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■ Abstract Background Natal-
izumab, a humanized monoclonal
anti-adhesion molecule antibody,
reduces the frequency of new
gadolinium (Gd) enhancing lesions
and relapses in multiple sclerosis
(MS). Its effect on evolution of new
Gd enhancing lesions to T1 hy-
pointense lesions is unknown.
Methods 213 patients were ran-
domized to receive 3 mg/kg or
6 mg/kg natalizumab or placebo
monthly for 6 months and then fol-
lowed for a further 6 months. A
subset of patients who had one or
more new gadolinium enhancing
lesions from Month 0 to Month 6
and available electronic data were
analysed. Each new Gd enhancing
lesion that developed during treat-
ment (months 1–6) was investi-
gated for conversion to a new T1
hypointense lesion at month 12. Le-
sions were classified as large or
small if their cross-sectional area
was greater or less than 20 mm2.
Because of the similarity of both
doses of natalizumab on the fre-
quency of new Gd enhancing le-
sions, the two natalizumab arms
were combined in all analyses. Re-
sults Compared with the placebo
group, the natalizumab group ex-
hibited significant decreases in:
(i) the proportion of patients with

new Gd enhancing lesions that
evolved to T1-hypointense lesions
(10/38 [26 %] versus 27/40 [68 %];
p < 0.01); (ii) the proportion of pa-
tients who developed large T1 hy-
pointense lesions (2/38 [5 %] versus
16/40 [40 %]; p < 0.01); (iii) the pro-
portion of new Gd enhancing le-
sions that became T1 hypointense
(11/75 [15 %] versus 118/466
[25 %]; p = 0.045); (iv) the mean
proportion per patient of new Gd
enhancing lesions that converted to
T1-hypointense lesions (0.15 versus
0.28; p = 0.005), and (v) the odds
ratio (OR) of converting from Gd
enhancing to T1-hypointense le-
sions (OR = 0.48; 95 % CI = 0.24,
0.94, p = 0.031)). Conclusion Natal-
izumab significantly suppresses the
evolution of new Gd enhancing to
T1-hypointense lesions. This may
reflect several mechanisms includ-
ing reduced cell migration across
the blood brain barrier, reduced T
cell activation within lesions, an in-
hibitory effect on subsequent ax-
onal damage within the new cen-
tral nervous system lesion, and a
reduced likelihood of recurrent le-
sion inflammation.

■ Key words Natalizumab ·
relapsing · multiple sclerosis
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Introduction

Serial MRI in patients with relapse onset forms of mul-
tiple sclerosis (MS) has shown that asymptomatic new
lesions develop about 5 to 10 times more frequently than
do clinical relapses [17, 21, 25]. The new lesions usually
display gadolinium (Gd) enhancement, indicating that
there is breakdown of the blood-brain barrier (BBB)
[12]. The phase of Gd enhancement lasts about 2–6
weeks [11] and several studies using post mortem or
biopsy material have demonstrated a correlation of en-
hancement with histological signs of activity including
macrophage infiltrates, perivascular lymphocytes and
myelin breakdown [6, 14]. Follow up MRI shows that
most enhancing lesions result in an area of permanent
high signal on T2-weighted scans indicating that
chronic structural changes have occurred [4]. Whereas
most lesions display hypointensity on T1-weighted im-
ages during the acute enhancing phase, a minority
(about 14–41 %) become T1 hypointense with follow up
[3, 4, 7, 23]. Such chronically hypointense lesions are as-
sociated with more extensive axonal loss than the larger
proportion of T2 lesions which become T1-isointense
[1, 22, 24]. Axonal loss is likely to be an important sub-
strate of irreversible disability in MS, and there has been
interest in following the accumulation of T1 hy-
pointense lesions in studies of natural history and ther-
apeutic intervention [2, 3, 7, 20]

The evidence that BBB breakdown is a consistent fea-
ture of new lesions suggests that migration of immuno-
logically active white cells from the blood into the brain
might be an important event in leading to foci of de-
myelination and ultimately axonal damage or loss [15].
A question arising is whether therapy that specifically
interrupts such cell migration might prevent the forma-
tion of new lesions [26]. In a recent 6 month, placebo-
controlled trial of natalizumab, a humanized mono-
clonal antibody directed against the α4 integrin
adhesion molecule, natalizumab reduced the mean fre-
quency of new enhancing lesions per patient by about
90 % and the number of relapses by about 50 % [16].

