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Abstract Sodium blockade with lamotrigine is neuro-
protective in animal models of central nervous system
demyelination. This study evaluated the effect of lamotri-
gine on magnetisation transfer ratio (MTR), a putative
magnetic resonance imaging measure of intact brain tissue,
in a group of subjects with secondary progressive multiple
sclerosis (MS). In addition, the utility of MTR measures for
detecting change in clinically relevant pathology was
evaluated. One hundred seventeen people attending the
National Hospital for Neurology and Neurosurgery or the
Royal Free Hospital, London, UK, were recruited into a
double-blind, parallel-group trial. Subjects were randomly
assigned by minimisation to receive lamotrigine (target
dose 400 mg/day) or placebo for 2 years. Treating and
assessing physicians and patients were masked to treatment
allocation. Results of the primary endpoint, central cerebral
volume, have been published elsewhere. Significant
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differences between the verum and placebo arms were seen
in only two measures [normal appearing grey matter
(NAGM) p = 0.036 and lesion peak height (PH) p =
0.004], and in both cases there was a greater reduction in
MTR in the verum arm. Significant correlations were found
of change in MS functional composite with all MTR
measures except lesion and normal appearing white matter
(NAWM) PH. However, the change in MTR measures over
2 years were small, with only NAGM mean (p = 0.001),
lesion peak location (p = 0.11) and mean (p < 0.0001)
changing significantly from baseline. These data did not
show that lamotrigine was neuroprotective. The clinical
correlation of MTR measures was consistent, but the
responsiveness to change was limited.

Keywords Multiple sclerosis - Secondary progressive -
MRI - MTR - MSFC

Introduction

Magnetisation transfer imaging is a quantitative magnetic
resonance imaging (MRI) technique which involves using
an off-water-resonance radiofrequency pulse to saturate
water molecules bound to larger complex molecules.
Comparing pre- and post-saturation images gives the
magnetisation transfer ratio (MTR), with a higher value
corresponding to a higher concentration of complex mol-
ecules [1]. Higher MTR has been shown to correlate with
the higher myelin and axonal content in both multiple
sclerosis (MS) lesions and normal appearing white matter
(NAWM) in post mortem samples [2, 3] and to correlate
with N-acetyl aspartate, a spectroscopic marker of neuro-
axonal content, in vivo [4]. MTR is therefore of particular
interest in progressive MS, where neuro-axonal loss and
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grey matter damage have been shown to be prominent [5],
and is a potentially useful marker of pathology in the
evaluation of putative neuroprotective treatments.

One possible neuroprotective agent is lamotrigine, a
sodium channel blocker that has been shown to ameliorate
neurological dysfunction and prevent neuro-axonal loss in
the experimental allergic encephalomyelitis (EAE) animal
model [6]. It is thought that there is upregulation of volt-
age-gated sodium channels on demyelinated axons [7-9]
and that subsequent intra-axonal sodium accumulation can
lead to reversal of the sodium—calcium exchanger and cell
death [10-12]. By blocking sodium entry it may be pos-
sible to prevent intra-axonal sodium accumulation, and
through this mechanism lamotrigine may protect chroni-
cally demyelinated axons.

This study comprises data from a randomised, double-
blinded, placebo-controlled trial of lamotrigine in second-
ary progressive MS. No significant difference of change in
central cerebral volume, which was the primary end-point
for the trial, was seen between the verum and placebo arms
over the 2 years of the trial, although early reduction in a
secondary, whole brain atrophy endpoint in the verum arm
suggested that this may in part be due to an osmotic or anti-
inflammatory effect of lamotrigine [13]. In this study we
evaluated one of the secondary endpoints, comparing
change in MTR measures in brain normal appearing white
matter (NAWM), normal appearing grey matter (NAGM)
and T2 hyperintense lesions over 2 years in a group of
subjects with secondary progressive MS, the hypothesis
being that, if lamotrigine were neuro-protective, one would
see a greater reduction in MTR in the placebo group.

