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Quantitative magnetic resonance imaging in multiple
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SUMMARY Magnetic resonance imaging was performed on 50 patients with clinically definite or
probable multiple sclerosis before and 15 days after starting treatment with intravenous methylpred-
nisolone (O 5 g daily for 5 days). Scans were abnormal in 49 patients. New lesions had appeared on the
second scan in nine individuals and in seven a single pre-existing lesion appeared to have become
smaller but in no case were lesions seen to disappear. Two patients showed both reduction in the size
of an abnormal area and development of a single new lesion indicating that corticosteroids do not
appear rapidly to alter the process underlying plaque formation. Measurements of relaxation times
were performed in 12 randomly selected patients. All showed elevated values in normal appearing
white matter but not cortex before treatment compared with 18 healthy controls. After treatment a
significant decrease of T, and T2 was observed in cortex, and of T, alone in normal appearing white
matter. No significant change could be detected within lesions, a finding attributed to the wide range
ofrelaxation values observed at these sites before treatment. Since brain water content is increased in
normal appearing white matter of multiple sclerosis patients, and is significantly reduced by high-
dose methylprednisolone, resolution of oedema may contribute to the rapid spontaneous or
corticosteroid induced symptomatic recovery that characterises the disease in its early stages.

Corticosteroids are widely used to treat acute exacer-
bations in patients with multiple sclerosis.'"3 Double-
blind controlled trials have demonstrated that cor-
ticotrophin or methylprednisolone are effective in
reducing the duration ofan attack but neither influen-
ces the long term course of the disease.4" It has been
suggested that resolution of oedema, characteristic of
the early lesion in multiple sclerosis,6 is the main
mechanism underlying early symptomatic
improvement.7 The rate of recovery induced by
methylprednisolone is consistent with this hypothesis;
experimentally resolution ofoedema is associated with
rapid restoration offunction which can occur within a
few days.'

Imaging appearances consistent with blood-brain
barrier (BBB) damage are often seen in acute multiple
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sclerosis lesions' and transient reversal of these abnor-
malities has been demonstrated within 8 hours of
administering methylprednisolone;'° however the
putative BBB abnormality may later reappear." It has
been shown that corticotrophin produces reversible
brain shrinkage in children with infantile spasms,
suggesting a dehydrating effect of corticosteroid
therapy.'2 There are thus several lines of evidence
indicating that in multiple sclerosis corticosteroids
might act by both reducing water content in the brain
and affecting permeability of the BBB.

Proton magnetic resonance imaging (MRI) is highly
sensitive in demonstrating the brain lesions in multiple
sclerosis'3 and provides a method for quantifying the
disease process. Affected areas can be reliably
distinguished from normal appearing white matter
(NAWM), cortex and cerebrospinal fluid. The relaxa-
tion times T, and T2 both positively correlate with the
total amount of water and its physical state,'4 so that
their measurement allows an assessment of the water
content in normal and affected tissue.
Although MRI has an established role as an aid to
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clinical diagnosis in the management of patients with
multiple sclerosis, potentially it has an even more
important application as a sensitive method of assess-
ing treatment; in addition MRI may help *in
understanding the mechanisms of action of
therapeutic agents in multiple sclerosis.
We have therefore evaluated the effect of treatment

using methylprednisolone on the MRI appearance in
multiple sclerosis patients and correlated these with
short term alterations in clinical disability.

Mehods

Twenty three male and 27 female patients with clinically
definite or probable multiple sclerosis according to the Poser
criteria" aged 22 to 58 (mean 40-7) years, ofwhom eight were
aged > 50 years, had MRI performed on a Picker 0-5 Tesla
superconducting imager using the same sequences
immediately before and 3-7 days after treatment with
methylprednisolone (0-5 g Solu-Medrone® [Upjohn] dis-
solved in 7-8 ml of benzyl alcohol [0-9% w/v] given by slow
intravenous infusion in 500 ml of normal saline daily for 5
days as previously described).5 Informed consent was
obtained from the patients and the protocol had been
approved by the ethics committees.
The whole brain was examined initially with a 24 slice

moderately T2 weighted spin echo (SE) sequence (SE2m,60; the
first subscript refers to repetition time and the second to echo
time). Slices were approximately contiguous and had a
thickness of 5 mm. The field of view was 30cm with a
256 x 256 matrix and two averages. Accurate repositioning
of the patient (to within 4' angulation) was crucial for
comparing the paired scans. The techniques by which this
was achieved have previously been described.'3 The MR
images were reviewed by two observers (JK, DHM). The
paired scans obtained from each individual were considered
to differ if there was unequivocal evidence for one or more
new lesions, and disappearance or definite increase/decrease
in size of pre-existing abnormal areas. No significance was
attached to slight variations in the size of a lesion which
might have arisen from failure accurately to reposition the
patient.
Measurements of relaxation times were performed on

MRI scans of 12 randomly selected patients (8 female and 4
male) aged 30-56 (mean 44-4) years. Eighteen healthy
controls were also studied. From the initial scan a small
region containing well defined lesions, and areas of apparen-
dly unaffected cortex and white matter were selected for
measurement of relaxation time. Three sets of images (two
spin echoes (SE,m.,, and SE-,.arJ) and one inversion recovery
(IRxwo; the first subscript refers to repetition time, the
second to echo time and the third to inversion time)) were
obtained from each region. Each set of images consisted of
eight 5 mm thick slices. The image matrix was 128 x 256
over a 30 cm field ofview and two signal averages were used.
Relaxation time images were then calculated from these
images. This method ofanalysis has been shown to be precise
and stable over a period of 9 months."

