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MR Imaging Quantitation of Gray Matter Involvement
in Multiple Sclerosis and Its Correlation with Disability

Measures and Neurocognitive Testing

Isabelle Catalaa, Jennifer C. Fulton, Xuang Zhang, Jayarm K. Udupa, Dennis Kolson, Murry Grossman,
Lougang Wei, Joseph C. McGowan, Marcia Polansky, and Robert I. Grossman

BACKGROUND AND PURPOSE: Multiple sclerosis (MS) is the most common inflammatory
disease of the central nervous system and manifests both physical and neurocognitive disabil-
ities. Although predominantly a disease of the white matter, MS is also characterized by lesions
in the gray matter. Previous pathologic studies have found that cortical and deep gray matter
lesions comprised 5% and 4%, respectively, of total lesions. Using software for lesion detection
and quantitation, our study was designed to determine MS involvement in the cortical and
deep gray matter and to correlate gray matter lesion load with neurocognitive function and
the Kurtzke Expanded Disability Status Scale.

METHODS: Using a semiautomated segmentation algorithm that detected and delineated all
possible brain MS lesions on MR images, we investigated gray matter lesion volume in 18
patients with untreated relapsing-remitting MS. Cortical and deep gray matter lesions then
were correlated with the neurocognitive and physical disability measurements.

RESULTS: We found that cortical gray matter lesions comprised approximately 5.7% of the
total lesion volume, whereas deep gray matter lesions comprised another 4.6% in this patient
cohort. No strong correlations were found between gray matter lesions and disability status or
neurocognitive function.

CONCLUSION: These results are similar to those found in previous pathologic studies. The
cortical lesion load in cases of relapsing-remitting MS, as measured by MR imaging, represents
less than 6% of the total lesion volume and does not correlate with disability measures or
neurocognitive tests.

The study of gray matter lesions in cases of mul-
tiple sclerosis (MS) is well recognized but infre-
quently reported in the literature. Brownell and
Hughes (1), in a pathologic study, found 5% of MS
plaques in the cortex, 4% in deep gray matter, 17%
in gray matter-white matter junction, and 74% in
white matter.

Cognitive impairment is a common finding in
patients with MS, with symptoms appearing at any
time during the course of the disease and preva-
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lence rated between 40% and 70% (2–6). The level
of disability varies greatly among individual pa-
tients, and cognitive impairment does not correlate
well with age, disease duration, Expanded Disabil-
ity Status Scale (EDSS), or the standardized Mini
Mental State Examination (7, 8).

Numerous reports have described a significant
correlation between MR imaging (by semi-quanti-
tative calculations of lesion areas) and neurocog-
nitive test performance (9–16). Rao (4) found that
if the total T2 lesion area was greater than 30 cm2,
there was a robust correlation with cognitive im-
pairment, particularly with recent memory, abstract
and conceptual reasoning, language, and visuo-
spatial problems. Swirsky-Sacchetti et al (16) found
that the total T2-weighted lesion area of cognitively
impaired patients with MS was 28.3 cm2 versus 7.4
cm2 for the cognitively intact group, which was
statistically significant. Other studies, however,
failed to find a correlation between cognitive func-
tions and MR T2 lesion volume or areas (6, 17,
18). Using a computer-automated 3D volumetric
analysis based on T2-weighted imaging, Hohol et
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al (19) found significant correlations between total
lesion volume (TLV) and nonverbal memory, in-
formation processing speed, and attention.

We developed and validated a technique for le-
sion detection based on the concept of fuzzy con-
nectedness. When compared with previous meth-
ods, this technique seems to be more robust (20).
We have used this method to quantitate the deep
and cortical gray matter lesion volumes (CGMLVs)
over the whole brain and to determine whether cor-
tical gray matter lesion load correlated with neu-
rocognitive tests.

