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A B S T R A C T

BACKGROUND AND PURPOSE: Conventional MRI techniques do not necessarily provide information about multiple sclerosis
(MS) disease pathology or progression. Nonconventional MRI techniques, including proton magnetic resonance spectroscopy (1H-
MRS), are increasingly used to improve the qualitative and quantitative specificity of MR images. This study explores potential
correlations between MRI measures of disease and disability progression as measured by the Expanded Disability Status Scale
(EDSS), Functional Systems (FS), and ambulation index scores in a unique cohort of MS patients treated with glatiramer acetate
that has been closely monitored for over 20 years.
METHODS: This was a multicenter, open-label, cross-sectional MRI substudy among participants in the GA-9004 open-label
extension of the 36-month, double-blind GA-9001 study, timed to coincide with the prospectively planned 20-year clinical exam.
RESULTS: Of 64 patients who participated in the MRI substudy, results are presented for the 39 patients (61%) who had a
1H-MRS assessment at 20 years of treatment. Both total N-acetylaspartate relative to total creatinine (tNAA/tCr) concentration
ratio and T1 lesion volume were found to be robustly associated with disability levels with different statistical approaches. Gray
matter (GM) volume was found to be a more consistent parameter than white matter (WM) volume for disability allocation.
The elastic net algorithm showed a trade-off between WM and GM volumes for disability estimation when different disability
definitions were used.
CONCLUSIONS: Among patients with MS receiving long-term glatiramer acetate therapy, consistent effects on disability
levels indicated by EDSS and pyramidal FS score thresholds were found for tNAA/tCr concentration ratio and T1 lesion volume.
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Introduction
Conventional MRI techniques, such as gadolinium-enhanced
T1-weighted (T1W) and T2-weighted (T2W) MRIs, are sensi-
tive indicators of disease activity but do not necessarily provide
information about disease pathology or progression.1,2 Corre-
lations between conventional imaging measures and neurologi-
cal disability measured by the Expanded Disability Status Scale

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

(EDSS)3 and between imaging and relapse rates4 have also been
modest and variable (ie, the “clinico-radiological paradox”).5,6

This may reflect the poor pathological specificity of conven-
tional MR images, in that the T2W lesion volume “burden of
disease” measure does not differentiate between edema, de-
myelination, axonal loss, and gliosis within apparently normal-
appearing white matter (WM).6,7 Additionally, significant
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neurologic deficits can reflect undetected lesions in the spinal
cord, pyramidal tract, or optic nerve, while a large subcortical
lesion may be asymptomatic.8

Nonconventional MRI techniques, including magnetization
transfer imaging (MT-MRI), proton magnetic resonance spec-
troscopy (1H-MRS), and diffusion tensor imaging (DTI), are
increasingly being used to improve the qualitative and quan-
titative specificity of MR images. These techniques are more
sensitive to changes in gray matter (GM), which may be more
closely associated with neurologic disability than WM changes,9

and these newer techniques can identify specific aspects of brain
tissue injury. However, even with more specific techniques, the
current consensus is that a single MRI measure may not com-
pletely reflect the disease state and progression in relapsing-
remitting multiple sclerosis (RRMS);10 combining MRI
measures of MS-related tissue damage could better elucidate
relationships between clinically evident disability and patho-
logic changes in the central nervous system.

Glatiramer acetate (GA; Copaxone R© , Teva Neuroscience,
North Wales, PA) is an immunomodulating drug approved for
the treatment of RRMS in several countries.11 This study ex-
plores potential correlations between MRI measures of disease
and disability progression measured by EDSS and Functional
Systems (FS) scores in a unique cohort of patients with MS
who have been closely monitored and treated with GA for
over 20 years. In addition, the study provides a real-world per-
spective on outcomes for patients who are receiving long-term
treatment. The placebo-controlled US GA trial (GA-9001)12

and its open-label extension (GA-9004)13 constitute the longest
prospective study of continuous disease-modifying monother-
apy in RRMS.

In July 2012, patients who continued to receive subcuta-
neous (s.c.) GA 20 mg/mL daily (GA20) on study as their only
disease-modifying therapy (DMT) were invited to participate
in a one-time, cross-sectional MRI substudy. We report the
results for the 39 patients who had a 1H-MRS assessment at
20 years of treatment. MRS data, specifically tNAA/tCr con-
centration ratio, may be used to characterize metabolic injury
that accumulates as a result of neuronal/axonal dysfunction or
loss and can be reliably used to estimate clinical disability lev-
els. MRS data in patients followed for two decades may provide
long-term metrics of tissue loss, including GM.

Methods
All patients provided written informed consent before partici-
pating in the MRI substudy. The study protocol was approved
by appropriate local Ethics Committees/Institutional Review
Boards and conducted in accordance with the Declaration of
Helsinki and International Conference on Harmonization.

Patients

To enter the 36-month, double-blind GA-9001 study, patients
must have met Poser criteria14 for MS diagnosis, had an EDSS
score between 0 and 5, and had at least two relapses in the 2
years before study randomization. Inclusion in the GA-9004
open-label extension study required completion of the GA-
9001 study. In GA-9004, patients who were originally ran-
domly assigned to receive GA20 continued on treatment, while
those randomized to receive placebo switched to GA20 for the
duration of the study.

Participants who continued in GA-9004 in July 2012 were
invited to participate in this one-time, multicenter, US, open-
label, cross-sectional MRI substudy, timed to coincide with the
prospectively planned 20-year clinical exam.

