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ABSTRACT

Objective: We used ultra-high field MRI to visualize cortical lesion types described by neuropathol-
ogy in 16 patients with multiple sclerosis (MS) compared with 8 age-matched controls; to charac-
terize the contrast properties of cortical lesions including T2*, T2, T1, and phase images; and to
investigate the relationship between cortical lesion types and clinical data.

Methods: We collected, on a 7-T scanner, 2-dimensional fast low-angle shot (FLASH)-T2*-
weighted spoiled gradient-echo, T2-weighted turbo spin-echo (TSE) images (0.33 � 033 � 1
mm3), and a 3-dimensional magnetization-prepared rapid gradient echo.

Results: Overall, 199 cortical lesions were detected in patients on both FLASH-T2* and T2-TSE
scans. Seven-tesla MRI allowed for characterization of cortical plaques into type I (leukocortical),
type II (intracortical), and type III/IV (subpial extending partly or completely through the cortical
width) lesions as described histopathologically. Types III and IV were the most frequent type of
cortical plaques (50.2%), followed by type I (36.2%) and type II (13.6%) lesions. Each lesion type
was more frequent in secondary progressive than in relapsing–remitting MS. This difference,
however, was significant only for type III/IV lesions. T2*-weighted images showed the highest,
while phase images showed the lowest, contrast-to-noise ratio for all cortical lesion types. In
patients, the number of type III/IV lesions was associated with greater disability (p � 0.02 by
Spearman test) and older age (p � 0.04 by Spearman test).

Conclusions: Seven-tesla MRI detected different histologic cortical lesion types in our small
multiple sclerosis (MS) sample, suggesting, if validated in a larger population, that it may
prove a valuable tool to assess the contribution of cortical MS pathology to clinical disability.
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GLOSSARY
ANOVA � analysis of variance; BN � background noise; CNR � contrast-to-noise ratio; DIR � double-inversion recovery;
EDSS � Expanded Disability Status Scale; FLAIR � fluid-attenuated inversion recovery; FLASH � fast low-angle shot; GM �
gray matter; MPRAGE � magnetization-prepared rapid gradient echo; MR � magnetic resonance; MS � multiple sclerosis;
NACGM � normal-appearing cortical gray matter; RF � radiofrequency; ROI � region of interest; RRMS � relapsing–
remitting multiple sclerosis; SNR � signal-to-noise ratio; SPMS � secondary progressive multiple sclerosis; TA � time of
acquisition; TE � echo time; TR � repetition time; TSE � turbo spin-echo; WM � white matter.

Although cortical lesions were identified as a common finding in multiple sclerosis (MS)
from the earliest pathologic studies,1-3 their significance was underestimated until recent
histopathologic data revealed that they constitute a substantial proportion of the total
brain MS lesion load.4,5

The ability of standard field strength scanners (1.5 T, 3 T) to detect and characterize cortical
MS pathology is still significantly lower than neuropathology.6 Ultra-high field systems (7 T to
9.4 T) allow a 2- to 3-fold improvement in image signal-to-noise ratio (SNR) over 3-T MRI.7

Advances in multichannel radiofrequency (RF) technology provide an additional 2- to 6-fold
improvement in SNR, with the greatest gains in the cortex.8
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Data at ultra-high field strengths also dem-
onstrate greatly enhanced T2* contrast, po-
tentially providing a novel tool for lesion
detection.9 Additionally, previous findings in
MS using phase reconstruction at 7-T tech-
niques revealed in some white matter (WM)
lesions a characteristic high-susceptibility (�)
ring not readily visible on magnitude T2* im-
ages.10 The high-susceptibility ring is thought
to reflect iron-rich macrophages11 and the ex-
tent of tissue inflammation.

We assessed the ability of 7-T MRI com-
bined with multichannel RF technology to 1)
visualize in vivo all cortical MS lesion types
described histopathologically; 2) characterize
the contrast properties at this field strength of
cortical lesions on T2*-, T2-, T1-weighted,
and phase images to assess which magnetic
resonance (MR) contrasts are more sensitive
to cortical pathology; and 3) investigate the
relationship between cortical lesion types,
clinical data, and WM lesion load.