Methods
A cohort of 18 patients (16 women and two men), ranging

in age from 22 to 50 years, was identified for this project. All
participants met the clinical criteria of having relapsing-remit-
ting MS as defined by Poser et al, and none had been treated
with b-interferon medications. The patients’ disease duration
varied from 3 months to 10 years (6 years 6 1.5 year). Each
patient was followed up regularly at 6-month intervals for a
minimum of 2 years with neurologic, cognitive, and MR im-
aging examinations.

Neurologic Assessment

The degree of physical disability was determined by a Neu-
rologist (D.K.) specializing in MS and using the EDSS and
the Ambulation Index (AI).

Neurocognitive Assessment

A battery of neurocognitive tests was performed on each
patient by trained technicians supervised by a neuropsychol-
ogist. Four different categories of functions were assessed, in-
cluding executive function and processing speed, verbal short-
and long-term memory, and visuospatial skills. Executive
function and information-processing speed includes the paced
auditory serial addition test (1.6 and 2.0 seconds), the con-
trolled oral work association test (phonetic fluency), the cate-
gory fluency test (semantic fluency), the Bells test, and the
symbol-digit modalities test. Each test is described below.

For the paced auditory serial addition test, the participant is
asked to complete a sequence of serial additions. A sequence
of consecutive numbers is presented on an audiotape and read
at two speeds, a 1.6- and a 2.0-second interval. The participant
is asked to provide the sum of each pair of numbers (21).

For the controlled oral word association test (phonetic flu-
ency), the participant is asked to recite words beginning with
given letters (eg, as F, A, and S) for 1 minute each (22).

For the category fluency test (semantic fluency), the partic-
ipant is asked to recite the names of as many animals as pos-
sible in 1 minute (23).

The Bells test involves the identification of specific-target
icons that are distributed randomly on a page with similar,
distracting icons (24).

The symbol-digit modalities test involves the decoding of a
series of visual symbols by naming the numbers corresponding
to the symbol in a defined time limit (90 seconds) (25).

For the Rey auditory verbal learning test (long-term mem-
ory), the patients are presented orally a list of 15 words. The
examination consists of five learning trials, retrieval of the tar-
get list after presenting a distracter list, memory retrieval after
a half-hour delay, and verbal recognition of the words from a
list also containing semantic and phonetic foils (26).

For the word-span test (short-term memory), the participants
are asked to recall an increasingly longer list of one-syllable
words presented at a 1-second interstimulus rate. The words
consist of three different types: imaginable nouns from a sim-

ilar superordinate category, semantically unrelated nouns, and
semantically unrelated verbs.

For the roadmap test (visuospatial and perceptual processing
skills), the participant is asked to describe the turns necessary
to follow a path marked on a map (27). For each test, the
number of correct responses given was scored and reported.
Using these tests in a larger neuropsychological test battery,
Grossman et al (28) showed that patients with MS differ from
age- and education-matched control participants in their neu-
ropsychological performance.

MR Imaging Assessment
Cranial MR imaging was performed on a 1.5-T scanner. Fast

spin-echo, proton density–, and T2-weighted images were ac-
quired as 3-mm contiguous sections of the brain. The protocol
had an echo train length of 8, an echo time of 16/60 millisec-
onds, and a repetition time of 2500 milliseconds.

A three-dimensional software system, operating on a work-
station, was used to detect, delineate, and calculate the number
and volume of MS lesions. This software system, using the
theory of fuzzy connectedness, identifies and delineates all po-
tential lesions automatically (20, 29). True lesions are selected
from all the possible lesions identified by the program by a
yes/no response from a trained reader. This method has been
tested extensively and validated for precision, accuracy, and
efficiency (20). Based on 15 whole-brain studies, its inter- and
intraobserver variability has been found to be approximately
1% (20). Because delineation is performed taking into account
the graded constitution (fuzziness) and not based on drawing
a boundary around the lesions, its delineation of the lesion
region has a false-negative lesion volume of approximately
1.3% (20). The variability in the volume comes essentially
from the variability in the reader’s ability to distinguish true
from false lesions. Its sensitivity to detect very subtle lesions,
such as those of the U-fibers, has also been proven by Miki et
al (29). We think that our algorithms are more sensitive for
distinguishing lesions from CSF than are other reported algo-
rithms because of the use of the fuzzy connectedness principle
(20). They may well be comparable with the fluid-attenuated
inversion-recovery MR techniques in sensitivity, although we
have not conducted a formal study to verify this.