Disability Assessments

In GA-9004, EDSS was initially measured every 6 months until
year 13, after which EDSS was assessed at 12-month intervals.
For this MRI substudy, EDSS, FS (pyramidal, sensory, mental,
cerebellar, brainstem, bladder/bowel, visual), and ambulation
index (AI) scores collected nearest to the date of the MRI scan
were used for all analyses.

MRI Assessments

No steroid use was permitted in the 30 days before MRI scans.
The MRI protocol was developed at the Sastry Foundation
Advanced Imaging Laboratory at Wayne State University. The
MRI scan algorithm was tailored to 1.5 or 3 T scanners, with
sequences modified to accommodate the brand of MRI scanner.
Each site was provided image acquisition and quality control
feedback in real time.

Imaging Sequences

Imaging sequences obtained included 3D-T1W spoiled
gradient-recalled echo (GRE); pre- and postcontrast T1W
spin-echo (SE) or magnetization-prepared-rapid-gradient-echo
(MPRAGE) contiguous slices; T2W contiguous slices; fluid-
attenuated inversion recovery (FLAIR) axial contiguous slices;
1H-MRS (multivoxel) to estimate total N-acetylaspartate rel-
ative to total creatinine (tNAA/tCr) concentrations (1H-MRS
assessment was optional); and DTI contiguous slices. Voxel
positioning for MRSI acquisition was performed as previously
reported.15 GRE with and without MT radiofrequency satura-
tion pulse (RFSP) was used to evaluate magnetization transfer
ratio (MTR). MT images were collected using the same acquisi-
tion parameters as conventional T1W and T2W images except
for the number of slices. Acquisition parameters (standardized
imaging parameters with a dummy run) are summarized in
Table 1.

Image Analysis

Whole brain (WB), GM, and WM volumes were calculated
based on tissue segmentation by SPM5 (Wellcome Trust Centre
for Neuroimaging, University College London [UCL] Institute
of Neurology, London) on 3D-T1W scans. T1W/T2W lesion
volumes were measured using a previously described semiau-
tomated edge detection contouring/thresholding technique.16

Multivoxel 1H-MRS images were analyzed using LCModel to
estimate tNAA/tCr concentration ratio in an 8×8 multivoxel
region of interest (ROI) in the central WM. To determine MT
ratio (MTR), MT images were processed (Java Image Manipu-
lation version 3.0) to create an MTR map from two MT images
(with and without saturation pulse). Cortical surface thickness
was estimated in 3D-T1W images using FreeSurfer (General
Hospital Corporation, Boston, MA); tissue segmentation and
cortical parcellation were performed with the Desikan--Killiany
cortical atlas. Mean diffusivity (MD) and fractional anisotropy
(FA) were calculated with DTI Studio (Department of Radiol-
ogy, Johns Hopkins University, Baltimore, MD). WB DTI maps

98 Journal of Neuroimaging Vol 27 No 1 January/February 2017



T
ab

le
1.

M
R

I
Pa

ra
m

et
er

s

W
ay

n
e

S
ta

te
U

n
iv

er
si

ty
U

n
iv

er
si

ty
o

f
S

o
u

th
er

n
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
S

it
e

D
et

ro
it

C
al

ifo
rn

ia
o

f
Te

xa
sa

o
f

N
ew

M
ex

ic
o

o
f

U
ta

h
o

f
R

o
ch

es
te

r
o

f
M

ar
yl

an
d

b
o

f
W

is
co

n
si

n
o

f
P

en
n

sy
lv

an
ia

S
ca

n
n

er
b

ra
n

d
/

S
ie

m
en

s
G

E
S

ig
n

a
P

h
ili

p
s

S
ie

m
en

s
S

ie
m

en
s

G
E

S
ig

n
a

S
ie

m
en

s
G

E
S

ig
n

a
S

ie
m

en
s

fi
el

d
st

re
n

g
th

V
er

io
3T

H
D

xt
3T

3T
Tr

io
T

im
3T

Tr
io

T
im

3T
H

D
xt

1.
5T

1.
5T

H
D

xt
1.

5T
1.

5T

3D
-T

1W
Sl

ic
e

th
ic

kn
es

s
(m

m
)

1.
3

1
1.

0
1

1
1

1
1

1.
3

T
R

(m
se

co
nd

s)
1,

68
0

10
.3

6
11

.0
5

1,
70

0
1,

68
0

8.
28

8
1,

86
0

9.
3

2,
40

0
T

E
(m

se
co

nd
s)

3.
52

4.
36

5.
31

3.
73

3
3.

17
2

3.
29

3.
7

4.
13

M
at

ri
x

(m
m

2 )
38

4
×

38
4

51
2

×
51

2
38

4
×

38
4

38
4

×
38

4
38

4
×

38
4

51
2

×
51

2
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

In
-p

la
ne

re
so

lu
tio

n
(m

m
2 )

.6
7

×
.6

7
.5

×
.5

.6
7

×
.6

7
.6

7
×

.6
7

.6
7

×
.6

7
.4

7
×

.4
7

1
×

1
.9

8
×

.9
8

.9
8

×
.9

8
T

1W
-P

re
co

nt
ra

st
Sl

ic
e

th
ic

kn
es

s
3

3
3

3
3

3
3

3
3

T
R

(m
se

co
nd

s)
40

0
8.