The data from the trial were also used to assess the
utility of MTR as a measure of clinically relevant pathol-
ogy in secondary progressive MS by calculating the
responsiveness of MTR measures to change over a
24-month period, i.e. the longitudinal correlation of MTR
measures with MS functional composite (MSFC) and the
association of MTR measures with a sustained increase in
expanded disability status scale (EDSS).

Methods
Subjects

This study comprises 117 subjects from a double-blinded,
placebo-controlled trial of neuroprotection with lamotri-
gine in secondary progressive MS who had MRI and
clinical assessment at baseline. Inclusion criteria for the
trial were: age 18-65 years, EDSS 4.0-6.5, with docu-
mented progression rather than relapse being the principle
cause of disability over the 2 years prior to the start of the
trial. Exclusion criteria were: eligibility for disease-
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modifying treatment; contraindications to lamotrigine or
MRI; severe concurrent medical problems not related to
MS; pregnancy; severe temperature-dependent symptoms;
exposure to sodium or calcium channel blocking drugs in
the previous 2 weeks, corticosteroids in the previous
2 months, immunomodulatory drugs in the previous
6 months, or mitoxantrone in the previous year. From a list
of 354 people with secondary progressive MS, who were
patients at the National Hospital for Neurology and Neu-
rosurgery (NHNN) or the Royal Free Hospital (RFH),
London UK, and had expressed an interest in taking part in
clinical trials, 124 were found to meet the eligibility cri-
teria, of whom 120 consented to take part. Three subjects
experienced severe progression of MS prior to baseline
imaging and withdrew from the study.

Subjects were randomised using minimisation with a
web-based protocol (http://www.thesealedenvelope.com,
Sealed Envelope Ltd., London UK) into equal-sized par-
allel groups to take lamotrigine or visually identical pla-
cebo, escalated to the highest tolerated dose up to a
maximum of 400 mg daily, for 24 months. Age (<45 years
and >45 years), sex, centre (NHNN or RFH), evaluating
physician and EDSS (<5.5 or >6.0) were the binary
minimisation variables.

The trial was approved by the Joint University College
London and University College London Hospitals Com-
mittee on the Ethics of Human Research. All participants
gave written informed consent before entry into the study.

The target sample size of 48 patients per group was
based on a power of 80% to detect a treatment effect of
60% reduction in the rate of loss of central cerebral volume
at the 5% significance level. This was based on data from
the placebo group of the European trial of interferon beta-
Ib in secondary progressive MS [14] allowing for a
combined rate of loss to follow-up and non-adherence of
20%.

Clinical data

Clinical data were: EDSS and MSFC comprising 25 foot
timed walk (TW), nine-hole peg tests (9HPT) and paced
auditory serial addition test-3 s protocol (PASAT-3).

Clinical data were collected on all subjects at three time
points: baseline, 12 and 24 months. All clinical data were
collected by two physicians who underwent appropriate
training prior to the start of the study. Where possible all
data from a given subject were collected by the same
investigator, an assessing physician, who was given no
information about the subject’s clinical history [investiga-
tional medicinal product (IMP) dose, side-effects etc.].
Clinical data were collected at the NHNN, RFH or the
nuclear magnetic resonance (NMR) unit in the Institute of
Neurology (ION), UCL, London, UK.
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Adherence to treatment was estimated by counting the
number of returned tablets and measuring serum lamotri-
gine levels at each visit. Both physicians and subjects were
blinded to treatment allocation and to the results of the
serum lamotrigine levels.

MRI acquisition and analysis

MRI and clinical data presented in this study were acquired
at baseline, 12 and 24 months. All MRI data were collected
using a single 1.5-T MRI scanner (General Electric, Mil-
waukee, WI, USA) and analysed by two trained raters on
Sunblade 150 workstations (Sun Microsystems, Mountain
View, CA, USA). Appropriate quality assurance proce-
dures, involving regular scanning of control subjects with
no known neurological deficit and phantoms, were under-
taken for the whole 24-month period in keeping with
departmental policy.