Using this method, each image was read three separate
times. First, the program was used to delineate all the MS
lesions in the brain, giving the TLV. The second reading was
completed by isolating those lesions that lie in the deep gray
matter regions. The last reading was performed separately by
two neuroradiologists (I.C. and X.Z.). At this second step,
those lesions that were in the white matter region were re-
moved manually by the click of a button, leaving only the
lesions with gray matter involvement. This removal step was
performed to avoid the overestimation of gray matter lesions,
knowing that these lesions are usually small (Fig 1). Finally,
deep gray matter and white matter lesions were removed, lead-
ing only to cortical gray matter lesions.

The criterion of classification for cortical gray matter lesion
was the location of the lesions in a part of the cerebral cortex.
The criterion of classification for deep gray matter lesions was
the location of the lesions in the deep gray matter of the ce-
rebrum (ie, caudate, putamen, pallidum, and thalamus).

Lesion loads were computed separately for each parameter.
Three volumetric measurements were calculated; TLV,
CGMLV, and deep gray matter lesion volume (DGMLV). The
percentages of both DGMLV (%DGMLV) and CGMLV
(%CGMLV) over the TLV were calculated. The results ob-
tained separately from the two readers (DGMLV, CGMLV,
%DGMLV, %CGMLV) were then compared to calculate the
variability of the method.

Statistical Tests
Intraclass correlations were obtained to see the variability

between the volumetric measures (DGMLV, CGMLV,
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FIG 1. The second step of the choice and
delineation of gray matter lesions. Exam-
ple with the choice and delineation of a
deep gray matter lesion.

A, The axial proton density–weighted
image of one of the relapsing-remitting MS
patients showing a right temporal lesion in-
volving the white matter and both deep
and cortical gray matter.

B, The same lesion as selected by the
software, in green color, after going
through the step 1 (removal of the normal
parts, CSF, and sulci).

C, Manual removal of the white matter
and cortical gray matter constituting the
lesion.

D, The isolated deep gray matter part of
the temporal lesion.

%DGMLV, %CGMLV) of the two readers. Spearman corre-
lations were calculated by using and comparing volumetric pa-
rameters versus cognitive scores, physical scores (EDSS, AI),
age, and disease duration. The volumetric parameter used to
determine the Spearman correlation was derived by taking the
average of both readers for each volumetric parameter consid-
ered. The age and disease duration was correlated with clinical
data as well. A Bonferroni correction was applied considering
multiple comparisons performed in the analysis.

Results
The percentage of CGMLV over TLV averaged

5.75 1 4.8% (mean 1 SD) for the first reader (Ta-
ble 1), with similar results (5.6 1 5.3%) obtained
from the second reader.

The percentage of DGMLV over TLV was also
similar between both readers (4.88 1 4.3% for the
first reader and 4.33 1 3.3% for the second reader).

The DGMLV averaged 355 mm3 for the first
reader and 325 mm3 for the second reader. The
CGMLV averaged 522 mm3 for the first reader and
570 mm3 for the second reader.

The average %DGMLV between the two read-
ers’ results was 4.6%. The average %CGMLV be-
tween the two readers’ results was 5.7%. The av-
erage DGMLV between the two readers’ results
was 340 mm3. The average CGMLV between the
two readers’ results was 546 mm3.

These results, based on the detection of gray
matter lesions via T2-weighted imaging and 3D

software, are similar to the previous pathologic re-
sults presented by Brownell et al (1).

The intrareader repeatability for the percentages
of deep and cortical gray matter volumes was 85%
and 89%, respectively. The intrareader repeatability
for DGMLV and CGMLV was 61% and 77%,
respectively.