03
42

5
40

0
57

4
50

0
55

2
56

6.
7

55
0

T
E

(m
se

co
nd

s)
4.

47
3.

11
9.

46
4.

47
4.

47
12

17
14

.4
14

M
at

ri
x

(m
m

2 )
51

2
×

51
2

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

In
-p

la
ne

re
so

lu
tio

n
(m

m
2 )

.5
×

.5
1

×
1

1
×

1
1

×
1

1
×

1
.9

8
×

.9
8

.9
8

×
.9

8
.9

8
×

.9
8

.9
8

×
.9

8
T

1W
Po

st
co

nt
ra

st
Sl

ic
e

th
ic

kn
es

s
3

3
3

3
3

3
3

3
3

T
R

(m
se

co
nd

s)
40

0
8.

03
42

5
40

0
57

4
50

0
55

2
56

6.
7

55
0

T
E

(m
se

co
nd

s)
4.

47
3.

11
6

9.
46

4.
47

4.
47

12
17

14
.4

14
M

at
ri

x
(m

m
2 )

51
2

×
51

2
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
In

-p
la

ne
re

so
lu

tio
n

(m
m

2 )
.5

×
.5

1
×

1
1

×
1

1
×

1
1

×
1

.9
8

×
.9

8
.9

8
×

.9
8

.9
8

×
.9

8
.9

8
×

.9
8

T
2W Sl

ic
e

th
ic

kn
es

s
3

3
3

3
3

3
3

3
3

T
R

(m
se

co
nd

s)
7,

81
0

7,
20

0
7,

80
0

9,
87

0
7,

81
0

45
,0

09
5,

48
0

5,
00

0
5,

00
0

T
E

(m
se

co
nd

s)
97

95
.0

4
97

95
97

84
.4

5
82

84
.3

82
M

at
ri

x
(m

m
2 )

64
0

×
48

0
51

2
×

51
2

32
0

×
32

0
32

0
×

24
0

32
0

×
32

0
25

6
×

25
6

25
6

×
25

6
51

2
×

51
2

25
6

×
25

6
In

-p
la

ne
re

so
lu

tio
n

(m
m

2 )
.4

×
.4

.5
×

.5
.8

×
.8

.8
×

.8
.8

×
.8

.9
8

×
.9

8
.9

8
×

.9
8

.4
9

×
.4

9
.9

8
×

.9
8

FL
A

IR
Sl

ic
e

th
ic

kn
es

s
3

3
3

3
3

3
3

3
3

T
R

(m
se

co
nd

s)
9,

00
0

9,
00

2
9,

00
0

9,
00

0
9,

00
0

10
,0

02
10

,0
00

10
,0

02
10

,0
00

T
E

(m
se

co
nd

s)
12

8
13

2
12

5
12

4
12

3
12

2.
3

10
1

12
1.

8
13

5
M

at
ri

x
(m

m
2 )

25
6

×
19

2
25

6
×

25
6

25
6

×
25

6
25

6
×

19
2

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
In

-p
la

ne
re

so
lu

tio
n

(m
m

2 )
1

×
1

1
×

1
1

×
1

1
×

1
1

×
1

.9
8

×
.9

8
.9

8
×

.9
8

.9
8

×
.9

8
.9

8
×

.9
8

Khan et al: Long-Term 1H-MRS and Disability in MS Patients 99



T
ab

le
1.

C
on

tin
ue

d

W
ay

n
e

S
ta

te
U

n
iv

er
si

ty
U

n
iv

er
si

ty
o

f
S

o
u

th
er

n
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
U

n
iv

er
si

ty
S

it
e

D
et

ro
it

C
al

ifo
rn

ia
o

f
Te

xa
sa

o
f

N
ew

M
ex

ic
o

o
f

U
ta

h
o

f
R

o
ch

es
te

r
o

f
M

ar
yl

an
d

b
o

f
W

is
co

n
si

n
o

f
P

en
n

sy
lv

an
ia

S
ca

n
n

er
b

ra
n

d
/

S
ie

m
en

s
G

E
S

ig
n

a
P

h
ili

p
s

S
ie

m
en

s
S

ie
m

en
s

G
E

S
ig

n
a

S
ie

m
en

s
G

E
S

ig
n

a
S

ie
m

en
s

fi
el

d
st

re
n

g
th

V
er

io
3T

H
D

xt
3T

3T
Tr

io
T

im
3T

Tr
io

T
im

3T
H

D
xt

1.
5T

1.
5T

H
D

xt
1.

5T
1.

5T

M
T

R
Sl

ic
e

th
ic

kn
es

s
3

3
6

3
3

5
5

5
5

T
R

(m
se

co
nd

s)
1,

20
0

1,
50

0
3,

00
0

(2
D

)
1,

20
0

1,
20

0
70

0
65

0
70

0
65

0
65

.8
0

(3
D

)
T

E
(m

se
co

nd
s)

3.
64

4
6.

11
(2

D
)

3.
64

3.
64

10
11

.7
10

10
5.