MTR histograms for T2 lesions, NAGM and NAWM
were derived using four interleaved two-dimensional (2D)
image sets each of 28 x 5 mm contiguous axial slices: PD,
T2 weighted, with and without MT saturation—a total of
112 slices. Repetition time was 1,730 ms, echo time
30/80 ms, MT saturation pulse 14.6 uT, 64 ms in duration,
1 kHz off resonance, field of view 240 x 180 mm, matrix
256 x 128.

The grey matter—white matter contrast was too low on
the images from the MTR sequence to allow accurate
segmentation. Therefore, NAGM and NAWM masks were
created using a three-dimensional (3D) T1-weighted fast-
spoiled gradient recall inversion recovery (FSPGR-IR)
scan: 124 contiguous 1.5 mm coronal slices, TR 10.9 ms,
TE 4.2 ms, TI 450 ms. The images from the FSPGR-IR
scans were reformatted to the same orientation and slice
thickness as the MTR sequences and co-registered with the
MTR images. NAWM and NAGM were then segmented
using an automated segmentation tool—Statistical Para-
metric Mapping (SPM5) [15], which co-registers images to
the Montreal Neurological Imaging group standard brain
template (MNI152) [16], then calculates the probability for
each voxel being white matter, grey matter or cerebrospinal
fluid (CSF) depending on site and signal intensity. For this
study a probability threshold of 75% was used. MTR,
expressed as percentage units (pu), was then calculated for
each voxel in the region covered by the masks. To mini-
mise the contribution from partial volume voxels, we
excluded any voxels with an arbitrary MTR value of
<10 pu and also included a two-voxel erosion on the white
matter segments and a one-voxel erosion for grey matter.

According to convention, MTR histograms are sum-
marised using mean, mode [peak location (PL)] and the
number of normalised brain units at the modal MTR value
[peak height (PH)]. It is not known which is the most

sensitive or specific measure for detecting clinically
important pathology [17] so all three measures were
included in the analysis and are reported below.

Statistics
Change in MRI and clinical measures

The change in MRI and clinical measures were calculated
by subtracting baseline values from the values at
24 months, thus a negative value indicates a fall in that
measure over 24 months; a negative value for the clinical
measure indicated neurological deterioration. Paired Stu-
dent’s ¢ tests were used to determine whether any changes
measured over 24 months were significant.

The effect of treatment with lamotrigine

Differences in change in MTR measures between the pla-
cebo and verum arms were assessed using independent
samples Student’s ¢ tests. Intention-to-treat analysis was
used in this study, with all randomised subjects invited for
every scan irrespective of whether they were still taking the
investigational medicinal product. Two additional, post
hoc, per protocol analyzes were employed: a comparison of
tablet-adherent subjects, defined as those who had taken
80% of prescribed tablets and were still being prescribed
tablets at 24 months; and a serum-adherent comparison,
which compared subjects in the verum arm who had
detectable serum lamotrigine at 24 months with the entire
placebo arm. An 80% threshold for treatment adherence is
widely used in clinical trials [18] and is in line with the
lower levels of adherence seen with established disease-
modifying treatments in MS [19].

Reliability of the MTR measures

The scan-reposition—rescan reproducibility of the MRI
measures was estimated using MRI scans from three
healthy controls, each of whom was scanned on five
occasions over a 4-week period. Coefficients of variability
were calculated for the MTR measures.

Longitudinal correlation between MTR measures
and MSFC

Longitudinal correlation of MTR measures with MSFC and
component scores was assessed in the placebo arm using a
random intercept mixed effect linear regression model
with age, gender, disease duration and time as covariates.
A second model was calculated evaluating the correlation
of MSFC with an interaction variable—[MTR measure] x
time. The first model shows the correlation of MTR and
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clinical measures at any given time point. The second
shows the correlation of the clinical measure with the
change in the MTR measure.

The association between MTR measures and EDSS

Subjects in the placebo arm were divided into those who
did or did not experience a sustained increase in EDSS over
24 months, defined as an increase of >0.5 points from
baseline observed at two consecutive assessment visits over
6 months in subjects with baseline EDSS >6.0 or of 1.0
points in subjects with baseline EDSS <5.5. Differences in
baseline MTR values and change in MTR were assessed
using binary logistic regression with age, gender and dis-
ease duration as covariates.