The volume variability between the two readers’
measures may have been a direct result of the
three-step reading, principally the manual removal
of white matter lesions. We attribute the small size
of the gray matter lesions analyzed to account for
the reader variability. The deep gray matter lesions
were found predominantly in the caudate nuclei
and in the thalami (Fig 2). The cortical lesions were
found essentially in the temporal lobes (Fig 3) and
in the upper part of the frontal lobes.

We found no correlation between the physical
measures of disability (EDSS, AI), and the volu-
metric measurements (TLV, CGMLV, DGMLV,
%DGMLV, %CGMLV). Additionally, no correla-
tion was found between volumetric measurements
and neurocognitive tests, although a suggestion of
an association was detected between the DGMLV
(average between the results of both readers) and
the roadmap test (c 5 .65; P , .005). The latter
correlation was not strong enough to satisfy Bon-
ferroni criteria because of the multiple comparisons
performed in our analysis. Theses criteria would
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FIG 2. Example demonstrating the selec-
tion of a deep gray matter lesion.

A, An axial proton density–weighted im-
age of the brain of one of the relapsing-
remitting MS patients, showing a left tha-
lamic lesion.

B, The same lesion as it is selected by
the software, in green color.

FIG 3. Example demonstrating the choice
of a cortical gray matter lesion.

A, An axial proton density–weighted im-
age of one of the relapsing-remitting MS
patients showing a right temporal cortical
lesion.

B, The same lesion as selected by the
software.

have necessitated a P value , .001 according to
the Bonferroni correction. There still exists the pos-
sibility that weaker correlations were not detected
in this study because of the relatively small sample
size, with which a correlation must be at least ap-
proximately 0.67 to be reliably detected. We did
not find any correlation between age or disease du-
ration and neuroradiologic volumetric measure or
clinical data.

Discussion
This is the first study, to our knowledge, to quan-

titate gray matter lesion volume in the entire brain,
in patients with relapsing-remitting MS. Our results
indicate the following: 1) the cortical gray matter
lesion load as detected by MR methods was similar
to that previously reported in studies based on his-
topathologic analysis (5.7% versus 5%) (1); 2) the
DGMLV was similar to cortical gray matter lesion
load (ie, approximately 4.5%); and 3) the gray mat-
ter lesion volume did not exhibit strong correlation
with physical disability, as judged by the EDSS and
AI scoring system, or with results of neurocogni-
tive testing.

Quantitation of gray matter lesions on proton
density– and T2-weighted images produced using
the three-dimensional software gives reliable and

repeatable numbers. The absence of correlation be-
tween gray matter lesion load and neurologic or
neuropsychological data is interesting and has sev-
eral possible explanations.

Comi et al (31) suggested that the involvement
of spinal cord could be a determining factor in
physical disability, which could serve as an expla-
nation for our results. Ikuta and Zimmerman (32)
found spinal cord damage in 70 autopsy cases of
MS. Thus, a lack of correlation with measures of
disability may, in part, be related to spinal cord
disease that was not a consideration of this study
(33).

Our results showed only the suggestion of pos-
sible correlation between DGMLV and neurocog-
nitive tests. Most likely, the weak correlation be-
tween gray matter lesion load and cognitive
impairment in MS represents both the heterogene-
ity of MS lesions and the relatively small propor-
tion of lesion load involving gray matter. High-in-
tensity lesions are known to have a variable
histopathologic substrate ranging from demyelina-
tion and edema to neuronal loss. Furthermore, gray
matter MS lesions may have distinct histopatholog-
ic features when compared with those of white mat-
ter. Disconnection of gray matter from white matter
may occur as a result of either gray matter or jux-
tacortical lesions and may play a role in cognitive
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impairment in MS patients. The junction of the cor-
tex and white matter, where the U-fibers are locat-
ed, demonstrates a predilection for MS lesions. In
a recent study, Miki et al (29) showed that U-fibers
may contribute to memory and executive control
impairment. In this study, three of the 11 executive
control and memory tests demonstrated statistically
significant differences between the 45 patients with
no or one U-fiber involvement compared with the
eight patients with multiple U-fiber lesions. De-
myelination and axonal degeneration processes can
interrupt the connections between associative cor-
tical areas and subcortical structures and have been
implicated in subcortical dementia (4, 14, 16, 35).
Maurelli et al (8) suggested that in patients with
MS with extended periventricular demyelination,
memory impairment could be explained by the dis-
connection between prefrontal and limbic
structures.