Because of inhibition of cell migration across the
BBB, it is theoretically possible that when new lesions
form in patients receiving natalizumab, there is a quan-
titative reduction in the severity of inflammation which
in turns leads to less permanent axonal damage and
loss. We now report our effort to investigate this possi-
bility by determining the frequency with which new en-
hancing lesions became T1 hypointense lesions after at
least 6 months of follow up in patients who had previ-
ously received up to 6 monthly infusions of natalizumab
or placebo.

Patients and methods

Two hundred and thirteen patients with relapsing MS from 26 clini-
cal centers in the United States, Canada and the United Kingdom were
recruited and randomized into a double-blind placebo-controlled
trial of natalizumab [16].

The institutional review board or central and local ethics com-
mittee approved the protocol for each participating site. Patients gave
written informed consent. Inclusion criteria were: an Expanded Dis-
ability Status Scale (EDSS) [13] of between 2 and 6.5; Poser [19] cri-
teria clinically definite or laboratory supported definite MS, either re-
lapsing remitting or secondary progressive; a history of at least two
relapses within the previous two years; a minimum of three lesions on
T2-weighted brain MRI; and aged between 18 and 65 inclusive. Pa-
tients were excluded if they received immunosuppressive or im-
munomodulatory treatments within the preceding three months or
experienced a relapse or received systemic corticosteroids within the
30 days prior to enrolment.

Patients were randomized equally into one of three treatment
groups: 3 mg/kg natalizumab, 6 mg/kg natalizumab, or placebo. Pa-
tients received 6 intravenous infusions at 28 day intervals and then
had 6 months of safety follow-up.The investigator,all other study per-
sonnel, and patients were blinded to treatment assignment.

■ MRI acquisition protocol

Pre-contrast T1-weighted spin echo (SE) images were acquired dur-
ing the screening phase at month minus one, immediately prior to
treatment at month 0, one month following the last treatment at
month 6 and during the follow up phase at month 12 using the fol-
lowing parameters: repetition time (TR) = 500–700 ms; echo time
(TE) = 5–25 ms.

Pre-contrast Proton Density (PD) and T2-weighted SE scans were
acquired during the screening phase (month –1), immediately before
each treatment (month 0–5), one month following the last treatment
(month 6) and during a safety follow-up at months 9 and 12, using the
following parameters: TR = 2–2.5 s; short echo time TE = 30–40 ms;
long echo TE = 80–100 ms. Also at each of these visits, a T1-weighted
SE was acquired 5 to 7 minutes after the administration of
0.1 mmol/kg gadolinium diethylenetriamine pentaacetate [Gd-
DTPA] using the same parameters as the corresponding pre-contrast
scan. For all of the MRI sequences, 46 axial oblique, contiguous, in-
terleaved slices were acquired with a matrix of 256 � 256 and a slice
thickness of 3 mm. Repositioning for all follow up MRI scans was
achieved by using a protocol based on identification of standardized
anatomical landmarks [10].

■ MRI analysis

All MRI studies performed at the individual centers were archived
onto hard copy film and electronic media and transported to the MRI
Analysis Center (Institute of Neurology, University College London,
Queen Square, London, UK), where analyses were performed by staff
blinded to the clinical details.

On hard copy scans, two experienced observers identified and
counted the number of new and persisting T1 gadolinium enhancing
lesions at months 0, 1, 2, 3, 4, 5, 6, 9 and 12 (results previously pub-
lished) [16], as well as new and enlarging T2 hyperintense lesions and
new T1 hypointense at months 6 and 12. The electronic form of the
data was used to quantify T2 lesion volume and T1 hypointense lesion
volume at months 0, 6 and 12 [5].