METHODS Subjects. We enrolled 16 consecutive patients

(9 women; mean � SD age of 38.8 � 12.4 years; mean � SD

disease duration of 10.2 � 7.4 years) with a diagnosis of MS

according to the McDonald criteria.12 Nine patients had re-

lapsing–remitting MS (RRMS), and 7 patients secondary

progressive MS (SPMS). Disability was assessed using the Ex-

panded Disability Status Scale (EDSS),13 and the median

(range) EDSS was 3.0 (1.0 – 6.5). Patients included in the

study had to be relapse-free at least 3 months before study

entry and without corticosteroid treatment for at least a

month preceding study initiation. All patients except one had

received disease-modifying agents for at least 3 months before

the MRI. Eight age-matched healthy subjects (4 women,

mean � SD age of 33.4 � 10 years) were included as con-

trols. General exclusion criteria were significant medical, psy-

chiatric, or neurologic history (other than MS for patients).

Standard protocol approvals, registrations, and patient
consents. The local ethics committee of our institution ap-
proved all experimental procedures of the study, and written
informed consent was obtained from each study participant.

Data acquisition. Subjects were scanned on a human 7-T
scanner (Siemens, Erlangen, Germany) using an in-house devel-
oped 8-channel (5 patients and 2 controls) or 32-channel phased
array coil (all remaining participants). We collected 2-
dimensional fast low-angle shot (FLASH)-T2* spoiled gradient-
echo weighted images (repetition time [TR]/echo time
[TE] � 1,000/22 msec, flip angle � 55°, field of view � 168 �

192 voxels, bandwidth � 30 Hz/px, 20 � 1-mm-thick slices,
in-plane resolution: 330 � 330 �m2, time of acquisition [TA]:
approximately 8 minutes), and T2-turbo spin-echo (TSE) (TR/
TE � 6,890/78 msec, turbo factor � 9, 2 averages, TA: approx-
imately 6 minutes) with the same resolution and orientation as
FLASH-T2* scans. For each modality, 2 to 3 slabs were ac-
quired, allowing coverage of the supratentorial brain. A
3-dimensional magnetization-prepared rapid gradient echo
(MPRAGE) (TR/TE/inversion time � 2,600/3.26/1,100 msec,
bandwidth � 205 Hz/px, 1.5-mm-thick slices, in-plane resolu-
tion: 600 � 600 �m2, TA: approximately 5 minutes) oriented as
FLASH-T2* and T2-TSE scans was also acquired. Shimming
was performed before anatomic scanning to minimize magnetic
field B0 inhomogeneities.

Data processing. Seven-tesla data were processed to 1) visu-
ally inspect images for the presence and characterization of focal
cortical lesions; 2) assess cortical lesions contrast-to-noise ratio
(CNR) at different MR contrasts, including T2*, T2, T1, and
phase; and 3) quantify the load of WM hyperintensities on
FLASH-T2* scans.

Anatomic scans were corrected for coil sensitivity profiles
using a nonuniformity correction algorithm.14 Phase images were
postprocessed using PRELUDE (http://www.fmrib.ox.ac.uk/
fsl)15 to generate a full-range phase image. PRELUDE is an auto-
matic phase unwrapping algorithm that segments the image into
regions of low phase variation and merges regions by adding 2�

offsets to minimize phase differences over the boundary. Regions
outside the brain were excluded from the unwrapping algorithm
using the magnitude mask image. An edge-filled, low-pass fil-
tered (2-mm gaussian filter) phase image was then subtracted
from the unwrapped global phase image to remove the large
background field and highlight local anatomy. This method pre-
serves the high-resolution anatomy of the native data sets while
eliminating low spatial frequency phase distortions due to B0/B1

inhomogeneities.
Cortical lesions were defined as focal cortical hyperintensities

on FLASH-T2* magnitude and T2-TSE scans by 2 independent
experienced observers blinded to demographic and clinical char-
acteristics of subjects but obviously aware of WM lesions of pa-
tients. The following types of cortical plaques were identified
according to previous neuropathologic descriptions5,16,17: 1) type
I (leukocortical) lesions that extend across both WM and gray
matter (GM); 2) type II (intracortical) lesions located within the
cerebral cortex; 3) type III and type IV (subpial) lesions, extend-
ing from pial surface to cortical layers 3 and 4 or through the
entire width of the cortex but without involving subcortical
WM. The interrater variability in the number of all cortical le-
sions and of each histopathological type was calculated as the
square root of the variance (SD) of the measurements divided by
the corresponding mean, and resulted �0.1%. Cortical lesions
were considered for further analyses only if there was full consen-
sus between the 2 observers.

