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ORIGINAL RESEARCH
BRAIN

Evolution of Cortical and Thalamus Atrophy and Disability
Progression in Early Relapsing-RemittingMS during 5 Years

R. Zivadinov, N. Bergsland, O. Dolezal, S. Hussein, Z. Seidl, M.G. Dwyer, M. Vaneckova,
J. Krasensky, J.A. Potts, T. Kalincik, E. Havrdová, and D. Horáková

ABSTRACT

BACKGROUNDANDPURPOSE: Pathologic changes in GMhave an important role inMS.We investigated the association between SDGM
and cortical volume changes and disability progression in early RRMS.

MATERIALS ANDMETHODS: One hundred eighty patients with RRMS had clinical assessment during 5 years and were divided into those
with or without SDP at 5 years by the usual definition in treatment trials. The number of available MR imaging scans at various time points
was the following: at baseline, 178; and at 6 months, 172; at 12 months, 175; at 24 months, 155; at 36 months, 160; at 48 months, 158; and at 60
months, 162, respectively. Longitudinal changes in cortical, GM, and WM volume were calculated by using the direct method.

RESULTS: At 5 years, 90 patients with RRMS experienced SDP and 90 had stable disease. At baseline, patients with SDP had longer disease
duration, greater T2-lesion volume, and smaller whole-brain, WM, cortical, and SDGM volume (P� .01). At 5 years, patients with SDP had
significantly greater percentage decreases from baseline compared with those without SDP in the volume of the whole brain (P� .0001),
cortex (P� .001), GM (P� .003), and thalamus (P� .01). In patients who developed SDP at 5 years and those who did not, mixed-effect
models, adjusted for age, disease duration, and change of the treatment status, showed significant interactions between SDP status at 5
years and changes with time in whole-brain, cortical, lateral ventricle (all P� .001), thalamus (P� .006), and total SDGM (P� .0095) volume.

CONCLUSIONS: SDP is associated with progression of cortical, central, and thalamic atrophy in early RRMS during 5 years.

ABBREVIATIONS: ASA� Avonex-Steroid-Azathioprine; EDSS� Expanded Disability Status Scale; GM� gray matter; RR� relapsing-remitting; SDGM� subcor-
tical deep gray matter; SDP� sustained disability progression; SIENA� structural image evaluation with normalization of atrophy.

Historically, MS has been classified as a disease predominantly

affecting the WM of the central nervous system.1,2 Neverthe-

less, pathologic changes in GM are increasingly recognized as an

important component of the MS disease process.3-8 Advances in

MR imaging have enabled detection of changes in GM volume.9,10

However, the available imaging techniques are still unable to ad-

equately detect GM lesions, especially in the cortex,2,7 probably

due to these lesions having a different underlying pathology com-

pared with WM lesions: those in the GM appear to have minimal

infiltration of immune cells and are of a less inflammatory

nature.7,8,11

Studies in patients with RRMS showed that GM atrophy is a

meaningful indicator of neurodegeneration and occurs more rap-

idly than WM atrophy during both the early and advanced stages

of MS.4-6,12 Moreover, GM atrophy is a better indicator of disabil-

ity progression than WM atrophy or accumulation of lesion bur-

den.4-6,13 Cognitive impairment in patients with RRMS is

thought to be associated with MS-related GM pathology, partic-

ularly in the cortex,14 with variability in disability progression

among patients with RRMS possibly arising from differences in

GM injury.15

It is likely that GM pathology reflects increased cortical and

SDGM damage and atrophy, which may also underlie other as-

pects of MS-associated disability.1-3,7,8 Several case-control stud-

ies have established that SDGM but not cortical atrophy is present
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at the earliest clinical stages of the disease.16-20 Other studies

indicate that damage to the SDGM is associated with memory

impairment.21,22 However, to date, there have been no long-

term longitudinal studies investigating possible associations

among SDGM, cortical atrophy, and disability progression in

RRMS.

Clinical trials on the therapeutic use of intramuscular inter-

feron �-1a in patients with RRMS have validated measures of

whole-brain atrophy as clinically significant markers of future

disease progression and therapeutic response.23-25 Most impor-

tant, intramuscular interferon �-1a has been shown to signifi-

cantly slow the progression of brain atrophy in patients with

RRMS, primarily through a reduction in GM atrophy.25,26

The aim of the current study was to monitor the temporal

dynamics of SDGM and cortical atrophy in patients with early

RRMS who participated in an intramuscular interferon �-1a

study during 5 years and to determine any association with dis-

ability progression.

