Multiple Sclerosis Functional Composite; PASAT2, Paced Auditory Serial
Addition Test at 2 seconds; PASAT3, PASAT at 3 seconds; T25-FW, Timed
25-Foot Walk.
a Calculated using unpaired 2-tailed t tests.

Figure 2. Significant Associations Between Performance on Clinical Tests
and Voxelwise Gray Matter (GM) Volume

PASAT2 performanceA

9-HPT performanceB

EDSS bowel and bladder functional system performanceC

Maximum intensity projections of GM
loss superimposed on the SPM
standard glass brain together with
surface GM loss displayed on a
rendering of the mean template. Hot
colormap indicates areas of greater
statistical significance in yellow.
A, The significance clusters (red) are
located in the primary auditory cortex
bilaterally, the left precentral gyrus,
the middle cingulate gyrus bilaterally,
and the left superior frontal gyrus.
Direct association indicates that
lower scores (worse performance) on
the Paced Auditory Serial Addition
Test at 2 seconds (PASAT2) correlate
with less GM volume (more atrophy).
B, The significance cluster is located
in left Brodmann area 44. Indirect
association indicates a higher number
of seconds (worse performance) on
the 9-Hole Peg Test (9-HPT) correlate
with less GM volume (more atrophy).
C, The significance clusters are
located in the right paracentral
lobulus and the left anterior-basal
insula. Indirect association indicates
disability on the Expanded Disability
Status Scale (EDSS) bowel and
bladder functional system correlates
with less GM volume (more atrophy).
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Whole-GM Volumes
We calculated whole-GM volumes for all of the patients and per-
formed regression analyses with clinical measures (Table 2). We
found statistically significant correlations between whole-GM
volume and the MSFC, 9-HPT, PASAT2, PASAT3, and T25-FW
scores. We did not observe statistical significance in the corre-
lation between whole-GM volume and EDSS; however, the bowel
and bladder and the cerebellar functional system subscores were
significantly correlated with whole-GM volumes.

Heat Map and Correlation Clustering
Correlation clustering is a way of visualizing a large, complex
data set in a manageable fashion that highlights elements that
correlate with each other (Figure 3). We observed close clus-
tering of whole-GM volumes with PASAT2, PASAT3, and MSFC
scores. Strong negative correlations between the MSFC and the
T25-FW and 9-HPT scores were as expected because in-
creased times to complete the T25-FW and 9-HPT indicate
worse disability and contribute to a lower MSFC score.

Discussion
We have observed localized GM loss associated with deficits
in specific clinical test results occurring in clinically eloquent
regions—areas consistent with functions associated with their
respective clinical measures. This observation of discrete GM
losses that differ from one clinical disability to another is con-
sistent with our overall hypothesis that, as disabilities differ,
patterns of localized GM atrophy differ accordingly.

Auditory function is a critical component of the PASAT2;
therefore, the strong correlation between PASAT2 perfor-
mance and GM volume in the primary auditory cortex bilat-
erally is of particular interest. Furthermore, we found a strong
correlation between PASAT2 performance and GM volume in
the left precentral gyrus (BA 6). Neuroimaging studies have
demonstrated that BA 6 is involved in nonmotor mental op-
eration tasks, with one report65 using positron emission to-
mography to visualize activity in BA 6 during numerical, ver-
bal, and spatial tasks and the other66 using functional MRI to
visualize activity in BA 6 during spatial and verbal mental op-
erations. With that said, our findings are not consistent with
those of a previous report demonstrating significance clus-
ters for correlations between GM volume and PASAT2 scores
in the orbitofrontal cortex.39 The difference in our observa-
tions may be owing to differences in patient populations
and/or analysis methods. We had an all-female population with
RRMS and a mean disease duration of 3 years, whereas the
previous study had a mixed-sex population that included
healthy participants and patients with MS and a mean dis-
ease duration of 7 years. Further, we used high- instead of
low-dimensional nonlinear registration and lesion
in-painting, as recommended.37,51

Unexpectedly, the PASAT3 did not show a correlation with
localized GM atrophy. We hypothesize that this finding is ow-
ing to the smaller continuum of disability in the PASAT3 than
in the PASAT2. The range of PASAT3 scores was small, with 73
of 133 of the patients showing no functionally significant dis-

ability (PASAT3 score 55-60), thus limiting the domain of the
regression analysis.

The 9-HPT involves very precise hand and arm move-
ments; although left BA 44 (ie, part of the Broca area) is pri-
marily associated with the production of speech (verbal com-
munication), it is also involved in specific, coherent activation
of the motor system, particularly arm and hand motions (theo-
retically gestural communication).67-69 Our findings emerged
from the patient MRI scans without a priori hypotheses or pre-
conceptions about affected areas, which makes them even
more compelling. In essence, these biology-driven rather than
hypothesis-driven results reveal a new area of GM loss asso-
ciated with a common disability in MS, namely, performance
on the 9-HPT.