Cognitive impairment is not only a function of
lesion load but also a function of the lesion loca-
tion. A smaller lesion, strategically placed, can
cause significant cognitive damage (eg, bilateral le-
sions in both medial temporal lobes can cause se-
vere memory disturbance) (18, 36). In a study pre-
sented by Arnett et al (37), patients with MS with
frontal white matter lesions were more impaired on
a conceptual reasoning task (Wisconsin card sorting
test). Swirsky-Sacchhetti et al (16) found distinct
patterns of cognitive impairment, related to differ-
ent lesion locations. Frontal lobe involvement im-
paired abstract problem solving, memory, and word
fluency. Left parieto-occipital lesion involvement
best predicted deficits in verbal learning and com-
plex visual integrative skills.

Gray matter lesions have been underestimated by
visual inspection of conventional MR pulse se-
quences because of a lack of conspicuity between
lesions (high intensity) and CSF. Our image pro-
cessing technique enables identification of each in-
dividual lesion and thus detects cortical and deep
gray matter lesions. This type of research software
is not readily available for detection of gray matter
lesions on conventional T2-weighted images. Flu-
id-attenuated inversion-recovery images are more
sensitive than conventional T2-weighted images to
gray matter lesions because of increased conspi-
cuity between brain (white) and CSF (black)
(38242). Boggild et al (43), in an MR imaging
study, identified 45% more high-signal lesions with
fluid-attenuated inversion-recovery imaging than
with T2- or proton density–weighted imaging and
60% more lesions within the cortex and the gray-
white interface; 8% of these lesions were cortical.
Because a direct comparison of lesion detection by
fluid-attenuated inversion-recovery imaging versus
our computer-assisted T2-weighted method was not
intended nor performed, we do not know their rel-
ative sensitivity.

Our study found that T2-weighted lesion load in
cortical gray matter was approximately equivalent
to what has been estimated pathologically to be ap-

proximately 6%. Our results indicate that the gray
matter lesion load is not a strong predictor of cog-
nitive impairment in MS. This suggests that gray
matter lesion load measurements alone may not be
a sensitive indicator of functional neuronal impair-
ment. Other concepts, such as quantitation of
whole-brain lesions or correlation with lesion lo-
cation combined with more specific methods (mag-
netization transfer, spectroscopy) in assessing MS
lesions, are indicated to understand further the ef-
fect of MS lesions on neurons and neuronal
function.

References
1. Brownell B, Hughes T. The distribution of plaques in the ce-

rebrum in multiple sclerosis. J Neurol Neurosurg Psychiatry
1962;25:315–320

2. Peyser JM, Edwards KR, Poser CM, Filskov SB. Cognitive func-
tion in patients with multiple sclerosis. Arch Neurol 1980;37:
577–579

3. Lyon-Caen O, Jouvent R, Hauser S, Chaunu MP. Cognitive func-
tion in recent onset demyelinating diseases. Arch Neurol 1986;
43:1138–1141

4. Rao SM. Neuropsychology of MS. A Critical Review. J Clin
Exp Neuropsychol 1986;8:503–542

5. Rao SM. Cognitive dysfunction in multiple sclerosis. I. Fre-
quency, patterns, and prediction. Neurology 1991;41:685–691

6. Franklin GM, Nelson LM, Filley CM, Heaton RK. Cognitive loss
in multiple sclerosis. Case report and review of the literature.
Arch Neurol 1989;46:162–167