94
(3

D
)

M
at

ri
x

(m
m

2 )
51

2
×

51
2

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
51

2
×

51
2

25
6

×
25

6
25

6
×

25
6

25
6

×
25

6
25

6
×

25
6

In
-p

la
ne

re
so

lu
tio

n
(m

m
2 )

.5
×

.5
1

×
1

1
×

1
1

×
1

.5
×

.5
.9

0
×

.9
0

.9
0

×
.9

0
.9

0
×

.9
0

.9
0

×
.9

0
D

T
I D
ir

ec
tio

ns
20

20
15

an
d

32
20

20
6

6
6

6
Sl

ic
e

th
ic

kn
es

s
3

3
3

3
3

4
4

(2
)

4
4

T
R

(m
se

co
nd

s)
10

,4
00

12
,5

00
8,

00
0

10
,4

00
10

,4
00

5,
40

0
8,

70
0

8,
00

0
5,

50
0

T
E

(m
se

co
nd

s)
12

6
88

88
.4

2
12

6
12

6
97

.3
97

(8
3)

98
.6

97
M

at
ri

x
(m

m
2 )

20
0

×
20

0
25

6
×

25
6

22
4

×
22

4
20

0
×

20
0

20
0

×
20

0
25

6
×

25
6

12
8

×
12

8
25

6
×

25
6

12
8

×
12

8
In

-p
la

ne
re

so
lu

tio
n

(m
m

2 )
1.

28
×

1.
28

1
×

1
1.

14
×

1.
14

1.
28

×
1.

28
1.

28
×

1.
28

.9
0

×
.9

0
1.

72
×

1.
72

1.
09

×
1.

09
1.

8
×

1.
8

M
R

S
T

R
(m

se
co

nd
s)

1,
50

0
N

ot
1,

50
0

1,
50

0
1,

50
0

1,
50

0
N

ot
N

ot
N

ot
T

E
(m

se
co

nd
s)

13
5

pe
rf

or
m

ed
13

5
13

5
13

5
13

5
pe

rf
or

m
ed

pe
rf

or
m

ed
pe

rf
or

m
ed

C
SI

m
at

ri
x

(v
ox

el
s)

16
×

16
16

×
16

16
×

16
16

×
16

8
×

8
V

ox
el

si
ze

(m
m

)
10

×1
0

×
15

10
×1

0
×

15
10

×1
0

×
15

10
×1

0
×

15

2D
=

2-
di

m
en

si
on

al
;

3D
=

3-
di

m
en

si
on

al
;

M
R

S
=

m
ag

ne
tic

re
so

na
nc

e
sp

ec
tr

os
co

py
;

D
T

I
=

di
ffu

si
on

te
ns

or
im

ag
in

g;
M

T
R

=
m

ag
ne

tic
tr

an
sf

er
ra

tio
;

FL
A

IR
=

flu
id

-a
tte

nu
at

ed
in

ve
rs

io
n

re
co

ve
ry

;
T

1W
=

T
1-

w
ei

gh
te

d;
T

2W
=

T
2-

w
ei

gh
te

d;
T

E
=

ec
ho

tim
e;

T
R

=
re

pe
tit

io
n

tim
e.

a T
he

si
te

di
d

no
th

av
e

an
y

du
m

m
y

sc
an

.3
D

-M
T

im
ag

es
w

er
e

ac
qu

ir
ed

fo
r

fir
st

fiv
e

pa
tie

nt
s’

sc
an

s.
T

he
si

te
ac

qu
ir

ed
2D

-M
T

im
ag

es
as

re
co

m
m

en
de

d
fo

r
th

e
re

m
ai

ni
ng

pa
tie

nt
s’

sc
an

s.
T

he
fir

st
fiv

e
sc

an
s

ca
nn

ot
be

re
pe

at
ed

.
b
T

he
fir

st
fo

ur
pa

tie
nt

s’
sc

an
s

(in
pa

re
nt

he
se

s)
w

er
e

re
ce

iv
ed

at
th

e
sa

m
e

tim
e.

D
T

I
pa

ra
m

et
er

s
w

er
e

di
ffe

re
nt

fr
om

th
os

e
re

co
m

m
en

de
d:

m
ea

n
av

er
ag

es
of

FA
w

er
e

hi
gh

er
th

an
ex

pe
ct

ed
.

T
he

si
te

m
od

ifi
ed

M
R

I
pa

ra
m

et
er

s
as

re
co

m
m

en
de

d
fo

r
th

e
re

m
ai

ni
ng

pa
tie

nt
s’

sc
an

s.

100 Journal of Neuroimaging Vol 27 No 1 January/February 2017



Table 2. Descriptive Statistics for Patient Characteristics, EDSS/FS
Status, and MRI Parameters for Patients with 20-Year MRS
Data

(A) Patient Characteristics

GA-9004 N = 39

EDSS score, mean ± SD [median] 3.6 ± 2.5 [3.0]
Age (years), mean ± SD 56.2 ± 6.4
Disease duration from diagnosis (years), mean ± SD 27.3 ± 4.7
Exposure to GA (years), mean ± SD 19.1 ± 1.3
Female, n (%) 26 (67)

(B) EDSS Status at the 20-Year MRI Scan

EDSS Patients, n (%)

.0 4 (10.3)
1.0 3 (7.7)
1.5 6 (15.4)
2.0 1 (2.6)
2.5 4 (10.3)
3.0 2 (5.1)
3.5 1 (2.6)
4.0 4 (10.3)
4.5 1 (2.6)
5.0 1 (2.6)
5.5 1 (2.6)
6.0 4 (10.3)
6.5 3 (7.7)
7.0 1 (2.6)
8.0 3 (7.7)

(C) Pyramidal FS Score at the 20-Year MRI Scan

Pyramidal FS score Patients, n (%)

0 11 (28.2)
1 8 (20.5)
2 5 (12.8)
3 8 (20.5)
4 6 (15.4)
5 1 (2.6)

(D) MRI Parameters at the 20-Year MRI Scan

Parameter Mean ± SD

WB volume, cm3 1,307 ± 107
WM volume, cm3 564 ± 64
GM volume, cm3 742 ± 87
T1 lesion volume, cm3 15.8 ± 12.9
T2 lesion volume, cm3 27.6 ± 20.1
tNAA/tCr 1.88 ± 0.19

EDSS = Expanded Disability Status Scale; FS = Functional Systems;
GA = glatiramer acetate.
GM = gray matter; tNAA/tCr = total N-acetylaspartate relative to total creatinine;
WB = whole brain; WM = white matter.

were created using the B0 image as the reference and obtaining
histograms from each map.

