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BACKGROUND AND PURPOSE: In vivo detection of cortical lesions in patients with multiple sclerosis
(MS) by MR imaging is hampered by several factors. Among them is the low contrast between small
cortical lesions and surrounding cortical gray matter offered by present techniques.

METHODS: T1-weighted 3D spoiled gradient-recalled-echo (SPGR) volumes and 2D fluid-attenuated
inversion recovery (FLAIR) sequences of 22 patients with MS who had 12 monthly brain MR imaging
examinations at 1.5T, using a quadrature head coil, were retrospectively analyzed. These serial studies
were coregistered and averaged to generate a single high signal-to-noise ratio (SNR) mean image,
which was used to identify cortical lesions. The means of 12 FLAIRs and SPGRs from 14 age- and
sex-matched healthy volunteers were analyzed as well.

RESULTS: No cortical lesions were found on images of healthy subjects. Eighty-six cortical lesions
were identified in 13 (59.1%) patients, predominantly in the frontal lobe (73.3%); 23.3% of cortical
lesions lay entirely in the cortex, whereas the remaining lesions invaded the white matter underneath.

CONCLUSION: Averaging multiple SPGRs created a single high SNR volume, allowing identification of
cortical lesions. Because data were obtained monthly for 1 year, the average image does not account
for transient lesion activity. However, for cortical lesions that remained stable during this time, the
findings are valid in demonstrating the importance of high SNR images for detecting cortical brain
abnormalities in MS.

Active and chronic cortical lesions either entirely lying in
the cortex or touching the abutting white matter are de-

scribed in postmortem studies on patients with multiple scle-
rosis (MS).1-6 However, in vivo detection of cortical lesions is
still challenging. Cortical lesions are small and exhibit a low
contrast with respect to the surrounding gray matter. Thus
high signal-to-noise ratio (SNR) images with corresponding
high contrast-to-noise ratio (CNR) between tissues or be-
tween normal and abnormal areas are crucial to identify cor-
tical lesions.

In earlier studies, it was shown that 2D-fluid-attenuated
inversion recovery (FLAIR) images may slightly improve jux-
tacortical lesion detection.7-11 By zeroing the signal intensity
derived from the CSF, 2D-FLAIR images revealed lesions
more accurately in the proximity of the cortex in patients with
MS. Recently, a relative gain of 152% in the detection of cor-
tical lesions was achieved by using a double inversion-recovery
sequence suppressing the CSF and white matter signals at the
same time, compared to a 3D-FLAIR sequence.12 Both FLAIR
and double inversion recovery image techniques used in pre-

vious studies are weighted towards the T2 parameters. How-
ever, T1-weighted images have the potential to clearly visual-
ize gray matter/white matter boundaries which are not as
clearly distinguishable on T2-weighted images. Therefore, the
current study evaluated cortical lesions on high-resolution
T1-weighted 3D-spoiled gradient-recalled-echo (SPGR) and
FLAIR images at the same time.

The main purpose of the present work was to test the hy-
pothesis that T1-weighted images with high SNR would allow
identification of cortical lesions not otherwise visible in pa-
tients with MS. To test this hypothesis, we retrospectively ex-
amined pre-existing images from patients already enrolled in
clinical trials or natural history studies at the neuroimmunol-
ogy branch (NIB), where high-resolution T1-SPGR sequences
are obtained as part of the MS standard MR imaging protocol.

We hypothesized that 1) coregistration of multiple 3D vol-
ume SPGRs and FLAIRs would be similar to performing MR
imaging with multiple excitations and that the commensurate
improvements in SNR would allow for the clear depiction of
small cortical lesions in MS despite the inherently lower lesion
contrast; and that 2) demarcation of the gray-white boundary
on T1-SPGR will permit categorization of MS plaques as in-
tracortical or transcortical.

Methods

Patients and Study Design
The present work was performed at the National Institutes of Health

(NIH) in Bethesda, Md, with the approval of the Institutional Review

Board of the National Institute of Neurologic Disorders and Stroke

(NINDS). Each patient and healthy volunteer signed an informed

consent. This was a retrospective study evaluating multiple SPGRs

and FLAIRs of 22 patients with MS. Both sequences were part of the

standard MR imaging MS protocol performed in the NIB MS clinic

on a regular basis. No selection criteria were used for the purpose of

the present study, and all patients with MS, referred to the NIB of NIH
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for either immunologic studies or consideration of enrollment in a

therapeutic protocol with at least 12 monthly SPGRs were consecu-

tively considered. Demographic, clinical, and MR imaging character-

istics of patients at baseline are reported in Table 1. Each patient

underwent monthly (�1 week) clinical examinations (disability rat-

ing with the Expanded Disability Status Scale ([EDSS] score)13 and

1.5T brain MR imaging for 12 months.