Results

Recruitment started in January 2006 and lasted 8 months.
The final 24-month scans were completed in September
2008. MRI data were collected on all subjects at baseline,
105 subjects (55 placebo, 50 verum) at 12 months and 108
subjects (56 placebo, 52 verum) at 24 months. Figure 1 is a
participant flow diagram showing reasons for withdrawal
and loss to follow-up. Baseline clinical and MRI measures
are presented in Table 1; some of the demographic data
have previously been published [13]. The mean absolute
and annualised change in MTR measures are presented in
Table 2. The change in clinical measures has been pub-
lished previously [13].

Responsiveness and reproducibility

In the placebo arm, NAGM mean decreased over
24 months, but lesion PL and mean MTR both increased
significantly; none of the other MTR measures changed
over time (Table 2). The standardised response means
(mean change/standard deviation of the change) were rel-
atively low, ranging from 0.05 to 0.56, indicating limited
responsiveness and signal-to-noise ratio.

The scan-reposition—rescan reproducibility of the MTR
measures in the control group is shown in Table 3. The
coefficient of variation was small, ranging from 0.16% to
2.54% with NAWM mean MTR the most reliable param-
eter. However, the variability still exceeded the mean an-
nualised change in the trial study group (Table 2).

The effect of treatment with lamotrigine:
intention-to-treat analysis

The results of Student’s ¢ tests comparing change in MTR
measures in the placebo and verum arms with intention-to-
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| 354 subjects assessed for eligibility |

| 124 met inclusion criteria |

| 120 consented and randomised |

| 61 allocated to verum | | 59 allocated to placebo |

3 had progression
and could not attend ||
baseline assessment

56 had baseline scan and
started placebo

61 had baseline scan and
started lamotrigine

9 withdrew
and were lost [—
to follow up
11 stopped 5 stopped
treatment but treatment but
completed completed
follow up follow up

52 had a 24 month scan | | 56 had a 24 month scan

Fig. 1 Trial participant flow chart

treat analysis are presented in Table 2. There were signif-
icant differences between the two groups in two parame-
ters, NAGM PH and lesion PH. Both measures decreased
in the verum arm, but did not change significantly in the
placebo arm.

NAWM, NAGM and lesion PH also decreased signifi-
cantly in the verum arm, while no significant change was
seen in the placebo arm. However, the difference in change
between the two groups was not significant for any of the
three measures. Finally, there was a significant increase in
lesion mean MTR in the verum arm, which was smaller
than the corresponding increase seen in the placebo arm,
but the difference between the two groups was not
significant.

None of these results would support the hypothesis that
lamotrigine was neuroprotective.

The effect of treatment with lamotrigine:
per protocol analysis

At 24 months, 32 of 52 subjects in the verum arm were
receiving lamotrigine (mean dose 78 mg) and 45 of 56 in
the placebo arm (mean dose 240 mg) were tablet compliant
(7% p = 0.018). Twenty-five of 52 subjects in the verum
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Table 1 Clinical and MRI
measures at baseline. Data
shown are mean values
(standard deviation, SD) unless
otherwise specified

Characteristics Placebo arm (n = 56) Verum arm (n = 61)

Sex (F/M) (%)
Age (years), mean (SD, range)

40/17 (70/30)
49.6 (6.7, 37-60)
19.0 (8.3, 3-36)

45/16 (76/24)
51.4 (7.2, 30-61)

Disease duration (years), mean (SD, range) 21.2 (9.2, 541)