Statistical Methods

Descriptive statistics of patient characteristics, EDSS/FS scores,
and MRI parameters for the patients with MRS data are in-
cluded in Table 2. Because of the different natures of the MRI
parameters scales, these variables were standardized for fur-
ther analysis. Correlations among various MRI measures, and
between MRI measures and disability (EDSS, FS, and AI)
scores, were assessed using Spearman rank correlation coef-
ficient. Actual MRI values, rather than standardized ones, were

used for the Spearman rank correlation coefficient analysis be-
cause this method uses ranked values. Univariate logistic regres-
sion models were used to analyze the influence of individual
MRI measures (WB, GM, and WM volumes; tNAA/tCr; and
T1W and T2W lesions volumes) on disability levels defined
based on EDSS and pyramidal FS thresholds of two points (<2,
lower disability subgroup; �2, higher disability subgroup), and
of three points for pyramidal FS score only. Significance level of
5% was used for the Spearman rank correlation coefficient and
univariate logistic regression analyses. Imaging specifications
are outlined in Table 1.

To identify the MRI variables with substantial contributions
to the estimation of disability levels using a multivariate analysis,
the elastic net variable selection algorithm was applied using
a logistic regression setting, which allows covariate selection
and model estimation within the same procedure. Moreover,
this procedure is designed to accommodate problems in which
there is high correlation among covariates and in cases where
the dimension of the independent variables surpasses that of the
sample size.17 In addition to the MRI variables, the following
covariates were added to this analysis: age at the MRI scan
date, MS duration at the MRI scan date, GA exposure at the
MRI scan date, and gender. These additional covariates were
standardized for the elastic net analysis.

The scaling parameter α of the elastic net algorithm was cal-
ibrated between .5 and 1 to minimize simultaneous selection
of the extremely correlated variables. To find the best model
for the disability outcome estimation, the minimal binomial de-
viance was assessed using the cross-validation technique with
fivefolds. A simulation of the elastic net was run for 1,000 iter-
ations to account for the variability of the estimated coefficient
size and the persistency of the variables being selected. Box-
plots for the coefficient estimates from these 1,000 simulations
are presented for each covariate for each model (Fig 1). Vari-
able selection persistency was calculated as percentage of cases
when a variable was selected by the elastic net. Median values
of the coefficient estimates were derived from the simulation,
and then used in the further analysis. Percentage contribution
for disability level estimation was calculated for each variable
as absolute value of a coefficient estimate divided by the total
sum of the absolute values of all coefficient estimates.

Area under the curve (with 95% confidence intervals) for
receiver operating characteristic curves was calculated for
goodness of fit.

Results
Patients

Of the 74 patients remaining in the GA-9004 trial in November
2012, 64 patients (86%) agreed to participate in this MRI sub-
study, which was conducted at nine clinical sites (Wayne State
University, Detroit, MI; University of Pennsylvania, Philadel-
phia, PA; University of Maryland, Baltimore, MD; University of
Utah, Salt Lake City, UT; University of Texas, Austin, TX; Uni-
versity of Wisconsin, Madison, WI; University of Rochester,
Rochester, NY; University of New Mexico, Albuquerque, NM;
University of Southern California, Los Angeles, CA). Of the
64 patients who participated in the MRI substudy, 1H-MRS
was assessed in 39 patients (61%) at 20 years of treatment; re-
sults are presented for these 39 patients. Mean age at MRI scan
date was 56.2 years, and mean disease duration was 27.3 years
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Fig 1. Box plots of coefficient estimates based on 1,000 simulations for estimation of disability levels defined as EDSS score � 2, pyramidal
FS score � 2, or pyramidal FS score � 3 disability subgroup using the elastic net model.
(A) Elastic net simulation results for estimating EDSS � 2 versus EDSS � 2. (B) Elastic net simulation results for estimating pyramidal FS
score � 2 versus pyramidal FS score � 2. (C) Elastic net simulation results for estimating pyramidal FS score � 3 versus pyramidal FS score
� 3. EDSS = Expanded Disability Status Scale; FS = Functional Systems; GA = glatiramer acetate; GMV = gray matter volume; MRS =
magnetic resonance spectroscopy (ie, total N-acetylaspartate relative to total creatinine); T1LV = T1 lesion volume; T2LV = T2 lesion volume;
WBV = whole brain volume; WMV = white matter volume.
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Table 3. Spearman Correlation Coefficients (rs) for MRI Variables

WBV WMV GMV MRS T1LV T2LV

WBV 1.0000 .5559 .7294 .4631 –.5275 –.4437
.0002 <.0001 .0030 .0006 .0047

WMV 1.0000 –.0231 .2212 –.2650 –.1569
.8891 .1760 .1030 .3402

GMV 1.0000 .2511 –.3988 –.3887
.1230 .0119 .0145

MRS 1.0000 –.3506 –.3792
.0286 .0173

T1LV 1.0000 .9492
<.0001

T2LV 1.0000

For each correlation, the top number represents the coefficient estimate and the
bottom number represents the P value.
GMV = gray matter volume; MRS = magnetic resonance spectroscopy (ie, total
N-acetylaspartate relative to total creatinine); T1LV = T1 lesion volume; T2LV =
T2 lesion volume; WBV = whole brain volume; WMV = white matter volume.