Fourteen age- and sex-matched healthy volunteers were consid-

ered for this study as well. Each healthy volunteer underwent 12 MR

imaging examinations that were obtained in 2 separate sessions over a

6-month period. Healthy volunteers’ images were collected for com-

parisons of brain volumes with patients’ brain size, as well as for

assessing the absence of cortical signal intensity changes that could

resemble abnormalities identified as lesions on patients’ images.

MR Imaging Acquisition
Patients. Each patient underwent the standard MR imaging pro-

tocol used routinely at the MS clinic of NIB-NINDS-NIH. Precisely,

for each MR imaging of the brain performed at 1.5T by using a

quadrature head coil (GE Healthcare, Milwaukee, Wis), we obtained

the following contiguous images: 1) T2-weighted spin-echo (SE) with

variable TE, 20/100 ms; TR, 2000 ms; 2 excitations; matrix, 192 � 256;

FOV, 24 cm; section thickness, 3 mm; 2) 2D FLAIR with TE,140 ms;

TR, 10 000 ms; TI, 2200 ms; 1 excitation; matrix, 192 � 256; FOV, 24

cm; section thickness, 3 mm; 3) SE T1-weighted with a TE, 16 ms; TR,

600 ms; 2 excitations; matrix, 192 � 256; FOV, 24 cm; section thick-

ness, 3 mm; 4) T1-weighted 3D-SPGR volumes; TE, minimum; TR, 9

ms; 1 excitation; flip angle, 20°; matrix, 256 � 256; FOV, 24 cm;

bandwidth, 15.63 KHz; section thickness, 1.4 mm with a single 128-

section acquisition; acquisition time, 4 minutes 42 seconds; and 5)

postcontrast SE T1-weighted within 15 minutes after the injection of

gadopentetate dimeglumine (Magnevist, Berlex Laboratories, Cedar

Knolls, NJ) at 0.1 mmol/kg.

Healthy Volunteer Subjects. Twelve T1-weighted 3D-SPGR vol-

umes and FLAIR images were obtained with a 1.5T magnet in healthy

volunteers by using the same parameters as those used for patients.

MR imaging acquisitions for healthy volunteers were obtained in 2

separate sessions. During each session SPGR and FLAIR sequences

were acquired 6 times (totaling 12 acquisitions). Within each session,

the subject was removed from the scanner and repositioned after each

acquisition, to mimic the misalignment of images in patients whose

data were obtained in 12 separate monthly sessions. Time length cov-

ering the MR imaging performed in patients and healthy volunteers

was different. However, because the main goal of imaging healthy

volunteers was achieving an adequate volume/image with an SNR

comparable to the one gained by averaging 12 monthly SPGRs in

patients and verifying the hypothesis that no abnormalities could be

detected in healthy individuals, we reasoned that for the purpose of

the present study, such a difference might not affect the results and

their interpretation.

Image Analysis
Data were stored in DICOM format, transformed to Analyze format

and analyzed on a Linux workstation (Red Hat 8.0).

Postprocessing Analysis of 3D-SPGR Images and 2D-FLAIR

Images. All available 12 SPGR images of each patient and healthy

volunteer underwent nonuniformity intensity correction by using N3

software,14 followed by Winsor filtering (spatial noise filtering)15,16

by using Analysis of Functional Neuroimages (AFNI) (http://afni.

nimh.nih.gov).17 A conservative 1-voxel radius was chosen so as not

to affect lesions significantly. This was followed by a weighted least

squares cost-function coregistration of all images to the baseline im-

age for each subject using the routine ‘3dvolreg’ in AFNI.18 A mean

image of each subject was created by using statistical tools available in

AFNI. Lesion localization was double-checked on mean images ob-

tained before and after the averaging and warping into Talairach

space.19

An automated image-registration algorithm that enabled registra-

tion of successive FLAIR MR images to the mean 3D SPGR was used

for each patient and healthy volunteer by applying a linear image-

registration tool as developed at the Oxford Centre for Functional

Magnetic Resonance Imaging of the Brain (FMRIB) (http://www.