Relaxation times were measured in selected regions of
interest (ROIs) within cortex, normal appearing white matter
(NAWM), and lesions. In the cortex, relaxation times were

measured within a ROI of <0-1 cm2. In order to avoid
artefactual high and low values caused by inclusion of
cerebrospinal fluid or white matter within the cortical ROIs,
the mean of three areas was taken. For each patient T, and T2
relaxation times were measured in 30-36 different parts ofthe
cerebral cortex. In NAWM values were measured within
ROIs of <0X1 cm2. To avoid inclusion of grey matter,
measurements were taken at points where low readings had
been recorded. T, and T2 relaxation times were measured in
10-12 regions. Lesions were identified visually, selected for
analysis if they were clearly identifiable in both scans and
outlined using a tracking cursor; mean values with standard
deviations were then obtained for T, and T2. The highest
value within each lesion was also recorded. Measurements
were performed on pre and post-treatment scans by the same
examiner (JK) without prior knowledge of their order.
Measurements ofT, and T2 from the healthy normal controls
have previously been reported.'3 For statistical analysis,
mean T, and T2 values from the scans obtained before and
after treatment were compared using a paired t test for
cortex, NAWM, and lesions separately.

Reswlts

All patients were in a clinically stable phase or had
slowly progressive disease; none had had a recent
relapse. Forty-nine of 50 had abnormal neurological
signs. At entry, all were fully ambulant although three
required unilateral support when walking. Initially the
Kurtzke expanded disability status scale (DSS)'7 was
<4 in 46/50. After treatment scores were lower by
> 0-5 points on the DSS in 20 participants; 25 patients
were unchanged and five had deteriorated by >0 5
points. One of these five individuals developed new
sensory signs during treatment and relapsed symp-
tomatically thereafter; four others developed new
symptoms 2, 3, 8, and 12 weeks after completing
treatment. The DSS improved between the paired
MRI scans in three patients and remained stable in the
other.

Five of twelve patients, randomly selected for serial
quantitative assessment of T, and T2 relaxation times
but clinically representative of the whole series,
improved by > 0-5 points on the DSS, two
deteriorated, and five were unchanged.

There were three or more white matter lesions,
consistent with the diagnosis of multiple sclerosis in
the cerebral hemispheres of 48/50 patients; all 48 had
two or more periventricular abnormalities. The
majority of patients had in excess of 20 lesions of
various size in the cerebral hemispheres. Forty four of
48 patients had one ormore lesions in the brain stem or
cerebellum. One of the two remaining patients had a
single lesion adjacent to the posterior body of the left
lateral ventricle and another in the midbrain; she was
classified as a clinically definite case. The other patient
had a history of relapsing symptoms, consistent with
widespread demyelination but no objective physical
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Kesseiring, Miller, MacManus, Johnson, Milligan, Scolding, Compston, McDonald
Table Relaxation times in the brain ofmultiple sclerosis
patients before and after treatment with high dose
methylprednisolone

Value Mean (SD) Range p

Ti Ctx pre 598 (27) 546-638 < 0.0005
TI Ctx post 566 (32) 484-608
TI NAWM pre 384(11) 360-407
TI NAWM post 372 (12) 348-389 <0005
TI lesion pre 600 (225) 157-848
Ti lesion post 578 (227) 133-885
T2 Ctx pre 101(7) 92-114 < 0 005T2 Ctx post 96(7) 88-107
T2 NAWM pre 73 (4) 67-82
T2 NAWM post 72 (4) 63-79
T2 lesion pre 169 (37) 104-241
T2 lesion post 171 (35) 105-246

Abbreviations: SD: standard deviation; Ctx: cortex; pre: before
treatment; post: after treatment; NAWM: normal appearing white
matter; n.s.: not significant.

signs although cerebrospinal fluid had previously been
shown to be abnormal; MRI was normal at the time of
this study.
Follow-up MRI was performed a mean of 15 days

after the first study. In 36 patients there was no
detectable change in the scan appearances. In nine
individuals a single small new lesion had appeared but
in no case was this detected clinically and 7/9 of these
patients had a lower DSS after methylprednisolone
compared with pre-treatment scores. These lesions
were seen in the cerebral (7) or cerebellar (2) hemi-
sphere white matter. No case showed unequivocal
expansion of an old lesion. In seven cases a pre-
existing abnormality was smaller after treatment
although no lesion had disappeared. In two patients
there was both a reduction in size of a pre-existing
lesion, and the development of a small new one.
Overall there was no correlation between these MRI
changes and clinical observations in individual
patients.