(Table 2A). Mean exposure to daily GA treatment was 19.1
years for MRI substudy participants.

EDSS examinations and MRI scans were performed within
1 month of each other for 56 patients (88%) and were conducted
>1 month apart for 8 patients. The maximum time interval
between EDSS assessment and MRI evaluation was <6 months
(171 days). Mean (± SD) EDSS score for all participants was
3.6 ± 2.5. Eighteen patients (46%) had total EDSS scores <3
points, including 13 patients (33%) with EDSS scores <2 points
(Table 2B). Only 11 patients (28%) had reached an EDSS score
�6 points at 20 years on study.

Safety

Safety findings for the 74 patients remaining in the GA-9004
open-label study were consistent with the established safety
profile of GA and were mainly related to injection-site reactions.
Serious adverse events (SAEs) were infrequent and included
chest pain (n = 6, 8%) and back pain (n = 4, 5%).

Correlations among MRI Outcomes

Spearman correlation coefficients determined among the var-
ious MRI measures were all in the expected direction
(Table 3). For example, T1W and T2W lesion volumes were
inversely correlated with WB, GM, and WM volumes (Fig 1).
Similarly, tNAA/tCr measures were positively correlated with
WB volume.

MRI and Disability

The tNAA/tCr concentration ratio showed consistently strong,
statistically significant, inverse correlations with total EDSS
score, and individual FS and AI scores (Table 4). This was
the strongest correlation between MRI measure and disability
scores. WB volume was also significantly correlated with to-
tal EDSS score, most individual FS scores, and AI score. In
addition, GM volume was significantly correlated with total
EDSS score, pyramidal FS score, and sensory FS scores (all
P < .05; Table 4), whereas borderline correlation was found for
cerebellar FS and AI scores. In contrast, WM volume was not
significantly correlated with any disability outcome except for
cerebellar FS score.

T1W lesion volume also showed significant correlations with
almost all disability outcomes (Table 4). In addition, T2W lesion
volume had similar correlations with disability outcomes to
those observed with T1W lesion volume, aside from borderline
results for cerebellar FS and AI.

Estimation of Disability Level Determined by Univariate
Analysis

Univariate logistic regression analysis showed that most of the
MRI parameters have significant influence on the disability
levels (Table 5). The magnitude of the tNAA/tCr effect was
consistent across the models and showed 61%, 67%, and 68%
significant reductions in the odds of higher disability defined
by EDSS score �2, pyramidal FS score �2, and pyramidal FS
score �3, respectively, following an increase of one standard
deviation in this MRI parameter. Whereas WB volume had a
greater effect on disability defined by EDSS score �2 (81%;
P = .0075) when compared to tNAA/tCr, its effect on disability
was decreased for pyramidal FS score �2 (67%; P = .0171) and
pyramidal FS score �3 (46%; P = .1039). Similar to WB vol-
ume, the effect of WM volume was dependent on the disability
definition and was significant only for estimation of disability
defined by EDSS � 2 (66%; P = .0272). In contrast, GM volume
had a significant effect for disability defined by EDSS score �2
(65%; P = .0278) and by pyramidal FS score �2 (58%; P =
.0404), while borderline effect was seen for pyramidal FS score
�3 (53%; P = .0603). An increase of one standard deviation
in T1 lesion volume significantly increased the odds of higher
disability by 228% (P = .0284), 242% (P = .0089), and 122%
(P = .0345) for EDSS score �2, pyramidal FS score �2, and
pyramidal FS score �3, respectively. The effect of the T2 lesion
volume was borderline for EDSS score �2 (136%; P = .0579)
and significant for estimation of both pyramidal FS score �2
(237%; P = .0088) and pyramidal FS score �3 (132%; P =
.0328).

Estimation of Disability Levels Based on Elastic Net Variable
Selection Algorithm

The results of the elastic net variable selection algorithm show
that the tNAA/tCr concentration ratio has a consistent contri-
bution of 23%, 30%, and 22% to the estimation of the disability
levels defined by EDSS score �2, pyramidal FS score �2, and
pyramidal FS score �3, respectively (Table 6). This MRI pa-
rameter was selected in 100% of the cases for each of three
models. T1 lesion volume has also shown relatively robust dis-
ability estimations with relative contributions of 16%, 32%, and
20% for disability as defined by EDSS score �2, pyramidal FS
score �2, and pyramidal FS score �3, respectively. The T1
lesion volume was also selected at high rates of 98% for EDSS
score �2 and 100% for both pyramidal FS scores. Although
WB volume had a considerable contribution of 52% to the esti-
mation of disability levels based on the EDSS�2 definition, its
weight was substantially decreased for pyramidal FS score �2
(9%), and it was not associated at all with pyramidal FS score
�3.