Table 1: Demographic, clinical, and MRI characteristics of patients

Patients (n � 22) Healthy Volunteers (n � 12)
Age*† 40.3 � 8.8 (22�57) years 41.5 � 11.2 (28�58) years
Gender† 16 women; 6 men 6 women; 6 men
MS type 10 SPMS;12 RRMS
Disease duration* 9.8 � 8.2 (0.2�26.1) years
EDSS score* 3.3 � 1.9 (0�7.0) [baseline]

3.4 � 2.1 (0�6.5) [end]
Number of CELs* 41.2 � 82.9 (0�345) [total]
T2 lesions volume* (cm3) 16.2 � 16.9 (1.2�68.2) [baseline]

14.38 � 15.2 (0.7�52.0) [end]
T1 BHs number* 10.3 � 8.9 (0�37) [baseline]

10.5 � 10.1 (0�39) [end]
T1 BHs volume* (cm3) 1.8 � 2.0 (0�7.5) [baseline]

1.9 � 2.3 (0�8.3) [end]
BPF*‡ 0.80 � 0.02 (0.76�0.83) [baseline] 0.85 � 0.01 (0.84�0.88)

0.79 � 0.02 (0.74�0.83) [end]
On-going therapy Cyclophoshamide � 1
(4 untreated patients) Copolimer-1 � 4

Interferon � (IFN�) � 6
IFN� � Daclizumab � 7

Note:—MS indicates multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary-progressive multiple sclerosis; EDSS, expanded disability status scale; CEL,
contrast-enhancing lesion; BH, black hole; BPF, brain parenchymal fraction.
* mean � SD (range).
† P values vs healthy volunteers � .05.
‡ P � .0001. See text for comparisons within patients at different time points.
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fmrib.ox.ac.uk/).20 Subsequently, the creation of a mean 2D-FLAIR

image for each patient and healthy volunteer was carried out by using

statistic tools available in MEDx 3.4.3 (http://mfs0.cc.nih.gov).

Accuracy of image registration was visually inspected by 2 inves-

tigators who carefully analyzed all mean and SD images of each

individual.

CNR Evaluations of 3D-SPGR Images. CNR of a single SPGR and

mean of 12 averaged SPGR volumes were evaluated on data from 6

healthy volunteers. For each image, 12 regions of interest (ROIs) were

placed bilaterally in 4 regions of white matter (65.9 mm2), 4 regions of

cortical gray matter (14.1 mm2), and 4 regions outside the brain and

away from imaging artifacts (140.6 mm2). CNR was given by the

following formula: (Swm � Sgm)/�, where Swm and Sgm are the mean

signal intensities of each white matter and gray matter ROI, respec-

tively, and � is the mean of the SDs signal intensity in each ROI

outside the brain.

Identification of Cortical Lesions. Cortical lesions were identified

on the average SPGR image created by 12 coregistered 3D volume MR

images and confirmed on the mean FLAIR image created by 12 coregis-

tered FLAIR MR images by 2 physicians who reached an interobserver

variability equal to 0.1%. Both physicians were blinded with respect to

clinical characteristics of individual patients but were obviously aware of

the white matter lesions of patients. Cortical lesions were abnormalities

visible as hypointense on the mean 3D-SPGR image and confirmed as

hyperintense on the mean 2D-FLAIR image. Two types of cortical lesions

were identified: Type A cortical lesions were defined as those lesions en-

tirely confined to the cortical tissue (Fig 1). Type B cortical lesions were

those lesions lying predominately within the cortex, with some extension

into the white matter (Figs 1 and 2).

Lesions and Brain Volume Computation. T1 and T2 lesions, as

well as brain volume, were analyzed on first and last MR images.