MATERIALS AND METHODS
MR imaging data were obtained from patients who were initially

enrolled in the 2-year, double-blind, placebo-controlled Avonex-

Steroid-Azathioprine study.27 In this study, patients were ran-

domized to treatment with intramuscular interferon�-1a (30 �g/

week) alone or in combination with azathioprine (50 mg/day) or

azathioprine plus prednisone (10 mg every other day). At the end

of the ASA study, patients with MS were eligible to enter a 3-year

extension study during which they were able to continue to re-

ceive monotherapy with intramuscular interferon �-1a, add other

therapies to intramuscular interferon �-1a, or switch to new ther-

apies. All patients were clinically assessed by using the EDSS every

2 months during the first 12 months and then every 3 months

until month 60. MR imaging assessments were performed at base-

line and at yearly intervals at least 14 days after the last adminis-

tration of any steroid treatment. Full details of the design and

results of the 2-year ASA study (by randomized treatment group)

and preliminary results from the 5-year extension period (by dis-

ability progression) were reported.12,27

The study was approved by the Medical Ethics Committee

(Charles University of Prague and University of Buffalo).

MR Imaging and Analysis. All MR imaging assessments were per-

formed by using the same Gyroscan 1.5T scanner (Philips Health-

care, Best, the Netherlands). Axial images of the brain were obtained

by using FLAIR with 1.5-mm section thickness and axial T1-

weighted 3D spoiled gradient-recalled images with 1-mm section

thickness. Both images had an in-plane resolution of 1 � 1 mm. All

images were nongapped. MR imaging assessment protocols were

conducted as reported.12,27 Investigators performing the image anal-

yses were blinded to subject characteristics and clinical status.

Lesion Volume. T2-lesion volume was calculated by using a reli-

able semiautomated edge-detection contouring/thresholding

technique previously described.28 With FMRIB’s Linear Image

Registration Tool software (FMRIB; http://www.fmrib.ox.

ac.uk/),29 all follow-up FLAIR images for a given subject were

coregistered to his or her baseline FLAIR image by using a 6 df

rigid-body model. All subsequent lesion analyses were performed

by using the coregistered images. For each follow-up time point,

T2-lesion volume was performed via the aid of a “subtraction

image.” Briefly, the FLAIR image from the previous time point

was subtracted from the corresponding current FLAIR image.

The result was then smoothed with a Gaussian kernel of � �

0.5 mm. Cross-sectional ROIs were overlaid on the subtraction

image to facilitate the identification of a new T2-lesion

volume.

Global and Tissue-Specific AtrophyMeasures. For baseline anal-

yses, SIENAX software from the FMRIB package was used (Ver-

sion 2.6), with corrections for T1-hypointensity misclassification

by using an in-house-developed in-painting program on T1WI

3D spoiled gradient-recalled images. Normalized whole-brain,

normalized GM, normalized WM volume, normalized cortical,

and normalized lesion volume were measured as previously

described.30

For longitudinal changes of the whole-brain volume, we ap-

plied the SIENA method31 to calculate the percentage brain vol-

ume change. To quantify longitudinal GM, WM, and cortical and

lateral ventricle percentage volume changes, we used a modified

hybrid of SIENA and SIENAX in FMRIB. We used a brain- and

skull-constrained coregistration technique to place both baseline

and follow-up images into a position half-way between the two.

As in the original SIENA method,31 this helps minimize a poten-

tial bias by subjecting both images to the effects of coregistration.

Next, we combined baseline and follow-up intracranial volume

masks via union and valid voxel masks via intersection, ensuring

that the same imaging volume was analyzed at both time points.

Finally, we segmented the resulting images with a modified lon-

gitudinal version of FMRIB’s Automated Segmentation Tool

(FAST),32 which uses a 4D joint hidden random Markov field to

prevent misclassification between time points when longitudinal

intensity changes are lacking (or minimal). Total tissue volume

was calculated for both baseline and follow-up for each tissue

compartment from partial volume maps, and percentage volume

change was derived directly from the images.