T1 lesion volume, WB volume, WM volume, and age were
selected for estimation of EDSS score �2 with contributions
of 7% and 2%, respectively. Although some other variables
had nonzero selection persistency in this model, such as MS
duration (41%), GM volume (16%), and GA exposure (1%), the
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Table 4. Spearman Correlation Coefficients (rs) for FS Scores and Ambulation Index Scores at Cross-Section and MRI Outcomes

Total Pyramidal Cerebellar Brainstem Mental Sensory Bladder/ Visual AI
EDSS FS FS FS FS FS Bowel FS FS score

tNAA/tCr –.540* –.510* –.540* –.527* –.249 –.459* –.315 –.337* –.526*

WB volume –.514* –.466* –.631* –.379* –.276 –.403* –.134 –.197 –.481*

GM volume –.346* –.331* –.309 –.252 –.221 –.338* –.190 –.132 –.306
WM volume –.146 –.135 –.463* –.090 .110 –.057 .217 –.022 –.175
T1W lesion volume .486* .452* .398* .389* .172 .280 .293 .424* .343*

T2W lesion volume .433* .394* .307 .400* .111 .182 .296 .453* .295

AI = ambulation index; CT = cortical thickness; EDSS = Expanded Disability Status Scale; FS = Functional Systems; GM = gray matter; T1W = T1-weighted;
T2W = T2-weighted; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WB = whole brain; WM = white matter.
*P < .05.

Table 5. Univariate Analysis: Effect of Each MRI Parameter on a Disability Level Defined by EDSS or Pyramidal FS Score

EDSS �2 (n = 26) Pyramidal FS Score �2 (n = 20) Pyramidal FS Score �3 (n = 15)
versus <2 (n = 13) versus <2 (n = 19) versus <3 (n = 24)

Odds Ratio (95% Wald Odds Ratio (95% Wald Odds Ratio (95% Wald
MRI Parameter Confidence Limits), P Value Confidence Limits), P Value Confidence Limits), P Value

WB volume .19 (.06, .64), .0075 .33 (.14, .82), .0171 .54 (.25, 1.14), .1039
WM volume .34 (.13, .89), .0272 .60 (.30, 1.21), 01535 .98 (.51, 1.88), .9525
GM volume .35 (.13, .89), .0278 .42 (.18, .96), .0404 .47 (.21, 1.03), .0603
T1W lesion volume 3.28 (1.13, 9.47), .0284 3.42 (1.36, 8.58), .0089 2.22 (1.06, 4.63), .0345
T2W lesion volume 2.36 (.97, 5.71), .0579 3.37 (1.36, 8.37), .0088 2.32 (1.07, 5.04), .0328
tNAA/tCr .39 (.18, .86), .0189 .33 (.15, .76), .0089 .32 (.13, .78), .0125

EDSS = Expanded Disability Status Scale; FS = Functional Systems; GM = gray matter; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WB = whole
brain; WM = white matter.

Table 6. Elastic Net Simulation: Estimation of Disability Level Defined by EDSS or Pyramidal FS Score

EDSS �2 (n = 26) Pyramidal FS score �2 (n = 20) Pyramidal FS score �3 (n = 15)
versus <2 (n = 17) versus <2 (n = 19) versus <3 (n = 24)

Selection Selection Selection
% contribution persistency (%) % contribution persistency (%) % contribution persistency (%)

WBV 52 100 9 99 0 0
tNAA/tCr 23 100 30 100 22 100
T1LV 16 98 32 100 20 100
WMV 7 82 0 0 11 93
Age 2 66 0 30 9 95
MS duration 0 41 16 100 14 100
GMV 0 16 6 86 7 99
GA exposure 0 1 6 87 17 99
T2LV 0 0 0 49 0 9
Gender 0 0 0 0 0 3

AUC (95% CI) .8787 AUC (95% CI) .8474 AUC (95% CI) .8139
(.7669, .9905) (.7201, .9746) (.6752, .9525)

AUC = area under the curve; CI = confidence interval; EDSS = Expanded Disability Status Scale; FS = Functional Systems; GA = glatiramer acetate; GMV = gray
matter volume; OR = odds ratio; T1LV = T1 lesion volume; T2LV = T2 lesion volume; tNAA/tCr = total N-acetylaspartate relative to total creatinine; WBV = whole
brain volume; WMV = white matter volume.

coefficient estimates for these parameters were close to zero
with zero medians (Fig 1A).

For estimation of the disability levels defined by pyramidal
FS score �2, in addition to tNAA/tCr concentration ratio, T1
lesion volume, and WB volume, MS duration, GM volume, and
GA exposure showed relative contributions of 16%, 6%, and
6%, respectively. In this model, there were some variables with
nonzero persistency selection that did not have any weight in
the disability estimation: T2 lesion volume (49%) and age (30%)
(Fig 1B).

The analytical model of disability levels based on pyramidal
FS score �3 had the highest number of selected variables. In ad-
dition to tNAA/tCr concentration ratio and T1 lesion volume,

both WM volume and GM volume were chosen with relative
contributions of 11% and 7%, respectively. WM and GM vol-
umes had opposite effects on the estimation of the disability
levels, ie, coefficient estimates of WM volume are positive, sug-
gesting positive correlation with the disability levels, whereas
coefficient estimates of GM volume are negative, suggesting
negative correlation with the disability. GA exposure, MS du-
ration, and age have shown relative contributions of 17%, 14%,
and 9%, respectively. Although the persistency selection was
nonzero for T2 lesion volume (9%) and gender (3%), their co-
efficient estimates were around zero with median zero values
(Fig 1C). The area under the curve (95% confidence interval)
values based on the elastic net algorithm were found to be .88
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(.77, .99), .85 (.72, .97), and .81 (.68, .95) when defining disabil-
ity levels based on EDSS score �2, pyramidal FS score �2, and
pyramidal FS score �3, respectively.