EDSS, median (interquartile range) 6.0 (0.5) 6.0 (0.5)
PASAT-3 44.7 (13.6) 41.7 (14.52)
TW (s) 20.5 (21.2) 20.5 (25.7)
9HPT (s) 32.3 (15.6) 31.7 (10.6)
NAWM
PH (% volume/pu) 16.35 (2.57) 16.70 (2.29)
PL (pu) 37.88 (0.78) 37.99 (0.68)
Mean (pu) 37.22 (1.23) 37.43 (0.78)
NAGM
NAWM normal appearing white PH (% volume/pu) 9.36 (1.08) 9.38 (1.13)
matter, NAGM normal PL (pu) 33.79 (0.71) 33.71 (0.87)
appearing grey matter, PH peak Mean (pu) 32.08 (1.08) 32.10 (1.02)
height, PL peak location, EDSS Lesi
expanded disability status scale, esions
PASAT-3 paced auditory serial PH (% volume/pu) 9.75 (2.41) 10.01 (2.55)
addition test, TW timed walk, PL (pu) 33.82 (1.43) 34.10 (1.60)
9HPT 9-hole peg test, pu Mean (pu) 30.58 (2.02) 30.83 (1.94)
percentage units, s seconds
Table 2 Change in MTR Mean annual Mean absolute Significance Difference between
measures a
change (%) change over of change”, placebo and verum
24 months t value (p value) arms®, p value
(standard error)
NAWM
PH placebo —0.61 (1.37) —0.40° (0.29) 1.37 (0.177) 0.104
PH verum —3.33 (1.23) —1.15° (0.35) 3.29 (0.002)
PL placebo —0.14 (0.14) —0.12 (0.10) 1.13 (0.264) 0.342
PL verum —0.006 (0.11) 0.01 (0.08) 0.14 (0.889)
Mean placebo —0.05 (0.18) —0.06 (0.13) 0.486 (0.641) 0.624
Mean verum —0.25 (0.20) —0.15 (0.15) 1.05 (0.301)
NAGM
PH placebo —0.79 (0.62) —0.18° (0.10) 1.76 (0.085) 0.036
}Sliig}rllli_ﬁchanfi {eSlll)ltidare PH verum —2.84 (0.68) —0.51° (0.12) 4.25 (<0.0001)
lewlzi e ‘“1 o N PL placebo —0.20 (0.15) —0.15pu (0.09)  1.54 (0.123) 0.456
normal appearing white
matter, NAGM normal PL verum —0.09 (0.14) —0.05 pu (0.09) 0.50 (0.618)
appearing grey matter, PH peak Mean placebo —0.19 (0.06) —0.13 pu (0.04) 3.54 (0.001) 0.713
height, PL peak location Mean verum —0.21 (0.07) —0.11 pu (0.05) 3.29 (0.002)
 Paired Student’s ¢ test Lesions
baseline versus 24-month PH placebo 1.25 (0.60) 0.16° (0.12) 1.30 (0.200) 0.004
measures
b PH verum —1.48 (0.83) —0.44° (0.17) 2.63 (0.011)
Independent samples
Student’s 7 test for change over PL placebo 0.80 (0.31) 0.49 pu (0.20) 2.44 (0.018) 0.617
24 months, placebo versus PL verum 0.65 (0.28) 0.36 pu (0.18) 1.96 (0.055)
verum Mean placebo 0.70 (0.16) 0.40 pu (0.09) 4.21 (<0.0001) 0418
¢ % normalised brain volume Mean verum 0.51 (0.19) 0.28 pu (0.11) 2.55 (0.011)

per pu
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Table 3 Scan-reposition-rescan reproducibility of the MTR
measures
Coefficient of
variation (%)
NAWM
Peak height 2.00
Peak location 0.53
Mean 0.16
NAGM
Peak height 2.54
Peak location 0.76
Mean 0.22

NAWM normal appearing white matter, NAGM normal appearing grey
matter

arm were serum compliant [mean serum concentration
14.1 mg/L (standard deviation 8.6 mg/L)].

The results of the per protocol analysis were similar to
the intention-to-treat analysis. In the ‘tablet-adherent’
analysis there was a significantly larger reduction of NAGM
PH in the verum arm compared with the placebo arm (mean
change —0.55%/pu versus 0.19%/pu, p = 0.005). There
was mean decrease in lesion PH in the verum arm, com-
pared with an increase in the placebo arm (—0.63%/pu
versus —0.125/pu, p = 0.013), but there was a signifi-
cantly smaller reduction of NAWM PH in the verum arm
compared with the placebo arm (mean change —0.17 versus
—1.44 pu, p = 0.028).