Computation of T1-hypointense lesions, or black holes,21 was per-

formed by using a semiautomated procedure available in MEDx 3.4.3

by 1 physician.22 T2-hyperintense lesions were identified and com-

puted by the means of a segmentation tool available in Medical Image

Processing, Analysis, and Visualization (MIPAV) developed at NIH

Fig 1. Average of 12 coregistered axial SPGR (A) and FLAIR (B ) MR images demonstrate cortical MS lesions in patient 3. Several Type B cortical lesions traverse the gray-white boundary
(white arrowheads, A, B ). A single Type A lesion (white arrows A, B ) is confined to the gray matter of the motor strip. Serial magnified images of the precentral gyrus (C-J ) conform that
this lesion (white arrows D-H ) does not extend into the juxtacortical white matter.
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(http://mipav.cit.nih.gov/)23 by 1 investigator. Brain parenchymal

fraction (BPF) was computed for the initial and last brain 3D-SPGR

images of each patient and healthy volunteer by using MIPAV. The

brain extraction tool as developed by FMRIB was first used to extract

the brain.24 Manual editing was required to delete regions of non-

brain tissue that the software was unable to identify and was per-

formed by a physician. Fuzzy-connectedness segmentation was then

used to segment gray matter, white matter, CSF, and background.23

BPF was calculated by using the formula: BPF � (gray matter � white

matter) / (white matter � gray matter � CSF).25,26

Total number and new contrast-enhancing lesions (CELs) were

identified and sequentially numbered on the 12 monthly hard copy

films by 2 experienced readers.

Statistical Analysis
The coefficient of variation of the various MR imaging measurements

was calculated by dividing the corresponding SD by the mean. Fisher

exact tests were performed to determine differences in the sex distri-

bution between patients and healthy volunteers as well as differences

in sex distribution and MS type between patients with MS with and

without cortical lesions. Mann-Whitney U tests were performed to

determine differences in age and BPF between patients with MS and

healthy volunteers. Mann-Whitney U tests were also used to deter-

mine differences in ages, disease duration, EDSS scores, numbers and

volumes of T1 hypointensities, T2 FLAIR hyperintensities, BPFs, and

total CELs between MS patients with and without cortical lesions. All

reported P values were based on 2-tailed statistical tests, with a signif-

icance level of 0.01 to account for the multiple comparisons. Bonfer-

roni correction was not used because of the exploratory nature of the

study, and the multiple comparisons did not fall within a single joint

family of comparisons by definition.

As shown in the “Results” section, given the small number of

cortical lesions identified in individual patients and the exploratory

nature of the present study, we could not perform correlation analysis

between the number of cortical lesions and other MR imaging met-

rics. The statistical analyses were performed by using SPSS Version

12.0 (SPSS, Chicago, Ill).

Results

CNR Measurements
An increase in CNR greater than threefold was observed when
comparing a single section to the 12-averaged dataset. Mean �
SD (range) CNR of 1 and 12-averaged SPGRs were as follows:
8.7 � 2.5 (6.2–11.5) and 23.9 � 5.0 (17.5–29.5). The increasing
conspicuity of lesion identification is clearly identifiable in Fig 3.

Incidence and Distribution of Cortical Lesions
None of the healthy volunteers presented with cortical lesions.

Cortical lesions were found in 13 (59.1%) patients whose
individual demographic, clinical, and MR imaging character-
istics are listed in Table 2. Nine (40.3%) of these patients were
found with at least 1 type A cortical lesion. A total of 86 cortical
lesions was identified; 20 (23.3%) of the cortical lesions were
lying entirely in the cortex without invading the white matter.
The remaining 66 (76.7%) cortical lesions traversed the white
matter to some extent. The distribution of the types of cortical
lesions is presented in Table 3. Most identified cortical lesions
were located in frontal lobe areas (63/86 cortical lesions,
73.3%). Fifteen lesions were identified in deeper gray matter
structures outside the cortex. Distributions of those lesions
were as follows: 4 in the lentiform nuclei, 3 in the thalamus, 3
in the caudate, 2 in the putamen, 1 in the amygdala, 1 in the
tuber cinereum, and 1 in the cerebellar cortex.

Fig 2. Average of 12 coregistered SPGR (A) and FLAIR (B) demonstrate a Type B cortical lesion in the right insula (arrowheads). Higher magnification of the averaged SPGR dataset in
the axial (C ), coronal (D ), and sagittal (E ) planes shows the relationship of the lesion to the cortical ribbon. (Patient 2).
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Clinical and MR Imaging Differences Between Patients
With and Without Cortical Lesions
Age, sex distribution, disease duration, baseline, and end
EDSS score and MS type frequency did not significantly differ
between patients with and without cortical lesions. On exam-
ining MR imaging variables, we found that only the T2 lesion
loads at the first (P � .001) and last (P � .002) MR imaging
were greater among patients with MS with cortical lesions in
comparison with patients without cortical lesions at both the
baseline and the study end scan. However, such a difference
was observed only when patients with at least 1 type A cortical
lesion (ie, 9/22) were compared with patients with only type B
cortical lesions and those without cortical abnormalities con-
sidered as a group. No MR imaging and clinical differences
between patients with both type A and B cortical lesions and
patients without cortical lesions were observed.