Following completion of the clinical study, an independent ob-
server blinded to the study treatment retrospectively re-examined
monthly MRI scans using electronic and hard copy data and located
each new gadolinium enhancing lesion at months 0, 1, 2, 3, 4, 5, 6. Be-
cause a previous study showed that large Gd enhancing lesions were
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more likely than smaller ones to become T1 hypointense [3], we di-
vided lesions as large or small for additional analysis. This was done
on the electronic images according to their largest area on a single
slice. Large lesions were > 20 mm2 and small ≤ 20 mm2 [18]. This area
approximates to a lesion diameter of 5 mm, a criterion that was used
to separate large and small lesions in the previous study [3]. The site
of each new Gd enhancing lesion seen at months 0–6 was then exam-
ined on the month 12 pre-contrast T1-weighted SE image to its deter-
mine whether it appeared as either T1 hypointense or isointense. It
was defined as T1 hypointense lesion if it was an area of low signal in-
tensity compared with the surrounding white matter in a region in
which there was a high signal lesion on the corresponding month 12
T2-weighted image. Otherwise it was classified as T1 isointense. The
T1 hypointense lesion at month 12 was confirmed as being a conse-
quence of the previous co-located new gadolinium enhancing lesion
by establishing that it was not present on the scan obtained one month
before the initial enhancing lesion had appeared. The lesion at month
12 was also verified as not enhancing by reference to the post-contrast
T1-weighted scan obtained at the same visit. T1 hypointense lesions
were classified as small or large lesions using the same cut off of
20 mm2. The numbers of small and large new Gd enhancing lesions
during month 1 to 6 together with the corresponding number of new
small and large T1 hypointense lesions at month 12 scan were
recorded for each patient with available electronic data.

■ Statistical Analysis

For comparisons with placebo, we decided to combine both natal-
izumab arms in to a single group. This improved the power of the sta-
tistical analyses as a larger number of Gd enhancing lesions were
available for analysis in natalizumab treated patients (bearing in
mind that the overall frequency [per patient] of such enhancing le-
sions was about 90 % less in natalizumab treated patients than in the
placebo patients). We felt that this approach was biologically sound
because: (i) similar efficacy had already been shown for each natal-
izumab arm with respect to the frequency of enhancing lesions and
relapses [16]; (ii) pharmacokinetic studies showed near full satura-
tion of the α4 receptor with both doses of natalizumab [16], and (iii)
inspection of the individual treatment group data suggested a trend
to decreased evolution from Gd enhancing to T1 hypointense lesions
in both groups.

Patients with one or more new Gd enhancing lesions from Month
0 to Month 6 and available electronic data were analysed. The number
and percentage of patients with new T1 hypointense lesions formed
from new Gd enhancing lesions at baseline (month 0) and during the
treatment period from months 1 to 6 were calculated and compared
between placebo and treated groups using the Fisher’s Exact Test. The
proportions of new Gd enhancing lesions converted to T1 hy-
pointense lesions were calculated at baseline (month 0) and during
the treatment period from Month 1 to Month 6 for each patient. Com-
parisons of the distribution of these proportions between the placebo
and treated groups were made using the Wilcoxon rank sum test.

A logistic regression model with generalized estimating equa-
tions (GEE), which adjusts for correlations of lesions within the same
patient, was used to compare the probability of new Gd enhancing le-
sions converting to T1 hypointense lesions in the combined natal-
izumab treated group compared with the placebo group during the
treatment period from months 1 to 6. Odds ratio (OR) of conversion
to T1 hypointense lesions was computed using the placebo group as
the reference group.

All statistical tests were two-sided and carried out at the 5 % level
of significance.

Results

Of the whole cohort of 213 patients, 71 were randomized
to receive placebo and 142 natalalizumab.Of this total,86
patients had one or more new Gd enhancing lesions from
months 1–6. Seventy eight/86 (40 placebo and 38 Natal-
izumab) were included in the final analysis because they
had available all electronic data and hard copy data from
all scans obtained from months 0–6 and 12. Eight/86 pa-
tients (6 placebo,2 natalizumab treated) with new Gd en-
hancing lesions from months 1–6 had missing data such
that they had to be excluded from the analyses, except in
the logistic regression/GEE analysis,where data for three
more patients (one placebo, 2 natalizumab treated) who
had only one missing scan were also included,as GEE can
accommodate data with some missing values.

The clinical demographic features of the subgroup of
78 were similar to those of the whole study cohort (Table
1; [16]).Compared with the whole cohort,patients in the
study subgroup were more likely to display Gd enhanc-
ing lesions on the two baseline scans, especially those
who went on to receive natalizumab. This finding is ex-
pected since subjects with enhancing lesions on single
or baseline scans are known to be more likely to exhibit
enhancing lesions during the next few months.