Absolute tissue volumes for the thalamus, caudate, putamen,

globus pallidus, hippocampus, amygdala, and nucleus accumbens

at each time point were estimated from in-painted T1WI 3D

spoiled gradient-recalled images with FMRIB’s Integrated Regis-

tration and Segmentation Tool (FIRST, version 1.2), a model-

based segmentation/registration tool.33 Normalized SDGM vol-

umes were obtained by multiplying the estimated volumes from

this tool by the volumetric scaling factor from SIENAX.30

Statistical Analyses. The 5-year evaluation of the associations be-

tween SDGM, cortical atrophy measures, and disability progres-

sion was preplanned. Because neither the 2-year27 nor the

5-year6,12 nor the 6-year34 results showed any statistically signifi-

cant differences between the treatment groups, the groups were

merged for the purpose of the current analysis.

For the present analyses, patients were divided into 2 groups

based on disability progression. The first group contained pa-

tients who, at the end of the 5-year period, had SDP. This was

defined as any 1.0-point sustained (24-week) increase in the EDSS

score in patients who had a baseline EDSS score of �1.0 or any

�1.5-point sustained (24-week) increase in the EDSS score in pa-
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tients who had a baseline EDSS score of 0.0. The second group con-

tained subjects without SDP who were patients with stable disease.

Patients who completed the 2-year study and did not enter the

3-year extension period or who had discontinued treatment for rea-

sons other than disability progression underwent scheduled fol-

low-up evaluations. Because early study enrollment resulted in a total

observation period of �5 years for some patients, data were not cen-

sored at 5 years; therefore, any patient reaching sustained progression

after 5 years was categorized as having “progressed” at year 5.

Comparisons were made between SDP and stable MS. Com-

parisons at baseline were performed by using the Pearson �2 test

for categoric values and the Student t test or Wilcoxon rank sum

test for continuous variables with a skewed distribution. Regres-

sion analysis at 5 years for absolute and percentage change from

baseline variables was used to adjust for differences in baseline

age, disease duration, and change of treatment status during the

5-year follow-up.

Temporal changes in global, tissue-

specific, and deep gray matter MR imag-

ing measures by disability-progression

status at different time points of the study

are shown as mean � 95% confidence in-

tervals and median � interquartile range,

as appropriate. Longitudinal linear or

quadratic random-intercept mixed-effect

models,35 adjusted for baseline age, dis-

ease duration, and change of treatment

status during the 5-year follow-up, were

used to describe the temporal associations

between SDGM and cortical atrophy

along with other MR imaging measures

and disability progression. Variables vio-

lating normality assumptions were trans-

formed by using Box-Cox transforma-

tions for modeling purposes.

To avoid too many spurious findings

due to multiple comparisons, we have not

reported anything as statistically signifi-

cant unless the nominal P value was �.01

by using 2-tailed tests.

RESULTS

Subjects. In total, 180 patients with

RRMS (90 patients each in the SDP and

stable disease groups, according to the

5-year classification) were included in the

study. The disability progression status

was captured for all 180 patients at 5 years.

The number of available MR imaging

scans at various time points was the fol-

lowing: at baseline, 178, and at 6 months,

172; at 12 months, 175; at 24 months, 155;

at 36 months, 160; at 48 months, 158; and

at 60 months, 162, respectively. The miss-

ing scans at various time points were due

to the unavailability of MR imaging scans

or failure of accurate quantitative analysis

(data not shown). The observed patient populations with MR

imaging data at 5 years exhibited no statistically significant differ-

ences in baseline demographics or clinical or MR imaging char-

acteristics compared with those with missing MR imaging data at

5 years, except for a trend toward a treatment switch (P � .019,

data not shown). Tables 1 and 2 present baseline characteristics

for the 180 evaluable patients.

Clinical andMR ImagingOutcomes at Baseline. Comparisons be-

tween the MS groups showed that patients in the SDP group had

a longer disease duration (P � .01) than patients with stable dis-

ease (Table 1). Additionally, patients with SDP had a greater T2-

lesion volume (P � .001) as well as a smaller total SDGM volume

(P � .002), whole-brain volume (P � .003), normalized WM

volume (P � .007), and normalized cortical volume (P � .01)

(Table 2).There were no significant differences between the 2 pa-

tient groups in baseline EDSS score and normalized lateral ven-

Table 1: Baseline demographics and clinical characteristics for all patients, split by
progression status at 5 yearsa

Sustained Disease
Progression (n = 90)