In the ‘serum-adherent’ analysis the only significant
difference observed was for mean lesion PH, with a

reduction in the verum arm (—0.52%/pu) compared with an
increase in the placebo arm (0.16%/pu, p = 0.008).

Longitudinal correlations of MTR and MSFC measures

Longitudinal correlations of MTR measures with MSFC
and component scores are shown in Table 4. The model
used shows the correlation of the MTR measure with the
clinical measure at any given time point, adjusting for age,
sex and disease duration. There were significant correla-
tions of PL and mean for all three tissue types with MSFC,
PASAT-3 and 1/9HPT. NAGM mean was the only MTR
parameter which correlated with 1/TW. In all cases the
correlations were positive; i.e. the higher the MTR mea-
sure, the better the performance in the clinical measure.

Using the second model, significant correlations were
seen of change in NAWM PH and mean with PASAT-3
(f =0.009, p=0.035, f=0.011, p=0.044) and of
NAWM mean with 1/9HPT (f = 0.009, p = 0.026). In all
cases the correlations were positive, indicating that an
increase in the MTR measure was associated with better
performance in the clinical task and a reduction in MTR
with poorer performance in the clinical task.

Relationship of MTR measures with a sustained
increase in EDSS

Eleven subjects in the placebo arm (20%) experienced a
sustained increase in EDSS during the 24-month follow-up
period. Change in two MTR variables was found to sig-
nificantly predict those subjects who experienced an

Table 4 Longitudinal correlation of MTR measures with MSFC and component measures in the placebo arm

Lesion NAGM NAWM

Peak height  Peak location = Mean Peak height  Peak location = Mean Peak height  Peak location = Mean
MSFC
p —0.002 0.123 0.093 0.178 0.590 0.454 0.022 0.467 0.233
p 0.912 0.016 0.001 0.044 0.001 <0.0001 0.148 0.001 <0.0001
PASAT-3
B 0.006 0.223 0.125 0.150 0.569 0.469 0.022 0.672 0.315
p 0.669 <0.0001 <0.0001 0.032 <0.0001 <0.0001 0.062 <0.0001 <0.0001
1/9HPT
B —0.016 0.143 0.106 0.082 0.568 0.425 0.003 0.459 0.206
P 0.378 0.002 <0.0001 0.314 <0.0001 <0.0001  0.828 <0.0001 <0.0001
1/TW
p —0.018 —0.005 0.004 —0.001 0.213 0.134 0.007 0.170 0.080
p 0.187 0.889 0.824 0.982 0.079 0.022 0.491 0.098 0.060

Age, sex and disease duration were covariates in the model. Significant results are shown in bold. f§ is standardised beta, i.e. the number of
standard deviations of change in clinical measure for every standard deviation increase in MTR measure

NAWM normal appearing white matter, NAGM normal appearing grey matter, PASAT-3 paced auditory serial addition test, TW timed walk,

9HPT 9-hole peg test
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increase in EDSS; lesion MTR PL [p = 0.049, standard-
ised odd ratio (OR) = 0.924] and lesion mean MTR were
associated with a sustained increase in EDSS (p = 0.002,
OR = 1.699). In both cases the baseline value was lower,
although not significantly so, in the group that experienced
a sustained increase in EDSS: PL 33.07 pu [standard error
(SE) 0.22] versus 33.97 pu (SE 0.42, p = 0.07); mean
29.74 pu (SE 0.33) versus 30.71 pu (SE 0.35, p = 0.16);
with a larger increase over 24 months in the group who did
experience a sustained increase in EDSS: PL 0.97 pu (SE
0.42) versus 0.39 pu (SE 0.22, p = 0.25), mean 0.79 pu
(SE 0.18) versus 0.30 (SE 0.10, p = 0.035). Graphs illus-
trating the change in lesion PL and mean in the two groups
are shown in Fig. 2.