The baseline (month 0) number of new Gd enhanc-
ing lesions, and the proportions of enhancing lesions at
month 0 which converted to T1 hypointense lesions,
were similar in both placebo and natalizumab groups
(Table 2).

The total number of new Gd enhancing lesions dur-
ing the treatment period (months 1–6 scans) was 466 in
the placebo group, and 75 in the combined natalizumab
group (Table 3). The corresponding total number of new
T1 hypointense lesions at month 12 (that evolved from
new Gd enhancing lesions between months 1 and 6) was
118 in the placebo group and 11 in the combined natal-
izumab group; the occurrence of 3 or more new T1 hy-
pointense lesions was only observed in the group of pa-
tients treated with placebo (Table 3).

At month 12 the number (%) of patients with new T1
hypointense lesions formed from new Gd enhancing le-
sions during the treatment period from months 1 to 6
was 27/40 (68 %) in the placebo and 10/38 (26 %) in the
combined natalizumab group ([Table 3]; Figure). The
mean proportion per patient of new Gd enhancing le-
sions during the treatment period from months 1–6
which converted to T1 hypointense lesions at month 12
was 0.28 in the placebo group, and 0.15 in the combined
natalizumab group (p = 0.005; Table 3).

The Odds Ratio (OR) of conversion to T1 hy-
pointense lesions, comparing the natalizumab group
combined (40 patients) with the placebo group (41 pa-
tients) showed a reduced probability of new Gd enhanc-
ing lesion during the treatment period from months 1 to
6 converting to T1 hypointense lesions at month 12
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(OR = 0.48; 95 % Confidence Intervals = 0.24, 0.94,
p = 0.031). The difference remained significant when the
analysis was adjusted to include disease subgroups (re-
lapsing remitting and secondary progressive; p = 0.035)

The proportions of patients with large new Gd en-
hancing and T1 hypointense lesions were lower in the
natalizumab than placebo group, but the reduction ap-
peared greater for T1 hypointense lesions (Table 4).

Discussion

In the placebo group of this study, 25 % of new Gd en-
hancing lesions had evolved in to areas of T1 hy-
pointensity at month 12 follow up. This proportion is
well within the range (14–41 %) of such an evolution re-

ported in other studies [3, 4, 7, 23]. This relatively wide
range is likely to reflect differences in the length of fol-
low up, the appearance (and limited tissue contrast) of
T1-weighted spin echo images, and the visual threshold
used for determining an area of T1 hypointensity.

Two previous studies have investigated the evolution
of new Gd enhancing to T1 hypointense lesions in the
context of a placebo-controlled clinical trial [3,7]. In one
study,of patients with relapsing remitting MS,treatment
with glatiramer acetate was associated with a decreased
likelihood of Gd enhancing lesions evolving to T1 hy-
pointensity (15 % versus 31 %; [7]). In another study of
beta interferon-1b in secondary progressive MS, a simi-
lar frequency of such a lesion evolution was observed in
both the beta interferon and placebo groups (13.4 % ver-
sus 14 %; [3]).

Natalizumab

Characteristic Placebo 3.0 mg/kg + 6.0 mg/kg combined 
(N = 40) (N = 38)

Age, years
Mean 39.8 (8.27) 42.7 (8.03)
Range 22–54 30–59

Gender N (%)
Male 13 (32.5) 12 (31.6)
Female 27 (67.5) 26 (68.4)

MS category N (%)
Relapsing remitting 28 (70.0) 27 (71.1)
Secondary progressive 12 (30.0) 11 (29.0)

EDSS
Mean 4.3 4.2
Range 2.0–6.5 1.5–6.5

Disease duration (Years)
Mean 9.4 11.6
Range 1–32 1–33

Number of relapses (in past 2 years)
Mean 3.1 2.9
Range 2–12 2–6

Time since last relapse (Months)
Mean 6.2 6.6
Range 2–14 2–13

Screening T1-weighted MRI (Month –1)

Number (%) of scans with one or 21 (53) 23 (61)
more Gd-enhancing lesion (s)

Number of Gd-enhancing brain lesions
Mean 1.3 1.9
Range 0–11 0–14

Baseline T1-weighted MRI (Month 0)

Number (%) of scans with one or 14 (35) 25 (66)
more new Gd-enhancing lesion (s)