Discussion
In this study, we showed that 1H-MRS data obtained from pa-
tients with RRMS who have been followed for two decades can
characterize tissue loss that may be associated with clinical dis-
ability. Different statistical approaches used in this study have
identified tNAA/tCr concentration ratio and T1 lesion volume
as robustly associated with disability indicated by EDSS and
pyramidal FS score thresholds among MS patients receiving
long-term GA therapy. These findings are consistent with pre-
vious reports of reduced NAA concentrations correlating with
neuronal/axonal dysfunction or loss, consistent with the strong
inverse relationships between disability scores and tNAA/tCr
concentration in this study. A reduced tNAA/tCr concentration
ratio has been found in normal-appearing WM in MS patients
versus normal controls.18 Similarly, a reduced tNAA/tCr con-
centration ratio has been reported in patients presenting with
clinically isolated syndromes (CIS) suggestive of MS and pa-
tients with RRMS.19 In this study, T1W lesion volume was also
significantly correlated with disability levels, as shown by EDSS
and pyramidal FS scores. This is consistent with previous re-
ports that have shown that patients with active disease and/or
greater accumulated disease burden show greater brain volume
loss.20

A relationship between EDSS score and tNAA/tCr concen-
tration ratio or T1 lesion volume has also been reported in other
studies in patients with relapsing MS21,22 or progressive MS.22

In patients with RRMS, composite MR scores were strongly
correlated with EDSS scores, indicating that multiparametric
MR models are potential measures of MS progression.21

The present study indicates that although WB volume shows
a substantial effect on disability measured by EDSS, this effect
decreases when using pyramidal FS. In addition, GM volume
was more robustly correlated with disability than WM volume,
as shown by Spearman’s rank coefficient correlation and by uni-
variate logistic models. The elastic net algorithm shows a trade-
off between WM and GM volumes when different definitions
of the disability are used; for EDSS score �2 only, WM volume
was selected, and for pyramidal FS score �2, GM volume was
chosen. Although both volumes were selected for pyramidal FS
score �3, GM volume had a negative correlation to disability,
suggesting that GM volume has greater influence than WB and
WM volumes on disability when a more progressed definition
is used.

Our findings are consistent with growing evidence that
GM atrophy may be an important indicator of long-term
progression of neurologic disability. GM atrophy appears to
worsen over the clinical course of MS, increasing from CIS
to RRMS to secondary-progressive stages of the disease.9,23 In
the present study, EDSS scores were surprisingly low (33% of
patients had an EDSS score <2; Table 2B), considering their
mean disease duration of 27.3 years. Potential explanations for
this may reflect putative neuroprotective effects of GA treat-
ment, such as secretion of brain-derived neurotrophic factor
(BDNF) by GA-reactive T cells,24,25 or insensitivity of the EDSS
(and other quantitative scales) to impairment caused by subtle
abnormalities,26 or some combination of the two. Attrition of

patients over time is another key factor that may have con-
tributed to this observation.

There are limitations associated with the use of EDSS score
alone to demonstrate progression, including nonlinearity, arti-
ficial reduction of variance in cross-sectional studies, and the
short duration of longitudinal studies.6

T2 lesion volume was determined to not be highly asso-
ciated with disability levels based on the elastic net variable
selection algorithm. This is not surprising given that the range
of the scaling parameter .5 � α � 1 was chosen to exclude
extremely correlated variables within the same model estima-
tion and because T2 lesion volume had a strong correlation
with T1W lesion volume (rs = .95), which was selected in all
the models.

A key strength of this study is the availability of a unique
cohort of patients with MS of long duration using a single DMT,
who have been closely monitored for over two decades. This
patient cohort constitutes the group of MS patients with the
longest prospective follow-up that is currently still being stud-
ied. Other strengths include the study’s multicenter design and
multivoxel imaging.

A surprising finding of our study was the lack of correlations
between disability and DTI and WB MTR assessments. WM
volume was inversely correlated with MD-DTI, but not with
FA-DTI. WB MTR was not significantly correlated with any
disability measure. These findings may reflect a limitation of
our analysis, namely, the relatively small patient sample, which
could influence results of the Spearman correlation analyses.

There are other potential limitations of this study that war-
rant careful interpretation of the data. It was an open-label
prospective cohort, and no baseline scans were performed ex-
cept in 27 patients at one center when the study initiated in 1991.
MRI scans obtained at years 6 and 10 of the study were not
available due to lost data,27,28 and current imaging sequences
included several advanced techniques that were never used
previously (including MRS, MTR, 3D-T1W, and DTI). Thus,
comparison to prior scans was not possible, preventing lon-
gitudinal analysis. Furthermore, there was attrition of patients
over time through the loss of poor responders who discontin-
ued, potentially leading to self-selection of patients who did well
clinically.

Further research using a combination of functional and struc-
tural MRI measures may better elucidate GA effects on patho-
logic mechanisms responsible for clinical manifestations of MS.
Future inclusion of cognitive and spinal cord assessments could
potentially provide a more complete picture of the long-term
natural history of MS, thereby improving the understanding of
disease progression and informing treatment strategies.
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