7. Comi G, Filippi M, Martinelli V, et al. Brain MR imaging of
cognitive impairment in multiple sclerosis. J Neurol Sci 1993;
115(suppl):66–73

8. Maurelli M, Marchioni E, Ceretano R, et al. Neuropsychological
assessment in multiple sclerosis. Clinical, neuropsychological
and neuroradiological relationships. Acta Neurol Scand 1992;
86:124–128

9. Rao SM, Leo GJ, Haughton VM, St. Aubin-Faubert P, Bernardin
L. Correlation of MRI with neuropsychological testing in mul-
tiple sclerosis. Neurology 1989;39:161–166

10. Franklin GM, Heaton RK, Nelson LM, Filley CM, Seibert C. Cor-
relation of neuropsychological and MR imaging findings in
chronic/progressive multiple sclerosis. Neurology 1988;38:
1826–1829

11. Feinstein A, Kartsounis LD, Miller DH, Youl BD, Ron MA. Clin-
ically isolated lesions of the type seen in multiple sclerosis. A
cognitive, psychiatric and MRI follow-up study. J Neurol Neu-
rosurg Psychiatry 1992;55:869–876

12. Callanan MM, Logsdail SJ, Ron MA, Warrington EK. Cognitive
impairment in patients with clinically isolated lesions of the
type seen in multiple sclerosis. A psychometric and MRI study.
Brain 1989;112:361–374

13. Baumhefner RW, Tourtelotte WW, Syndulko K, et al. Quantita-
tive multiple sclerosis plaque assessment with MRI. Its cor-
relation with clinical parameters, evoked potentials, and intra-
blood-brain barrier synthesis. Arch Neurol 1990;47:19–26

14. Pozzili C, Gasperini C, Anzini A, Grasso MG, Ristori G, Fioeschi
C. Anatomical and functional correlates of cognitive deficits in
MS. J Neurol Sci 1993;115(suppl):S55–S58

15. Anzola GP, Bevilacqua L, Cappa S, et al. Neuropsychological
assessment in patients with relapsing remitting multiple scle-
rosis and mild functional impairment. Correlation with MRI.
J Neurol Neurosurg Psychiatry 1990;53:142

16. Swirsky-Sacchetti T, Mitchell DR, Seward J, et al. Neuropsycho-
logical and structural brain lesions in multiple sclerosis. Neu-
rology 1992;42:1292–1295

17. Mariani E, Farina E, Cappa SF, et al. Neuropsychological as-
sessment in MS. A follow-up study with MR imaging. J Neurol
1991;238:395–400

18. Brainin M, Goldenberg G, Ahlers C, Reisner T, Neuhold A,
Deecke L. Structural brain correlates of anterograde memory
deficits in MS. J Neurol 1988;235:362–365

19. Hohol MJ, Guttmann CR, Orav J, et al. Serial neuropsycholog-
ical assessment and magnetic resonance imaging analysis in
multiple sclerosis. Arch Neurol 1997;54:1018–1025



AJNR: 20, October 19991618 CATALAA

20. Udupa JK, Wei L, Samasakera S, Miki Y, Van Buchem MA,
Grossman RI. Multiple sclerosis lesion. Quantification using
fuzzy-connectedness principles. IEEE Trans Med Imaging 1997;
16:598–609

21. Gronwall D. Paced auditory serial-addition task. A measure of
recovery from concussion. Percept Mot Skills 1977;44:373–376

22. Newcombe F. Missile Wounds of the Brain. London: Oxford Uni-
versity Press;1969

23. Spreen O, Benton AL. Neurosensory Center Comprehensive Ex-
amination for Aphasia, Revised Edition. Victoria: University of
Victoria, Laboratory of Neuropsychology;1977

24. Gauthier L, Dehaut F, Joanette Y. The Bells test. A quantitative
and qualitative test for visual neglect. Int J Clin Neuropsychol
1989;6:62–67