Number of new Gd-enhancing brain lesions:
Mean 1.1 1.8
Range 0–10 0–10

EDSS expanded disability status scale

Table 1 Demographic and baseline MRI character-
istics of Patients Evaluated (n = 78)
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Although the total number of new Gd enhancing le-
sions available for analysis was much less in the natal-
izumab groups than the placebo group, there were still
sufficient numbers of lesions when the two natalizumab
arms were combined to detect significant differences in
outcomes between the treated and placebo groups. The
analyses collectively provide evidence that treatment
with natalizumab is associated with a significant reduc-

tion not only in the frequency with which new Gd en-
hancing lesions form but also in the frequency with
which such lesions become areas of T1 hypointensity.
The data suggest that the odds of Gd enhancing lesions
becoming T1 hypointense are reduced by about 50 % in
patients treated with natalizumab, although the confi-
dence intervals around this estimation are wide.

Several potential mechanisms may have modified the
evolution from enhancing to T1 hypointense lesion. The
first (and most likely) mechanism is an effect of natal-
izumab to inhibit adhesion between circulating white
cells and cerebral endothelial cells (by blocking the in-
teraction of α4 integrins on lymphocytes and mono-
cytes cells and vascular cell adhesion molecule 1
[VCAM-1] on cerebral endothelium) [8, 9], with a con-
sequential decrease in the cell migration into new le-
sions that does occur. Such lesions may thereby contain
quantitatively less severe inflammatory mediators of tis-
sue damage and a reduction in the extent of acute axonal
damage will reduce the likelihood of lesions subse-
quently becoming T1 hypointense.

Secondly, there could be a therapy-induced reduction
T cell activation within the lesion or an inhibitory effect
on subsequent axonal damage within the lesion.Such ef-
fects occurring within the brain might be expected to re-
sult in a greater decrease in T1 hypointense than Gd en-
hancing lesions. Although the overall marked decrease
in frequency of both types of lesions is consistent with a
predominant therapeutic action at the BBB, the sugges-
tion that large T1 hypointense lesions are reduced more
markedly than large Gd enhancing lesions (Table 4)
could indicate an additional effect within the brain.
Thirdly, there may have been a greater tendency for le-
sions in the placebo group to undergo recurrent
episodes of Gd enhancement (and by implication recur-

Table 2 Baseline (month 0) number of new Gd lesions, and number and propor-
tion converted to T1 hypointense lesions at month 12

Placebo Natalizumab Combined
(n = 40) (n = 38)

Number of new Gd lesions 
per patient

N 40 38
Mean (sd) 1.1 (2.28) 1.8 (2.22)
Median, 0 1
Min. max. 0, 10 0, 10

Number of new Gd converted 
to T1 hypointense lesions 
per patient

N 40 38
Mean (sd) 0.3 (0.60) 0.4 (0.68)
Median, 0 0
Min. max. 0, 2 0, 3

Proportion of Gd lesions 
converted to T1 hypointense 
lesions per patient

N 14 25
Mean (sd) 0.31 (0.376) 0.27 (0.348)
Median, 0.16 0.13
Min. max. 0, 1 0, 1

Note: N are smaller for proportion converted to T1 hypointense lesions, because for
those patients with no Gd lesions, the proportion is set to be missing

Placebo Natalizumab p-value
Combined

Total number of patients with new Gd lesions 40 38
months 1–6

Number (%) patients with T1 hypointense lesions 27 (68 %) 10 (26 %) p < 0.01a

Number of patients with T1 hypointense lesions
0 13 28
1 9 9
2 4 1
> = 3 14 0

Total number of T1 hypointense lesions/ 118/466 (25 %) 11/75 (15 %) p = 0.0445b

Gadolinium enhancing lesions (%)

Mean proportion of new Gd-enhancing lesions 
converted to T1 hypointense lesions 
(patient level)

mean median 0.28, 0.25 0.15, 0.0 p = 0.0051c

a Fisher’s Exact Test, comparing treated combined versus placebo
b Chi-square test, comparing treated combined versus placebo
c Wilcoxon Rank Sum Test, comparing treated combined versus placebo

Table 3 Number and percentage of patients with
new T1 hypointense lesions at month 12 in patients
with at least one new Gd enhancing lesion from
months 1 to 6
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rent inflammation) that in turn could increase the like-
lihood of producing a T1 hypointensity [23]. In general,
however, areas of re-enhancement are seen less often
than areas of de novo enhancement [17, 23].