Table Characterization of focal cortical lesion types at 7 T in 16 patients with
multiple sclerosis: Comparison with neuropathology

7-T MRI RRMS (n � 9) SPMS (n � 7)
Pathology
(study 1*),
%

Pathology
(study 2*),
%% (n) Mean � SE Range Mean � SE Range

All types 100 (199) 9.4 � 2.2 2–21 19 � 6.9 8–53 100 100

Type I 36.2 (72) 3.9 � 1.6 1–16 6.2 � 4.0 0–26 34 38

Type II 13.6 (27) 1.1 � 0.4 0–3 2.8 � 1.5 0–10 16 18

Type
III/IV

50.2 (100) 4.4 � 1.3 0–11 10 � 2.3 4–17† 50 44

*Study 1 (5); study 2 (21).
†p � 0.03 by Mann–Whitney U test.
RRMS � relapsing–remitting multiple sclerosis; SPMS � secondary progressive multiple
sclerosis.
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The CNR of the different types of cortical lesions was calcu-
lated on data from 5 patients (3 with SPMS, 2 with RRMS). For
each image (FLASH-T2*, T2-TSE, T1), regions of interest
(ROIs; approximately 24 mm3) were placed in 15 lesions (5
leukocortical, 5 intracortical, and 5 subpial), in adjacent ROIs of
normal-appearing cortical GM (NACGM), and in ROIs outside
the brain, away from imaging artifacts (background noise [BN]).
The CNR of the different types of cortical lesions was calculated

as the following: (SLES � SNACGM)/BN, where SLES and
SCNAGM represent the mean signal intensities in cortical lesions
(SLES) and in adjacent NACGM (SCNAGM). For phase images,
the CNR was calculated according to the formula described
above using the same cortical lesions and NACGM ROIs used
for all the other images, but where BN was calculated as the
variance of signal intensity in NACGM ROIs because the actual
variance in phase would be meaningless for background (zero
signal) regions.

Finally, in each patient on FLASH-T2* scans, we calculated
as previously described18 the lesion load of WM hyperintensities
using the software Alice (Hayden Image Processing Solutions)
based on a local threshold contouring technique.

Statistics. Statistical analysis was performed using SPSS version
16 (SPSS Inc., Chicago, IL). Differences in the number of corti-
cal lesions, including the different histopathologic types, be-
tween patients with RRMS and SPMS and between sexes were
evaluated by Mann–Whitney U test. Differences in CNR of cor-
tical lesions between the different MR contrasts were assessed
using analysis of variance (ANOVA) with post hoc Bonferroni
correction. The relationship between the total number of cortical
plaques and of each cortical lesion type, WM lesion load, and
demographic and clinical characteristics of patients was assessed
using the Spearman � correlation coefficient.

RESULTS Lesion types and distribution. Imaging at
7 T was well tolerated in all subjects: no subjects
reported any sustained discomfort or disorientation
within the 7-T scanner, beyond the occasional short-
lived description of a mild “turning” sensation as
subjects were entering or exiting the scanner. In con-
trols, we did not find cortical abnormalities on any
scan. Cortical plaques were identified in all patients
included in the study, with each patient showing at
least 2 lesions. Overall, we detected 199 cortical le-
sions on both FLASH-T2* and T2-TSE scans, and
the mean � SE (range) number of cortical lesions
was 13.3 � 3.1 (2–53). Although women showed
more cortical lesions than men (mean � SE: 16.4 �
5.8 vs 9.7 � 1.4), this difference was not significant.

Type III and IV subpial lesions were the most
frequent type of cortical plaques observed (50.2%),
followed by type I leukocortical lesions (36.2%) and
type II intracortical lesions (13.6%). The ratio of le-
sion types seen on 7-T scans was nearly identical to
that documented by histology (table). Cortical
plaques, including type I, II, or III/IV, were more
frequent in patients with SPMS compared with pa-
tients with RRMS (table). This difference was signif-
icant only for subpial lesions (table). Figure 1 shows
examples of different cortical lesion types on FLASH,
T2* magnitude, and T2-TSE scans.