25. Smith A. Symbol-Digit Modalities Test. Los Angeles: Western
Psychological Services;1982

26. Lezak M. Neuropsychological Assessment. 2nd ed. Boston:
Houghton-Mifflin;1983

27. Money JA. Standardized Road Map Test of Direction Sense. San
Raphael: Academic Therapy Publications;1976

28. Grossman M, Armstrong C, Onishi K, et al. Patterns of cognitive
impairment in relapsing-remitting and chronic progressive
multiple sclerosis. Neuropsychiatry Neuropsychol Behav Neurol
1994;7:194–210

29. Miki Y, Grossman RI, Udupa JK. Isolated U-fiber involvement
in multiple sclerosis. Preliminary observations. Neurology
1998;50:1301–3106

30. Udupa JK, Odhner D, Samarasekera S. 3DVIEWNIX. An open,
transportable, multidimensional, multimodality, multipara-
metric imaging software system. SPIE Proc 1994;2164:58–73

31. Comi G, Filipoi M, Marinelli V, et al. Brain MRI correlates of
cognitive impairment in primary and secondary progressive
multiple sclerosis. J Neurol Sci 1995;132:222–227

32. Ikuta F, Zimmerman HM. Distribution of plaques in seventy au-
topsy cases of multiple sclerosis in the United States. Neurology
1976;2:26–28

33. Losseff NA, Webb SL, O’Riordan JI, et al. Spinal cord atrophy
and disability in multiple sclerosis. A new reproducible and
sensitive method with potential to monitor disease progression.
Brain 1996;119:701–708

34. Filippi M, Paty DW, Kappos L, et al. Correlations between
changes in disability and T2-weighted brain MRI activity in
multiple sclerosis. A follow-up study. Neurology 1995;45:255–260

35. Filley CM, Heaton RK, Nelson LM, Burks JS, Franklin JM. A
comparison of dementia in Alzheimer’s disease and multiple
sclerosis. Arch Neurol 1989;46:157–161

36. Prosiegel M, Michael C. Neuropsychology and MS. Diagnostic
and rehabilitative approaches. J Neurol Sci 1993;115(suppl):
S51–S54

37. Arnett PA, Rao SM, Bernardin L, Grafman J, Yetkin FZ, Lobeck
L. Relationship between frontal lobe lesions and Wisconsin
card sorting test performance in patients with multiple scle-
rosis. Neurology 1994;44:420–425

38. De Coene B, Hajnal JV, Gatehouse P, et al. MR of the brain
using FLAIR pulse sequences. AJNR Am J Neuroradiol 1992;
13:1555–1564

39. Fillippi M, Yousri TK, Horsfield MA, et al. Quantitative assess-
ment of MRI lesion load in multiple sclerosis. A comparison
of conventional spin-echo with FLAIR. Brain 1996;119:1349–
1355

40. Hajnal JV, Bryant DJ, Kasuboski L, et al. Use of FLAIR pulse
sequence in MRI of the brain. J Compt Assist Tomogr 1992;16:
841–844

41. Thorpe JW, Barker GJ, MacManus GJ, Moseley IF, Tofts PS, Mil-
ler DH. Detection of multiple sclerosis by MR imaging. Lancet
1994;344:1235

42. Rovaris M, Yousri T, Calori G, Fesl G, Voltz R, Filippi M. Sen-
sitivity and reproducibility of fast-FLAIR, FSE, and TGSE
sequences for the MRI assessment of brain lesion load in mul-
tiple sclerosis. A preliminary study. J Neuroimaging 1997;7:98–102

43. Boggild MD, Williams R, Haq N, Hawkins CP. Cortical plaques
visualized by flair imaging in relapsing remitting multiple scle-
rosis. Neuroradiology 1996;38(suppl 1):S10–S13


	Main Menu
	Help
	Volumes 18-20 Table Contents
	October 1999, Vol. 20, No. 9 Table of Contents