Discussion

The aim of this study was twofold, firstly to evaluate the
neuroprotective potential of lamotrigine in secondary pro-
gressive MS and secondly to assess the utility of brain
MTR measures (reproducibility, responsiveness to change
and the longitudinal correlation of MTR measures with
neurological function and disability) as a marker of brain
pathology in clinical trials of MS.

Overall the results of the study do not show that lamo-
trigine has a neuroprotective effect. While the scan—repo-
sition—rescan reproducibility in the non-MS controls was
good, the magnitude of the change over time in the MS
group was small compared with the variability, perhaps
indicating that the responsiveness of MTR measures to
change was relatively limited. There were significant cor-
relations of MTR measures with measures of neurological
impairment, indicating that MTR does detect clinically
relevant brain pathology.

The effect of treatment with lamotrigine

The only measures differing significantly between the
two treatment arms were lesion and NAGM MTR PH. In
both cases there was a significantly greater decrease in
MTR in the verum arm (in fact there was a non-sig-
nificant increase in lesion PH in the placebo group).
Since higher MTR is thought to represent higher mye-
linated axon content [2, 3, 20-22], treatment with a
neuroprotective drug should have the opposite effect, i.e.
a greater decrease in the placebo group. It is possible
that lamotrigine is neurotoxic rather than neuroprotective
and causes increased neuro-axonal damage. However,
clinical data from this trial suggest relative preservation
of neurological function in the verum arm [13], which
would tend to refute this explanation.

3200 -

3150 <

31.00 +

3050

Lesion Mean MTR (pu)

3000

29.50 <

29.00

T T
Month 12 Month 24

Timepoint

T
Month0

3500

3450

3400 +

3350

33.00

Lesion MTR Peak location (pu)

3250

3200

T I
Month12 Month 24

Timepoint

I
Month0

Fig. 2 Mean lesion MTR measures. a MTR mean, b MTR peak
location. The dotted line represents those subjects who experienced a
sustained increase in EDSS during the 24-month study period; the
solid line represents those who did not. The error bars show one
standard error

Another possible explanation is that lamotrigine has
another physiological effect on brain tissue, which results
in a fall in MTR without a reduction in axonal number; for
example, MTR has been shown to correlate with axonal
expression of Na'/K' ATPase in MS lesions [23].
Reduced axonal sodium content brought about through
lamotrigine-mediated channel blockade could potentially
lead to reduced expression of this enzyme and hence a fall
in MTR. It would be interesting to evaluate this possibility
in EAE, for example.
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Responsiveness of MTR measures to change
and reliability

The changes in MTR measures seen in this study were
small compared with those reported from previous studies
[24-26]. To minimise the contribution of partial volume
voxels to the MTR histograms in this study, all voxels with
MTR value <10 pu were excluded and an erosion was
imposed on normal appearing brain tissue masks. The
exclusion of this tissue from the histogram analysis may
partly explain why MTR changes in this study were smaller
than those in previously published reports.

The scan-reposition—rescan variability of MTR mea-
sures in the non-MS controls was good, being comparable
to previously published values for whole brain MTR
measures acquired using a similar MRI sequence [27].
However, the period over which scans were acquired in the
MS group was markedly greater than that in the control
group, and it is known that increasing lesion volume can
also lead to changes in segmentation [28], so the variability
caused by positioning and segmentation was likely to be
somewhat higher in the MS subject group than in the non-
MS controls.

Longitudinal association of MTR measures with MSFC
and component measures

Despite the relatively limited sensitivity of MTR changes,
there were still significant longitudinal correlations with
clinical measures in the placebo arm.

Higher MTR in normal appearing brain tissue and lesion
MTR was associated with poorer performance in the PA-
SAT-3 and the 9HPT. Consistent correlation of NAGM and
NAWM MTR with cognitive and arm function was pre-
viously seen in the baseline cross-sectional analysis [29]
and has been observed in other study groups [20, 30-33]. It
may represent neurological impairment due to neuro-axo-
nal loss, particularly since grey and white matter volume
and atrophy have also been shown to correlate with deficits
in these areas of neurological function [34-38].