Stable Disease
(n = 90) P Value

Female (No.) (%) 68 (75.6) 73 (81.1) .4
Age (yr) (mean) (SD) (median) 31.9 (7.9) 31.5 29.5 (7.8) 28.5 .04
Disease duration (yr) (mean) (SD)
(median)

6.0 (5.8) 4.0 4.0 (4.3) 3.0 .01

EDSS (mean) (SD) 2.0 (1.0) 1.8 (0.8) .2
Median (range) 2.0 (0–3.5) 2.0 (0–3.5)
Treatment assignment (No.) (%)
IFN-� 1a monotherapy 25 (27.8%) 34 (37.8%) .3
IFN-� 1a� AZA 32 (35.6%) 26 (28.9%)
IFN-� 1a� AZA� Steroids 33 (36.7%) 30 (33.3%)
Treatment switchb

Did not switch 34 (38%) 62 (69%) �.0001
Switched 56 (62%) 26 (29%)

Note:—IFN-� indicates interferon-�; AZA, azathioprine.
a The difference of the means between the groups was calculated using the Student t test, Pearson �2 test, or
Mann-Whitney rank sum test, as appropriate.
b Treatment switch was defined on the basis of a derived yes/no variable as to whether patients changed treatment
status during the 5-year follow-up.

Table 2: Baseline MRI characteristics for all patients, split by progression status at 5
yearsa

Sustained Disease
Progression (n = 90)
(mean) (SD) (median)

Stable Disease (n = 90)
(mean) (SD) (median) P Value

T2-LV 11.2 (12.9) 6.3 4.7 (5.5) 2.8 �.0001
NWBV 1488.8 (84.4) 1485.6 1524.4 (74.1) 1520.6 .003
NGMV 797.9 (53.1) 800.2 815.5 (50) 822.7 .02
NWMV 690.9 (49.9) 689.5 708.9 (37.4) 704.5 .007
NLVV 42.6 (15.1) 39.7 40 (11.8) 38.9 .3
NCV 623.6 (43.3) 627 639.7 (41.3) 643.6 .01
Total NSDGMV 44.5 (4.5) 44.5 46.6 (3.9) 46.4 .002
NSDGMV structures
Caudate nucleus 6.4 (0.8) 6.4 6.8 (0.8) 6.8 .0009
Putamen 9.4 (1.1) 9.3 9.8 (1) 9.9 .015
Globus pallidus 3.4 (0.4) 3.4 3.5 (0.4) 3.5 .05
Thalamus 14.6 (1.8) 14.6 15.4 (1.5) 15.2 .002
Hippocampus 7.2 (0.8) 7.2 7.5 (0.8) 7.6 .015
Nucleus accumbens 0.9 (0.2) 0.9 1 (0.2) 1 .018
Amygdala 2.6 (0.4) 2.6 2.6 (0.3) 2.6 .14

Note:—LV indicates lesion volume; NWBV, normalizedwhole-brain volume; NGMV, normalized graymatter volume;
NWMV, normalized white matter volume; NLVV, normalized lateral ventricle volume; NCV, normalized cortical
volume; NSDGMV, normalized subcortical deep gray matter volume.
a The difference of the means between the groups was calculated using Student t test. The MRI volumes are
presented in milliliters.
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tricle or normalized GM volume. With the exception of the cau-

date (P � .001) and thalamus (P � .002), the SDGM brain

structures measured were not significantly different at baseline

between the 2 groups (Table 2).

Clinical and MR Imaging Outcomes at
Year 5. At 5 years, the mean EDSS was 3.2

in the SDP group and 1.6 in the stable

group (P � .001). Comparisons of per-

centage change from baseline to 5 years in

MR imaging outcomes are shown in Ta-

bles 3 and 4.

The percentage change in whole-brain

volume was greater in patients with SDP

than in stable patients (�4.8% versus

�2.6%; P � .001; Fig 1). Additionally,

there was a significant interaction effect in

the mixed-effect model analysis with dis-

ability progression and percentage change

in whole-brain volume with time (inter-

action P value � .001) showing patients

with disability progression having a

steeper decline (Fig 2).

Significantly greater percentage volume

change in the cortex (�5.4% versus �3.8%,

P � .001) and GM (�5.3% versus �3.8%,

P � .003) was detected in patients with SDP

than in stable patients (Table 3 and Fig 2).