The present study was not powered to definitively ad-
dress the effect of treatment on relapse related outcomes
and over the 6 months of the study there was no signifi-
cant change in disability progression, measured using
the Kurtzke expanded disability status scale [13], in ei-
ther the treated or placebo group. However, the decrease
in evolution from enhancing to T1 hypointense lesions
might be expected to have, as its clinical corollary, a re-
duction in persistent deficits that result from relapses.
The larger and longer duration phase III trials of natal-
izumab that are in progress will address clinical out-
comes in a more definitive manner.
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Placebo Natalizumab p-value
Combined

Total number of patients with new Gd lesions month 1–6 40 38

Number (%) patients with large T1 hypointense lesions 16 (40 %) 2 (5 %) p < 0.01a

month 12

Number of large T1 hypointense lesions 46 2

Number (%) patients with large new Gd 25 (63 %) 19 (50 %) p = 0.361a

enhancing lesions months 1–6

Number of large new Gd enhancing lesions month 1–6 112 26

a Fisher’s Exact Test, comparing treated combined versus placebo

Table 4 Frequency of large new lesions (> 20 mm2)
in natalizumab and placebo groups

Figure Classification of patients with new Gd enhancing lesions from months 1–6
and the presence or absence of new T1 hypointense lesions at month 12
Gd + T1– Number of patients with new Gd enhancing lesions from months 1–6

but no new T1 hypointense lesions at month 12
Gd + T1 + Number of patients with new Gd enhancing lesions from months 1–6

and new T1 hypointense lesions at month 12



413

1. Barkhof F, McGowan JC, van Waes-
berghe JH, Grossman RI (1998) Hy-
pointense multiple sclerosis lesions on
T1-weighted spin echo magnetic reso-
nance images: their contribution in
understanding multiple sclerosis evo-
lution. J Neurol Neurosurg Psychiatry
64:S77–S79

2. Barkhof F, van Waesberghe JH, Filippi
M, Yousry T, Miller DH, Hahn D et al.
(2001) T(1) hypointense lesions in sec-
ondary progressive multiple sclerosis:
effect of interferon beta-1b treatment.
Brain 124:1396–1402

3. Brex PA, Molyneux PD, Smiddy P,
Barkhof F, Filippi M, Yousry TA et al.
(2001) The effect of IFNbeta-1b on the
evolution of enhancing lesions in sec-
ondary progressive MS. Neurology 57:
2185–2190

4. Ciccarelli O, Giugni E, Paolillo A,
Mainero C, Gasperini C, Bastianello S
et al. (1999) Magnetic resonance out-
come of new enhancing lesions in pa-
tients with relapsing-remitting multi-
ple sclerosis. Eur J Neurol 6:455–459

5. Dalton C, Barker G, MacManus D,
Miszkiel K, Khan O, Sheremata W et al.
(2002) The effect of natalizumab (An-
tegrenTM) on T2 hyperintense and T1
hypointense lesion volumes in relaps-
ing MS. J Neurol 249(suppl 1):I41

6. De Groot CJ, Bergers E, Kamphorst W,
Ravid R, Polman CH, Barkhof F et al.
(2000) Post-mortem MRI-guided
sampling of multiple sclerosis brain
lesions: increased yield of active de-
myelinating and (p)reactive lesions.
Brain 124:1635–1645

7. Filippi M, Rovaris M, Rocca MA, Sor-
mani MP, Wolinsky JS, Comi G (2001)
Glatiramer acetate reduces the propor-
tion of new MS lesions evolving into
“black holes”. Neurology 57:731–733

8. Frenette PS, Wagner DD (1996) Adhe-
sion molecules – part I. N Engl J Med
334:1526–1529

9. Frenette PS, Wagner DD (1996) Adhe-
sion molecules – part II: blood vessels
and blood cells. N Engl J Med 335:
43–45

10. Gallagher HL, MacManus DG, Webb
SL, Miller DH (1997) A reproducible
repositioning method for serial mag-
netic resonance imaging studies of the
brain in treatment trials for multiple
sclerosis. J Magn Reson Imaging 7:
439–441