Correlation of MTR measures with mobility have also
previously been reported [20, 31, 39]. Where tissue types
have been analysed in isolation, it is primarily grey matter
MTR measures which have been found to correlate with
and predict mobility [24, 39, 40]. This study corroborates
these findings, with only NAGM MTR mean correlating
with TW. The consistent correlation of changing NAGM
mean MTR with change in all three components of the
MSFC highlights the likely importance of grey matter
pathology in determining neurological dysfunction in sec-
ondary progressive MS.

Using the second model, looking at the association
between change in MTR measures with performance in the
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MSFC and component measures, there were significant
correlations observed of change in NAWM MTR mean and
PH with performance in the PASAT-3 and 9HPT. These
were all positive correlations, indicating that an increase in
MTR was associated with better performance in the clinical
test and a reduction in MTR with a poorer performance.
However, the § values were very small, indicating that a
very large reduction in MTR would be associated with a
very small decrease in the clinical measure, and of 36
comparisons made, only 3 were significant, so one should
not put too much weight on these findings.

Change in lesion MTR measures is associated
with a sustained increase in EDSS

A larger increase in mean lesion MTR over 24 months was
associated with an increased probability of a sustained
increase in EDSS. This is a surprising result for two rea-
sons: firstly one would not expect lesion MTR to increase
in people with secondary progressive MS, and secondly it
is the opposite of what of what one would expect if lesion
MTR mean is a measure of myelinated axon content; a fall
in mean MTR should correspond to an increase in
disability.

One possible explanation for the increase in lesion MTR
PH and PL in the placebo arm and MTR mean in both arms
is that within lesions factors other than just the myelinated
axon content, such as resolution of oedema or changes to
the structure or function of axons, may influence MTR. In
addition to low myelinated axon content, low MTR in
lesions has been shown to be associated with larger axonal
diameter [22], lower expression of Na®/K™ ATPase in
demyelinated axons [23] and the presence of parenchymal
T cell and chemokine expression in microglia and macro-
phages [7]. Hence, it is possible that those subjects who
experienced a sustained increase in disability had higher
levels of inflammation, axonal oedema and axonal dys-
function at baseline and that the increase in MTR repre-
sents resolving oedema and attrition of dysfunctional
axons. The mean lesion MTR mean and PL were lower at
baseline in those patients who experienced a sustained
increase in EDSS than in those who did not, which would
be consistent with this sort of process. However, the dif-
ferences were not statistically significant, so one should not
place too much emphasis on this result.

Limitations of the study

The main limitation of this study was the relative insensi-
tivity of the MTR measures. MTR was a secondary end-
point, and the power calculations were based on central
cerebral volume change, which is more reproducible [41]
and responsive [42]. Replicating the study with a larger
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population may generate more reliable results, but the
magnitude of the change in MTR measures would remain
very small. A recent study in relapsing-remitting MS sug-
gests that specifically targeting new lesions may improve
the sensitivity of MTR measures [43]. The lamotrigine trial
was not optimised to detect inflammatory activity, one of
the eligibility criteria was that subjects should be relatively
free of disabling relapses for at least 2 years prior to
recruitment and no gadolinium was given, making the
identification of new lesions somewhat less certain, so we
have decided not to do this. However, future studies of
potentially neuroprotective drugs in relapsing-remitting
MS employing MTR as one of the MRI measures would be
advised to consider treating new and chronic lesions
separately.

As previously reported [13] non-adherence in the verum
arm was higher than expected and disproportionate to the
placebo arm. This may have influenced the outcome of the
study, but it is difficult to envisage a good way to prevent
this.

Finally, the design of the study failed to take into
account the possible unintended effects of the drug on the
outcome measures. This is increasingly recognised as a
problem in MS studies [44]. The use of cross-over study
design or multiple assessments prior to the introduction of
the IMP or after its withdrawal may allow investigators to
differentiate the drug effects on neuro-axonal volume or
inflammation, which one would expect to occur rapidly,
from any effects on neuro-axonal survival, which one
would expect to be a much slower process.
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