Cortical lesions were predominantly located in
the frontal cortex (n � 106), including prefrontal
areas but also the motor cortex (figure e-1 on the
Neurology® Web site at www.neurology.org), in the
parietal (n � 47) and temporal cortex (n � 29) of
both hemispheres. Few cortical lesions were observed

Figure 1 Types of cortical lesions detected by 7-T MRI

Illustration of different types of cortical lesions (type I: leukocortical; type II: intracortical;
types III and IV: subpial lesions extending partly or all the way through the width of the
cortex but not to subcortical white matter) on both fast low-angle shot (FLASH)-T2* and
T2-turbo spin-echo (TSE) images in 1 patient with relapsing–remitting multiple sclerosis
(MS#1, type IV lesion) and 2 patients with secondary progressive multiple sclerosis (MS#3
and MS#16) scanned at 7 T. Cortical plaques generally showed greater visible contrast on
FLASH- T2* scans than on T2-TSE images.
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in the occipital cortex (n � 17). In some patients, on
FLASH-T2* magnitude images, in addition to focal
subpial lesions, we observed band-like areas of hy-
perintensity that involved the outer cortical lami-
nae and extended over an entire gyrus or multiple
gyri, resulting in an extensive involvement of the
cortex (figure e-2).

A patient with SPMS (woman, aged 48 years) and
a control (man, aged 52 years) were scanned twice on
the 7 T within a month interval, using the same pro-
cedures described above. In the first scan, FLASH-
T2* and T2-TSE scans demonstrated the presence of
4 type I, 4 type II, and 5 type III/IV lesions in the
patient with SPMS and no lesions in the control.
Subsequent scanning disclosed the same lesions in
the patient with SPMS on both scan protocols and
still no lesions in the control. In the patient with
SPMS, no new lesions were apparent across this time
interval (figure 2).

Magnitude and phase in characterizing cortical lesions.
Focal cortical hyperintensities identified on FLASH-
T2* magnitude scans were visually inspected on
phase images. Seven of the 16 patients (4 with
RRMS and 3 with SPMS) showed phase hypointen-
sities (susceptibility ring) in 15 of 72 (approximately
21%) leukocortical plaques. In 12 of these 15 leuko-
cortical lesions, the hypointense ring was also evident
directly on magnitude images, whereas in the re-
maining 3 lesions, it was present only on phase im-

ages. The subpial and intracortical pathology seen on
our magnitude images was in general not visible on
the phase reconstructions (figure 3), results compati-
ble with those noted on many WM lesions by oth-
ers.10,19 Only 1 subpial lesion showed the
characteristic phase susceptibility ring observed in
some leukocortical lesions.

CNR measurements. FLASH-T2* scans showed the
greatest mean � SE CNR for type I (7.7 � 1.5), type
II (8.6 � 1.9), and type III/IV (10.5 � 4) cortical
plaques (figure 4). The CNR was lower, though the
difference was not significant, for both T2 (type I,
4.3 � 0.9; type II, 5.1 � 1.9; type III/IV, 2.5 � 0.7)
and T1 (type I, 4.5 � 1.8; type II, 3 � 2.2; type
III/IV, 2.9 � 4.4) scans. Phase images provided the
worst contrast for detecting all types of cortical le-
sions (type I, 0.02 � 0.4; type II, 1.9 � 0.9; type
III/IV, 0.9 � 0.4).

When individual types of cortical lesions were
considered, the CNR of FLASH-T2* scans was
higher (p � 0.004, ANOVA) only for type I lesions
when compared with the CNR of phase images.
However, when all types of lesions were taken into
account, the CNR of FLASH-T2* scans was higher
than the CNR of T2 (p � 0.02), T1 (p � 0.01), and
phase images (p � 0.0001, ANOVA).

Correlation with WM lesion load, demographic char-
acteristics, and clinical characteristics. In patients

Figure 2 Reproducibility of 7-T MRI in disclosing cortical multiple sclerosis pathology

Example of reproducibility of 7-T MRI in detecting different cortical lesion types (subpial and leukocortical) in a patient with secondary progressive multiple
sclerosis. In each rectangle, left image is fast low-angle shot-T2* and right image is turbo spin-echo.
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with MS, we did not find any relationship between
WM lesion load and the overall number of cortical
plaques, as well as with the different lesions types.
The total number of cortical lesions as well as the
number of type I and type II lesions did not relate to
age, disease duration, and disability. However, we
found that the higher the number of type III/IV lesions
was, the worse the EDSS score was (p � 0.02, � corre-

lation coefficient: 0.6) and the older the age of patients
was (p � 0.04, � correlation coefficient: 0.5).