11. Harris JO, Frank JA, Patronas N, Mc-
Farlin DE, McFarland HF (1991) Serial
gadolinium-enhanced magnetic reso-
nance imaging scans in patients with
early, relapsing-remitting multiple
sclerosis: implications for clinical trials
and natural history. Ann Neurol 29:
548–555

12. Kermode AG, Thompson AJ, Tofts P,
MacManus DG, Kendall BE, Kingsley
DP et al. (1990) Breakdown of the
blood-brain barrier precedes symp-
toms and other MRI signs of new le-
sions in multiple sclerosis. Pathogenic
and clinical implications. Brain 113:
1477–1489

13. Kurtzke JF (1983) Rating neurologic
impairment in multiple sclerosis: an
Expanded Disability Status Scale
(EDSS). Neurology 33:1444–1452

14. Lucchinetti C, Bruck W, Parisi J, Scheit-
hauer B, Rodriguez M, Lassmann H
(2000) Heterogeneity of multiple scle-
rosis lesions: implications for the
pathogenesis of demyelination. Ann
Neurol 47:707–717

15. McFarland HF (1998) The lesion in
multiple sclerosis: clinical, pathologi-
cal, and magnetic resonance imaging
considerations. J Neurol Neurosurg
Psychiatry 64(Suppl 1):S26–30

16. Miller DH, Khan OA, Sheremata WA,
Blumhardt LD, Rice GP, Libonati MA
et al. (2003) A controlled trial of natal-
izumab for relapsing multiple sclero-
sis. N Engl J Med 348:15–23

17. Miller DH, Rudge P, Johnson G,
Kendall BE, Macmanus DG, Moseley IF
et al. (1988) Serial gadolinium en-
hanced magnetic resonance imaging
in multiple sclerosis. Brain 111:
927–939

18. Plummer DL (1992) Dispimage: a dis-
play and analysis tool for medical im-
ages. Riv Neuroradiol 5:489–495

19. Poser CM, Paty DW, Scheinberg L, Mc-
Donald WI, Davis FA, Ebers GC et al.
(1983) New diagnostic criteria for mul-
tiple sclerosis: guidelines for research
protocols. Ann Neurol 13:227–231

20. Simon JH, Lull J, Jacobs LD, Rudick
RA, Cookfair DL, Herndon RM et al.
(2000) A longitudinal study of T1 hy-
pointense lesions in relapsing MS:
MSCRG trial of interferon beta-1a.
Neurology 55:185–192

21. Thorpe JW, Kidd D, Moseley IF, Kenn-
dall BE, Thompson AJ, MacManus DG
et al. (1996) Serial gadolinium-en-
hanced MRI of the brain and spinal
cord in early relapsing-remitting mul-
tiple sclerosis. Neurology 46:373–378

22. Truyen L, van Waesberghe JH, van
Walderveen MA, van Oosten BW, Pol-
man CH, Hommes OR et al. (1996) Ac-
cumulation of hypointense lesions
(“black holes”) on T1 spin-echo MRI
correlates with disease progression in
multiple sclerosis. Neurology 47:
1469–1476

23. van Waesberghe JH, van Walderveen
MA, Castelijns JA, Scheltens P, Lyck-
lama a Nijeholt GJ, Polman CH et al.
(1998). Patterns of lesion development
in multiple sclerosis: longitudinal ob-
servations with T1-weighted spin-echo
and magnetization transfer MR. Am J
Neuroradiol 19:675–683

24. van Walderveen MA, Lycklama a Nije-
holt GJ, Ader HJ, Jongen PJ, Polman
CH, Castelijns JA et al. (2001) Hy-
pointense lesions on T1-weighted
spin-echo magnetic resonance imag-
ing: relation to clinical characteristics
in subgroups of patients with multiple
sclerosis. Arch Neurol 58:76–81

25. Willoughby EW, Grochowski E, Li DK,
Oger J, Kastrukoff LF, Paty DW (1989)
Serial magnetic resonance scanning in
multiple sclerosis: a second prospec-
tive study in relapsing patients. Ann
Neurol 25:43–49

26. Yednock TA, Cannon C, Fritz LC,
Sanchez-Madrid F, Steinman L, Karin
N (1992) Prevention of experimental
autoimmune encephalomyelitis by an-
tibodies against α4β1 integrin. Nature
356:63–66

References