Patients with MS and EDSS bladder and bowel functional
system subscores greater than 0 showed a significance clus-
ter of GM loss in the right paracentral lobule. The cluster oc-
cupies a region of the cerebral cortex that receives somato-
sensory information to the genital area and has been shown
to be associated with defecation and micturition.70-72

The MSFC is a combination of tests that involve multiple
separate neurologic systems, including the sensory, motor, co-
ordination, attention, and cognition systems. Despite the va-
riety of systems involved, a number of large clusters had vox-
elwise GM volume correlated with the MSFC score. The MSFC

Figure 3. Heat Map of Positive and Negative Correlations
and Their Clustering
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The associations among whole–gray matter (GM) volumes, the Multiple
Sclerosis Functional Composite (MSFC) and its component subtests (9-Hole Peg
Test [9-HPT], Timed 25-Foot Walk [T25-FW], and Paced Auditory Serial
Addition Test at 2 [PASAT2] and 3 [PASAT3] seconds), and the Expanded
Disability Status Scale (EDSS) and its functional system subscores are
illustrated. In the heat map, yellow indicates a positive (direct) correlation and
red indicates a negative (indirect) correlation between the values. Gray matter
volumes and all clinical disability scores are clustered in rows and columns, as
shown in the dendrograms.
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clusters had some overlap with those observed in the PASAT2
and 9-HPT results, although this overlap was not complete.
This result was a surprise because we expected that compos-
ite measures of distinct clinical disabilities would not corre-
late well with voxelwise GM loss. On the other hand, we did
not find any correlation between the EDSS scores and local-
ized GM loss, consistent with previous reports.38,73 We hy-
pothesize that this finding may be owing to the fact that the
EDSS includes more subscales, many of which are minimally
affected in many patients, resulting in greater heterogeneity
of disabilities. Further, and perhaps more importantly, the
MSFC subtests (and transitively the MSFC) are objective mea-
sures with substantial dynamic ranges, whereas the EDSS and
its functional system subscores are subjective assessments and
have a limited dynamic range. Our data suggest that objec-
tive clinical outcome measures are better suited for this kind
of analysis, as are continuous (rather than dichotomous or
discrete) measures.

We observed correlations between whole-GM volume
and the MSFC and its component tests, consistent with pre-
vious reports.12,13,40 We did not observe a statistically sig-
nificant correlation between whole-GM volumes and the
EDSS scores, although we found an inverse correlation
between whole-GM volumes and the EDSS bowel and blad-
der functional system subscore and between GM volumes
and the EDSS cerebellar functional system subscore (less
GM volume is correlated with more disability). Although
several studies have reported that GM atrophy is associated
with EDSS scores,12,40 others have not found such a
correlation.73,74 The difference in our observations again
may be owing to differences in our patient populations.

Our study includes some limitations. The cohort we ana-
lyzed consisted of untreated female patients with RRMS. If dis-
ease-modifying treatments were used, if the patient popula-

tion was male, or if patients with progressive MS were
examined, the findings may have been different. Although our
patient population was larger than those of previous VBM stud-
ies, it is by no means representative of all patients with MS,
and future studies with even larger patient populations may
demonstrate more subtle effects. In addition, this approach
could be applied to any number of other clinical assessments
beyond the MSFC components. With that said, the results of
some assessments may be masked by the complex, multisys-
tem nature of some tasks or by the brain’s inherent plasticity.

Further studies warrant a longitudinal analysis to corre-
late longitudinal change in a specific disability with longitu-
dinal change in voxelwise GM atrophy. The insights gained may
be important in identifying new biomarkers for use in future
trials that focus on neuroprotective treatments targeting those
specific disabilities because specific areas of GM loss could be
tracked longitudinally for responsiveness to treatment over
time.

Conclusions
Previous reports3,9,40,41 have found strong correlations be-
tween GM atrophy and clinical disability in MS; however, few
studies have focused on the association between localized GM
atrophy and specific disabilities.39 In this cross-sectional study,
we have demonstrated that specific disabilities in patients with
MS are associated with voxelwise GM volume loss in clinically
eloquent regions. These findings are biology driven rather than
hypothesis driven, emerged from the MRI scans, and unveiled
GM atrophy associated with common disabilities observed in
MS. Identification of such regions could lead to further inves-
tigation of their longitudinal change as a biomarker in a trial
targeting treatment of the disability served by that region.
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