There was a significant interaction effect in

the mixed-effect model analysis, with dis-

ability progression and percentage change

in cortical (interaction P value � .001) but

not total GM volume with time, showing

patients with disability progression having a

steeper decline (Fig 2).

At 5 years, a significantly greater de-

crease in thalamus volume (�6.2% versus

�4.5%, P � .01) was detected in patients

with SDP than in stable patients (Fig 3).

When we detected changes in slope over the

entire study period, thalamus and total

SDGM volume showed significant de-

creases with time in patients with SDP com-

pared with stable patients (thalamus inter-

action P value � .0006 and total SDGM

volume interaction P value � .0095; Fig 4).

The SDP group exhibited a significant

increase with time in lateral ventricle vol-

ume (interaction P value � .001) com-

pared with stable patients (Figs 1 and 2).

During 5 years, no significant differ-

ence in accumulation of T2-lesion volume

was detected between stable patients and

those with SDP (Figs 1 and 2).

DISCUSSION
This study is the first prospective, longitu-

dinal, long-term investigation of the asso-

ciation between the SDGM and cortical

atrophy accumulation with disability progression in patients

with early RRMS. At the end of the 5-year observation period,

retrospective analyses of baseline characteristics and MR im-

aging assessments were performed to compare patients who

Table 3: Evolution of whole-brain and tissue-specific MRI measures during 5 years, split by
progression status at 5 yearsa

Sustained Disease
Progression
(mean) (SD)
(median)

Stable Disease
(mean) (SD)
(median)

P
Value

T2-LV (No. patients) 80 78
Absolute change 2.8 (6.3) 1.6 2.3 (3.8) 1.0
% Change 53.9 (66.7) 36.3 79.1 (156.4) 40.5 .4
Whole-brain (No. patients) 82 80
% Change �4.8 (3.4)�3.9 �2.6 (2)�2.2 �.0001
Gray matter (No. patients) 82 79
% Change �5.3 (3.1)�4.5 �3.8 (2.3)�4.1 .003
White matter (No. patients) 82 79
% Change �0.9 (3.4)�0.5 0.4 (3.1) 0.8 .06
Lateral ventricle volume, (No. patients) 82 79
% Change 26.7 (24.8) 22.6 14.9 (11.3) 13.4 .02
Cortical volume (No. patients) 80 78
% Change �5.4 (3.1)�4.9 �3.8 (2.2)�4 .001

Note:—T2-LV indicates T2-lesion volume.
a The difference between the groups was calculated using regression analysis adjusting for age, disease duration, and
change of treatment status during the 5-year follow-up. The absolute volume changes are presented in milliliters.
Variables with skewed distributions (% change in T2-LV and % change in LV) were transformed using Box-Cox
transformations. The changes between baseline and follow-up scans for whole-brain, gray matter, white matter,
lateral ventricle, and cortical volume were calculated using the direct-measurement technique; hence, no absolute
but only percentage volume changes are available.

Table 4: Evolution of tissue-specific subcortical deep gray matter structures during 5
years, split by progression status at 5 yearsa

Sustained Disease
Progression
(mean) (SD)
(median)

Stable Disease
(mean) (SD)
(median)

P
Value

Total SDGMV (No. patients) 81 78
Absolute change �2.5 (1.6)�2.5 �2 (1.1)�1.9
% Change �5.7 (3.8)�5.3 �4.4 (2.5)�4 .03
SDGMV structures
Caudate nucleus (No. patients) 80 79
Absolute change �0.4 (0.4)�0.3 �0.3 (0.3)�0.3
% Change �5.9 (7)�5.1 �4.5 (4.6)�4.5 .3
Putamen (No. patients) 80 79
Absolute change �0.5 (0.4)�0.5 �0.4 (0.4)� 0.5
% Change �5.8 (4.2)�5.7 �4.3 (3.7)�4.5 .02
Globus pallidus (No. patients) 80 79
Absolute change �0.06 (0.02)�0.07 �0.02 (0.02)�0.02
% Change �1.8 (5.1)�2.1 �0.5 (4.5)�0.7 .99
Thalamus (No. patients) 80 79
Absolute change �0.9 (0.6)�0.8 �0.7 (0.5)�0.6
% Change �6.2 (4.4)�5.5 �4.5 (3.2)�3.9 .01
Hippocampus (No. patients) 80 79
Absolute change �0.4 (0.4)�0.4 �0.4 (0.4)�0.4
% Change �5.5 (5.5)�5.7 �5.6 (5.6)�4.8 .9
Nucleus accumbens (No. patients) 80 79
Absolute change �0.08 (0.1)�0.08 �0.09 (0.1)�0.1
% Change �7.6 (14.8)�9.1 �8.7 (11.8)�10 .1
Amygdala (No. patients) 80 79
Absolute change �0.1 (0.2)�0.2 �0.1 (0.3)�0.2
% Change �5.1 (8.3)�6.2 �4.6 (9.7)�5.8 .95