DISCUSSION In MS, detection of cortical lesions
using currently available MR methods is hindered by
the characteristics of these lesions5,20—i.e., the le-
sions are generally small, with sparse inflammatory
cell infiltration and blood–brain barrier damage, in

Figure 3 Appearance of cortical lesions on phase and magnitude images

Visualization of (A) white matter (WM; red square) and leukocortical (blue square) lesions on magnitude (a) and phase (b)
images in a patient with secondary progressive multiple sclerosis (SPMS); (B) leukocortical lesion (blue square) on magni-
tude (a), phase (b), and MPRAGE (c) scans of a patient with relapsing–remitting multiple sclerosis (RRMS); and (C) subpial
lesions (green squares) on magnitude (a) and phase (b) images of another patient with SPMS. The high-susceptibility � ring,
clearly visible in the leukocortical lesion of the patient with RRMS, was not seen in any of the other lesions in the 2 patients
with SPMS. This ring, hypothesized to be due to the expression of iron rich macrophages, may reflect the varying extent of
inflammation that characterizes different lesions. MPRAGE � magnetization-prepared rapid gradient echo.
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addition to low myelin density in upper cortical lay-
ers—as well as by several technical factors, including
limited image resolution resulting in partial volume
effects with subarachnoid spaces and CSF, and lower
contrast between small cortical lesions and surround-
ing normal cortical GM due to the intrinsically
longer GM relaxation times.

The combination of 7-T imaging with mul-
tichannel RF technology enabled us to trade off the
resultant high SNR for very small voxel volumes, ap-
proximately 0.1 mm3. The high-resolution images
acquired allowed us to characterize specific lesion lo-
cations inside the cortical ribbon, in analogy to his-
topathologic lesion typing, and to significantly
reduce partial volume effects, especially with adjacent
CSF. This may also provide the additional benefit of
lessening the need for pulse sequence–based meth-
ods (such as fluid-attenuated inversion recovery
[FLAIR] and double-inversion recovery [DIR]) de-
signed to mitigate this problem. Of course it is possi-
ble that the combination of the higher SNR with
such fluid attenuation methods may increase conspi-
cuity even more, once issues of B1 homogeneity and
specific absorption rate are addressed at 7 T.

Adequate overall SNR to improve resolution
across the cortical sheet provides the capability to

subtype cortical pathology. With these advantages
over conventional MRI, we detected lesions with a
distribution showing a strong correspondence to that
reported by histology.5,21 This finding, together with
the remarkable interrater reproducibility, and, al-
though limited to 1 patient, the high consistency of 7
T in detecting cortical lesions, make us confident
that our results are not affected by artifacts. Although
our data, of course, cannot be interpreted to mean
that ultra-high field MRI can disclose all cortical le-
sions, they do suggest that the use of 7-T and phased
array images provides the ability to detect and char-
acterize all major histologic lesion types with roughly
equal capability, including the important class of
subpial lesions underestimated by previous studies at
lower field strength MRI. Demonstrating the dis-
crepancy between histologic and conventional
(1.5-T) MRI data, previous authors found that leu-
kocortical lesions represent the most frequent type of
cortical plaques observed on MR scans of patients
with MS.22-24 Relatively recent improvement in MR
technology at either 1.5 or 3 T, using FLAIR, DIR,
and phase-sensitive inversion recovery imaging either
alone or combined with 3-dimensional MPRAGE,
increased the potential to directly visualize cortical
MS lesions.25-29 The application of DIR imaging to a
large MS population showed a relative improvement
in cortical lesion detection compared with more stan-
dard clinical sequences (T2-TSE), although a clear
differentiation between leukocortical, intracortical,
and subpial plaques was not demonstrated.25