Discussion
Identification of cortical lesions has special importance for
patients with MS. First, cortical lesions may have the potential

Fig 3. Coregistration and averaging 6 (B ) and 12 (C ) T1 SPGR MRI volumes improves conspicuity of cortical lesions (e.g. Type B lesion arrows, A-C ) relative to a single SPGR (A). Although
the Type B lesion is visible on the single SPGR (A ), coregistering and averaging 6 (B ) and 12 (C ) SPGRs improves lesion conspicuity, and allows clear characterization of lesion location
with respect to the gray-white boundary. (Patient 6).

Table 2: Demographic, clinical, and MRI characteristics of patients with cortical lesions at the study entry

Pt # Age Gender
Years of

MS EDSS
MS
type

T1 Les Volume
(cm3)

T2 Les Volume
(cm3) CELs BPF CLs(A) CLs(B)

1 35.2 Male 9 5.5 SP 4.4 12.5 0 0.77 0 2
2 35.7 Male 3.4 0 RR 0.8 19.2 6 0.78 1 6
3 35.8 Male 4.7 1.5 RR 1.4 12.1 0 0.78 3 7
4 36.9 Female 15.4 2.5 RR 1.6 16.9 NA 0.81 1 7
5 50.3 Female 8.9 6 SP 2.4 15.2 4 0.82 0 10
6 48.6 Female 24 2.5 RR 4.1 42.2 2 0.77 2 3
7 42.7 Female 0.3 1.5 RR 0.1 2.6 1 0.82 0 3
8 41.2 Female 25.2 4.5 SP 1.2 18.6 1 0.77 1 5
9 48.3 Female 6.1 2.5 SP* 2.5 68.3 26 0.76 5 1
10 26.5 Female 13 6 SP 7.5 25.6 0 0.76 2 0
11 56.6 Female 18.9 6.5 SP 1.4 6.3 2 0.68 1 7
12 22.3 Male 2 3 RR 4.2 44.70 3 0.81 4 13
13 35.7 Female 11.9 5 SP 0.2 1.2 0 0.82 0 2

Note:—MS indicates multiple sclerosis; RR, relapsing-remitting; SP, secondary-progressive; EDSS, expanded disability status scale; CEL, contrast-enhancing lesion; CL, cortical lesion; BPF,
brain parenchymal fraction; NA, not available; Les, lesion.
* Relapsing-progressive MS.

Table 3: Site and type of cortical lesions

Number
(% of total)

Cortical Lesions Type A Type B
Superior frontal gyrus 17 (19.8%) 2 15
Middle frontal gyrus 25 (29.1%) 6 19
Inferior frontal gyrus 3 (3.5%) 1 2
Precentral gyrus 18 (20.5%) 6 12
Postcentral gyrus 3 (3.5%) 0 3
Precuneus 2 (2.3%) 1 1
Superior parietal lobe 2 (2.3%) 0 2
Supramarginal gyrus 1 (1.2%) 0 1
Inferior parietal lobe 2 (2.3%) 0 2
Insula 2 (2.3%) 0 2
Superior temporal

gyrus
5 (6.8%) 2 3

Inferior temporal gyrus 1 (1.2%) 0 1
Parahippocampal gyrus 2 (2.3%) 0 2
Uncus 2 (2.3%) 1 1
Cuneus 1 (1.2%) 1 0
Total 86 20 66
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to explain more accurately the basis of clinical disability in
patients. Second, quantification of cortical lesions could be an
additional extremely relevant tool for monitoring experimen-
tal treatments with potential neuroprotective effects.

Averaging multiple SPGRs created a single high SNR vol-
ume, allowing identification of cortical lesions. Because those
sequences were not initially designed to achieve a high SNR
(ie, 1 NEX and approximately 5 minutes of acquisition time),
we averaged 12 consecutive MR images to demonstrate lesion
conspicuity.