Note:—SDGMV indicates subcortical deep gray matter volume.
a The difference between the groups was calculated using regression analysis adjusting for age, disease duration, and
changeof treatment status during the 5-year follow-up. The absolute volumechanges arepresented inmilliliters. Variables
with skewed distributions (% change in globus pallidus and % change in amygdala) were transformed using Box-Cox
transformations.
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developed disability progression with patients whose disease

remained stable. Most interesting, the baseline MR imaging

assessments gave an indication of patients who would progress

because these patients had significantly greater T2-lesion vol-

ume and significantly smaller whole brain, WM, total SDGM,

caudate, and thalamus volume. In the previous preliminary

analysis of the 5-year data,12 no difference in baseline whole-

brain volume or normalized WM volume was found between

patients who progressed or those who remained stable after 5

years. This could have been related to the fewer patients and

the shorter time period used for the definition of the SDP

group in the previous study.12 In addition, a newer version of

the SIENAX (2.6) and an improved in-painting method were

applied in the current study, which could have contributed to

better accuracy of the results. After adjusting for age, disease

duration at baseline, and change of treatment status during 5

years, we saw significant interactions with time and disability

progression with whole-brain volume and cortex, lateral ven-

tricles, thalamus, and total SDGM volume, suggesting that the

association with disability progression and deterioration on

these MR imaging structures is predictive and time-dependent.

We performed this study as an exploratory one, and given the

paucity of data, we did not know how many comparisons we

would make a priori; thus, we did not adjust the significance tests

for multiple comparisons. Potential associations identified in the

current study may drive future research with preplanned analyses

to validate the results of this exploratory research.

As expected, MS patient groups exhibited substantial de-

FIG 1. Temporal changes in global and tissue-specificMR imagingmeasures by disability-progression status at different time points of the study
are shown as mean� 95% confidence intervals and median� interquartile range, as appropriate. A, Percentage change in whole-brain volume.
B, T2-lesion volume. C, Percentage change in lateral ventricular volume. D, Percentage change in cortical volume.
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creases in whole-brain volume and corresponding increases in

lateral ventricle volume during 5 years. This finding is in line

with those of previous studies.36 Previous clinical studies in

MS have shown an association between whole-brain atrophy and an

increases in lateral ventricle volume and have found that both mea-

surements were associated with increased disability.37,38 This associ-

ation was confirmed in an earlier analysis of data from part of this

cohort,12 which showed that whole-brain volume was predictive of

disability progression. Of particular note in the present study was the

increase in lateral ventricle volume during 5 years, which was �10%

greater in patients with SDP than in stable patients.

Among the patients with MS, more SDGM atrophy was seen in

patients with SDP than in stable patients, most likely as a result of

the significantly greater decreases in thalamus volumes in the for-

mer group. Because previous study showed age-dependent atro-

phy in the thalamus in healthy subjects,39 age was retained in all

analyses, as a covariate. The findings from the current study sug-

gest that SDGM structures are severely affected in the first 10 years

of disease after clinical onset. The potential relevance of SDGM

atrophy to the development of disability progression was shown

by the significantly smaller volumes at baseline in patients with

SDP. The largest longitudinal difference during 5 years between

the SDP and stable MS groups was detected in the thalamus (1.7

percentage points), which has a role in regulating a wide variety of

functions, including receiving input from other SDGM structures

and relaying neural signals to the motor cortex.40 The results from

our study suggest that SDGM and, in particular, thalamus atro-

phy in MS may affect areas of the brain that are important for the

control of motor functions.