Relaxation times
The results of measuring T, and T2 relaxation times
and their statistical analysis are given in the table. The
pre-treatment values for T, and T2 inNAWM but not
cortical grey matter in patients with multiple sclerosis
were significantly higher than corresponding results in
the healthy controls. After treatment there was a
highly significant fall in the values for T, and T2 in
cortex compared with pre-treatment results whereas in
NAWM only the T, value was significantly reduced
after treatment with methylprednisolone.

Discussion

This study demonstrates that, using high resolution
imaging, there is no visible change in MRI appearance
ofthe great majority ofmultiple sclerosis lesions in the

cerebral hemispheres after treatment with high dose
methylprednisolone. It is possible that more subtle
changes in size or shape do occur which are beyond the
resolution of our system; a 1 mm change in diameter
would be difficult to detect. Our failure to demonstrate
an appreciable change in the appearance of most
lesions in the present study is not surprising. Many of
the abnormal areas studied will have been chronic with
established demyelination and fibrillary gliosis. The
latter makes an important contribution to the abnor-
mal signal'8"9 which is unlikely to be changed by
methylprednisolone. Conversely, lesions depending
more on recent changes in BBB permeability and
oedema might be expected to resolve or become
smaller with corticosteroids. Such lesions are however
rather uncommon in patients during remissions
[unpubished observation], and all patients in the
present study were in a clinically stable phase of the
disease.
A significant elevation ofT, and to a lesser extent T2

in NAWM from patients with multiple sclerosis
compared with cqntrols has been demonstrated.9'1320
Larsson et af' however did not find an elevation of T,
though they used different field strength (I 5 T), and
their long term reproducibility in phantoms (7%) was
significantly worse than ours (3%). It is highly likely
that this finding results from increased water content
already known to be present in the brain of multiple
sclerosis patients.22 Pathological abnormalities have
been described in macroscopically normal appearing
white matter in the form of perivascular oedema or
inflammation and astrocyte proliferation23 each of
which will contribute to increased water content. The
present study demonstrates that pulsed high dose
intravenous methylprednisolone given to patients with
multiple sclerosis significantly reduces T, in cortex and
NAWM, and T2 in cortex, measured 7 days after
treatment. T, is largely dependent on total water
content and even small changes in this will be readily
detected. Conversely, T2 is heavily influenced by the
macromolecular constituents of the tissue being
imaged,'4 and small changes in water content may be
less easy to identify. The changes we observed in the
cortex may simply reflect the fact that this part of the
cerebrum normally has a much higher water content
than white matter and in this respect does not differ
significantly from the healthy brain.'3 But the highly
significant reduction of T, and T2 in grey matter
produced by methylprednisolone indicates that in
patients with multiple sclerosis corticosteroids
reduced water content not only in oedematous
NAWM but also in previously apparently normal
brain tissue.
The mode of action of corticosteroids in improving

function in the central nervous system is unknown
although dispersal of oedema is an obvious pos-
sibility.7"0 Our observations are consistent with this
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interpretation but do not preclude other or com-
plementary effects including modification of local and
systemic immunological processes2' or a direct effect
on the development ofdemyelination.5 It is unknown
whether corticosteroids have a direct effect on electro-
physiological properties of partially demyelinated
central axons. It is perhaps surprising that we observed
no apparent change in the relaxation times in the
lesions themselves; we cannot at present determine
whether this reflects an alteration in the properties of
the BBB in chronic lesions rendering them insuscepti-
ble to the action of corticosteroids. However, the
range of values obtained within lesions is so much
wider than for NAWM, probably reflecting different
stages in their evolution [unpublished observation],
that even a change of the same order as that seen in
NAWM could not reliably be detected.

This investigation further demonstrates the dis-
sociation between disease activity and its clinical
expression in patients with multiple sclerosis. Nine
new lesions appeared on MRI which were all clinically
silent, and the reduction in size of other abnormal
areas was not detected clinically. Although not a
primary aim of the study, our observations also
illustrate the therapeutic limitations of high dose
intravenous methylprednisolone in patients with mul-
tiple sclerosis and show that by contrast with
individuals in acute relapse, or those with progressive
disease affecting the pyramidal system, patients with
fixed but stable clinical deficit do not benefit usefully
from this treatment; nor do corticosteroids prevent the
appearance ofnew lesions even in the short term. This
study does, however, demonstrate for the first time the
value of MRI in assessing mechanisms of action of a
putative new treatment for patients with multiple
sclerosis and perhaps other diseases of the central
nervous system.

The Picker NMR machine used in this study was
generously provided by the Multiple Sclerosis Society
of Great Britain and Northern Ireland. JK was
supported by a grant from the Schweizerische Stiftung
fur medizinisch-biologische Stipendien, DHM,
DGMacM and GJ by grants from the Medical
Research Council.
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