Because data were obtained monthly for 1 year, it is ex-
pected that some lesions changed with time and the average
image may not appropriately depict these lesions. However,
because of the marked improvement in lesion SNR, intracor-
tical lesions as well as mixed cortical lesions that remained
stable during this time were unambiguously identified in our
cohort of patients with MS.

A total of 86 cortical lesions in approximately 60% of the
patients was identified. As shown in a recent pathologic re-
port,27 an association between white matter lesion load and
the presence of cortical lesions was found. Particularly, greater
T2 lesion volumes in patients with cortical lesions were ob-
served when the MS cohort was restricted to patients with
purely intracortical lesions. As one can see in Table 2, 50% of
the patients with cortical lesions were in the secondary-pro-
gressive (SP) course of disease, thus differences in distribu-
tions of patients with SPMS and relapsing-remitting MS were
not significant. An association between the presence of corti-
cal lesions and higher disability scores could also not be dem-
onstrated. One can postulate that our small sample size did not
provide enough statistical power to detect the clinical impact
of focal cortical pathology. On the contrary, however, focal
cortical pathology was still found in some of our patients with
early MS (ie, approximately 4 months from disease onset) and
very low or absent disability. This suggests that as seen for
diffuse cortical disease, focal cortical pathology may start early
in some patients, and it confirms previous results of early dif-
fuse involvement of cortical pathology.28,29

Cortical lesions were distributed in almost all cortical areas
of the brain with a higher prevalence found in frontal lobe
associative areas as well as primary/secondary motor regions.
The high distribution of cortical lesions in the superior/medial
gyrus may be an additional factor responsible for the lack of
correlation between the presence of cortical lesions and higher
EDSS score. Indeed, those areas are responsible for cognitive
functions, which are not adequately and precisely assessed by
the EDSS score.

As for the involvement of cortical lesions in the frontal
motor area, our data are in concordance with previous studies
that found the greatest regional cortical thickness variations in
similar frontal lobe regions of patients with MS. One could
speculate a higher disease susceptibly for these regions.30,31

However, the fact that motor areas are potentially better visu-
alized because of their greater thickness compared with other
regions of the cerebral cortex32 needs to be considered as po-
tential bias in the interpretation of our and previous findings.

Most cortical lesions identified in our patients were present
in both white matter and cortical gray matter (ie, type B cor-
tical lesions), and only a minority of them existed exclusively
within the cortex (ie, type A cortical lesions). The latter paral-

lels results from some previous authors2,7 but is not consistent
with some previous neuropathologic studies in which higher
proportions of intracortical lesions were found.3-5 Care needs
to be taken in the interpretation of our findings. Indeed, our
results only describe cortical lesions that persisted across a
timeframe of 1 year, which most likely represent only a small
subset of the cortical lesions actually observed in cross-sec-
tional postmortem evaluations. Hence, underestimation of
intracortical lesions might have occurred. Indeed, in studies
assessing the sensitivity of MR imaging in depicting cortical
lesions against the standard of a neuropathologic examina-
tion, up to 44%, 22%, and 50% of intracortical lesions re-
mained invisible on turbo SE, 3D FLAIR, and T1-weighted
images, respectively.6 Underestimation of Type A lesions may
also be related to our conservative method for definitively
identifying a cortical lesion, i.e. only lesions seen on both
FLAIR and SPGR were counted. Given that the FLAIR images
were twice as thick as the SPGR sequences, small intracortical
lesions might not have been identifiable on the FLAIR se-
quence.

Although no definitive answer is provided by our findings
on the role of cortical lesions in disability of patients with MS
as well as on the true incidence of those abnormalities, we
believe that our findings provide a basis for reporting that high
SNR images are an excellent tool for in vivo lesion conspicuity.

Conclusions
Although not applicable in clinical practice or in prospective
clinical trials, the methodology we used is still relevant, show-
ing the advantage provided by high SNR images for detecting
cortical lesions. Limitations of this method will be overcome
in the future by acquiring MR imaging data at higher field
strength (eg, 3T) and by using multichannel receive coils to
improve the SNR of the 3D-SPGR and FLAIR images. In the
future, aforementioned technical improvements will provide
adequate image quality to detect cortical lesions in patients
with MS by a single scan and to describe the dynamics of those
abnormalities with time.

Although no definitive conclusions can be drawn regarding
the clinical role of cortical lesions, the presence of focal cortical
pathology in patients at early stages of MS is indicated by our
findings.
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