Patients with SDP showed more advanced cortical atrophy at 5

years compared with stable patients. This was confirmed by the

mixed-effect-model analysis, which

found an interaction with time. These

findings are in agreement with those in

previous studies that have suggested dif-

ferential patterns of GM and WM atrophy

during 2 years for patients with MS versus

healthy controls6 and that the rate of GM,

but not WM, atrophy increased with ad-

vancing disease stage and was correlated

with disability.4,5,12,24,25 Fundamentally

cross-sectional approaches like SIENAX

are still widely used to measure GM and

WM changes,25 leading to potentially less

accurate results and more analysis fail-

ures. Direct measures of cortical, GM, and

WM volume changes with advantages

similar to those of SIENA have been lack-

ing. We built on the basic half-way-regis-

tration and scaling-factor estimation

components of SIENA. In addition, we

modified FAST to incorporate a fourth di-

mension in its hidden Markov random

field model, to directly represent time.

Like SIENAX, the output provides indi-

vidual cortical, GM, WM, and lateral ven-

tricle volume but with significantly re-

duced classification errors between time

points. The SDs of longitudinal percentage-volume changes with

our approach (Table 3) are substantially lower than those found

in previous studies measuring GM and WM changes with time.4-

6,12 Therefore the robust findings between patients with SDP and

stable patients for 5 years in the present study may be related to the

new longitudinal direct way of performing calculations for the

evolution of cortical, GM, and WM volume changes.

Albeit not significantly different, of interest were changes in

WM volumes between patients with SDP and stable patients dur-

ing 5 years (Table 3). There was almost a 1% WM volume decrease

in the SDP group and a 0.4 increase in the stable group. This

finding suggests that development of WM atrophy may also play

an important role in disease progression. The proposed direct

measurement approach of brain tissue compartments in this

study improves on the standard SIENAX technique and may pro-

vide more precise data and additional statistical power for studies

evaluating cortical, GM, and WM atrophy changes with time.

Placebo-controlled clinical studies have shown that intramus-

cular interferon �-1a slows disability progression,41 reduces T2-

lesion volume,42 and prevents atrophy.23-26,43 Despite these

known effects of treatment with intramuscular interferon �-1a,

both patients with SDP and those with stable MS exhibited loss of

brain tissue during the course of this study. The extent of atrophy

in untreated patients with MS is likely to be greater than that

observed in the treated patients in this study, though it is not

known whether the differential pattern of WM and GM atrophy

would be as evident.

Our study confirmed previous reports from this cohort that

showed that accumulation of T2-lesion volume did not influence

disability progression during the long term.6,12,44 During the

FIG 2. Changes in global and tissue-specific MR imaging measures (fitted values–intercept
model) by disability-progression status with time. Percentage change in whole-brain volume:
interaction P� .001 (A); and T2-lesion volume: interaction P� not significant (B). C, Percentage
change in lateral ventricular volume: interaction P � .001. D, Percentage change in cortical
volume: interaction P� .001.
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course of the study, no significant difference in the evolution of

T2-lesion volume was seen in the stable group compared with the

SDP group. However, the baseline T2-lesion volume was substan-

tially larger in the SDP group. In the original 2-year ASA study, the

percentage of T2-lesion volume change at 2 years was significantly

lower for the combination (�14.5%) versus interferon �-1a alone

(�30.3%) group.27 However, in a most recent 6-year follow-up

evaluation of the ASA study by the original treatment arm,34 it

was reported that no significant difference in the absolute T2-

lesion volume and its changes during 6 years was seen between the

original treatment groups. These additional data suggest that the

original percentage changes of T2-lesion volume differences were

probably inflated by the lower baseline T2-lesion volume in

the interferon �-1a-alone group.

CONCLUSIONS
Our findings suggest that changes in cortical, thalamus, and cen-

tral atrophy occur early in the MS disease course, particularly in

patients who are likely to have more rapid disease progression.

Greater decrease of thalamus and cortical

percentage volume change during the first

10 years of the disease influenced disabil-

ity progression as measured by the EDSS,

in addition to being evident already early

in the disease process. Although it is cur-

rently not possible to accurately identify

patients who will have a more aggressive

disease course before the manifestation of

clinical symptoms, our findings indicate

that measurement of thalamus and corti-

cal atrophy, even in early-stage patients,

may have future potential in predicting

the disease course. Further studies are re-

quired to expand on these findings, par-

ticularly in those patients who have progressive disability associ-

ated with cognition, either with or without ambulatory problems.
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