We characterized the contrast properties of the
different types of cortical lesions including T2*-,
T2-, T1-weighted, and phase images at 7 T to assess
which MR contrasts are more sensitive to cortical
pathology. T2*-weighted magnitude images showed
the highest, whereas phase images generally the low-
est, CNR for all types of cortical lesions. Previous
data at ultra-high field MRI, however, have shown
that imaging of tissue phase is potentially valuable for
defining anatomic structures and improving visual-
ization of the microvasculature.30,31 Intrinsic tissue
iron deposition and microvascular iron seem to con-
tribute to the contrast observed within normal tis-
sues. This increased sensitivity was demonstrated in a
small sample of patients with MS who showed a sub-
set of WM plaques with phase contrast only at the
peripheral margin of the plaque, a region identified
as the zone of inflammation with an influx of iron-
rich macrophages.10,19 The high-susceptibility � ring
was not visible on their corresponding magnitude
images. Of all the cortical lesions we observed on
magnitude data, only 21% of the leukocortical le-
sions appeared on phase images and showed phase
hypointensity (susceptibility ring) around the pe-

Figure 4 Contrast-to-noise ratio analysis of cortical lesions on T2*, T2, T1,
and phase images

Mean contrast-to-noise ratio (CNR) of different magnetic resonance contrasts of 5 type I, 5
type II, 5 type III/IV, and 15 all types of cortical multiple sclerosis lesions. First, second
(median), and third quartiles are used for the box construction, whereas 1.5 � (quartile 3 �

quartile 1) is used for the whiskers. The box length is the interquartile range. Points outside
the whiskers are considered outliers (cases with values between 1.5 and 3 box lengths from
the upper or lower edge of the box). Asterisks represent extreme points (cases with values
more than 3 box lengths from the upper or lower edge of the box). FLASH � fast low-angle
shot; TSE � turbo spin-echo.
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riphery of magnitude hyperintensities. In most of
these leukocortical lesions, however, the hypointense
ring was already evident on magnitude images. Be-
cause we saw similar findings in our WM lesions, the
differences between our own and previously reported
findings10,19 are likely attributed to differences in
MRI protocols, including the use of longer TE times
and thinner slices in our scans, both of which would
be expected to increase sensitivity to localized regions
of increased microscopic susceptibility effects. Nev-
ertheless, both data sets support the role of phase
imaging as a highly sensitive method to characterize
the fraction of MS lesions showing evidence of local-
ized high � zones. The high-susceptibility ring,
thought to reflect iron-rich macrophages,11 may indi-
cate the extent of inflammation in the tissue, which
has been reported to be greater in leukocortical vs
subpial and intracortical lesions.5,16,21 Whether this
turns out to be a useful biomarker for certain types of
plaques or adds insight into the nature of cortical
pathology remains to be clarified.

Finally, we explored the relationship between the
different types of cortical lesions, WM lesion load, and
clinical data. There was no correlation between the vol-
ume of focal WM hyperintensities and the number of
either overall cortical lesions or each lesion type. How-
ever, even in our small patient sample, we found that
the higher the number of subpial cortical lesions in pa-
tients was, the worse neurologic disability was and the
older the age was, reflecting the prevalence of subpial
pathology in the progressive forms of MS. Pathologic
data showed that patients with a higher number of sub-
pial lesions became wheelchair dependent at a younger
age than patients with fewer subpial lesions,32 suggest-
ing that the frequency and extent of intracortical and
subpial demyelination may contribute to disease pro-
gression in MS.

Although our findings need to be validated in a
larger patients population, they suggest that the use
of 7-T MRI in the in vivo study of cortical MS le-
sions may provide a tool to address important bio-
logic questions unresolved by previous imaging
evaluations including the nature of cortical pathol-
ogy in MS (primary or secondary to WM degenera-
tion), and its impact on the transition to a
progressive clinical course. Ultra-high field MRI may
also prove to be a valuable tool to assess GM damage
in CNS areas other than the cortex and including the
spinal cord and the cerebellum as histopathologic ex-
aminations described GM demyelination and neuro-
nal pathology in these structures in MS.33-35
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Resident & Fellow Section: Call for Teaching Videos
The Neurology® Resident section is featured online at www.neurology.org. The Editorial Team of
this section is seeking teaching videos that will illustrate classic or uncommon findings on move-
ment disorders. Such videos will aid in the recognition of such disorders. Instructions for formatting
videos can be found in the Information for Authors at www.neurology.org.

948 Neurology 73 September 22, 2009


