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Cortical Lesions in Multiple Sclerosis:
Combined Postmortem MR Imaging and
Histopathology

Jeroen J. G. Geurts, Lars Bo, Petra J. W. Pouwels, Jonas A. Castelijns, Chris H. Polman, and
Frederik Barkhof

BACKGROUND AND PURPOSE: Cortical lesions constitute a substantial part of the total
lesion load in multiple sclerosis (MS) brain. They have been related to neuropsychological
deficits, epilepsy, and depression. However, the proportion of purely cortical lesions visible on
MR images is unknown. The aim of this study was to determine the proportion of intracortical
and mixed gray matter (GM)-white matter (WM) lesions that can be visualized with postmor-
tem MR imaging.

METHODS: We studied 49 brain samples from nine cases of chronic MS. Tissue sections
were matched to dual-echo T2-weighted spin-echo (T2SE) MR images. MS lesions were iden-
tified by means of myelin basic protein immunostaining, and lesions were classified as intra-
cortical, mixed GM-WM, deep GM, or WM. Investigators blinded to the histopathologic results
scored postmortem T2SE and 3D fluid-attenuated inversion recovery (FLAIR) images.

RESULTS: Immunohistochemistry confirmed 70 WM, eight deep GM, 27 mixed GM-WM,
and 63 purely cortical lesions. T2SE images depicted only 3% of the intracortical lesions, and
3D FLAIR imaging showed 5%. Mixed GM-WM lesions were most frequently detectable on
T2SE and 3D FLAIR images (22% and 41%, respectively). T2SE imaging showed 13% of deep
GM lesions versus 38% on 3D FLAIR. T2SE images depicted 63% of the WM lesions, whereas
3D FLAIR images depicted 71%. Even after side-by-side review of the MR imaging and
histopathologic results, many of the intracortical lesions could not be identified retrospectively.

CONCLUSION: In contrast to WM lesions and mixed GM-WM lesions, intracortical lesions
remain largely undetected with current MR imaging resolution.

Multiple sclerosis (MS) is an inflammatory, demyelinat-
ing disease that usually affects young adults and leads to
chronic disability. Although MS has been regarded as a
disorder predominantly affecting the (periventricular)
white matter (WM), involvement of the gray matter
(GM) was already acknowledged in early pathologic
studies (1-3). Renewed interest in GM disease has re-
vealed that the prevalence of cortical lesions is high
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(4-7). Histopathologic depiction of the intracortical MS
lesions has improved with the use of myelin protein
immunohistochemistry, and purely intracortical lesions
have been found to account for most of the total cortical
demyelination (5, 6).

Different classification systems for cortical MS lesions
have been proposed, among them the system of B0 et al
(6), which is based on the anatomic observations by
Dawson (1). This system distinguishes mixed GM-WM
lesions (type I cortical lesions) from purely intracortical
lesions (types II-IV). Type II lesions are small intracor-
tical lesions, type III lesions are larger lesions extending
from the pia downwards without reaching the subcorti-
cal WM, and type IV lesions affect the entire width of
the cortex from pial surface to the WM. Type 111 lesions
are most frequently seen (5, 6) and can extend over
several gyri, in certain cases leading to a general cortical
subpial demyelination (7).

With MR imaging, it is difficult to determine
whether lesions are intracortical, subcortical, or com-
bined cortical-subcortical, which explains the intro-
duction of the term juxtacortical lesion. Juxtacortical
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TABLE 1: Clinical and pathologic data of the patients with MS
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Patient/Sex/Age Postmortem Delay Disease Duration
y) (h:min) ) Type Cause of death
1/M/43 08:30 17 Secondary progressive Pneumonia
2/F/48 04:50 25 Secondary progressive Euthanasia
3/E/72 10:30 13 Unknown Pneumonia
4/M/77 04:15 32 Primary progressive Cerebral infarct
5/F/75 08:00 42 Secondary progressive Pneumonia
6/F/53 10:45 23 Secondary progressive Euthanasia
7/M/81 08:50 51 Primary progressive General deterioration
8/F/59 08:45 24 Secondary progressive Respiratory insufficiency
9/F/48 05:50 21 Unknown Congestive heart failure

Note.—Mean age was 62 years, mean postmortem delay was 7:50, and mean disease duration was 28 y.

lesions are important in a diagnostic setting (8), since
the U fibers are often spared by hypoxic-ischemic
small-vessel disease, but juxtacortical lesions are fre-
quently found in MS. (Juxta)cortical lesion load and
atrophy, as determined by MR imaging, have been
correlated to physical disability, epilepsy, cognitive
impairment, and depression (9-16).

Studying the effect of cortical demyelination on the
physical and neuropsychological status of the MS pa-
tient is hindered by an apparent low sensitivity of MR
imaging for GM lesions (4, 17). It is not known what
the exact sensitivity of MR imaging for the intracor-
tical versus mixed GM-WM and deep GM lesions is.

In this study, MS brain samples containing cortical
GM were collected, and histopathologic sections of
these samples were compared with postmortem MR
images obtained at autopsy. The purpose of the study
was to determine the proportion of mixed GM-WM
(type 1) and intracortical (type II-IV) lesions visible
on postmortem MR imaging.

Methods

Patients and Autopsy

Data from nine patients with MS were studied after rapid
autopsy (mean postmortem delay, 7 hours 50 minutes). Forty-
nine brain tissue samples were obtained. Table 1 shows the
patients’ characteristics. Permission for performing autopsies,
for the use of tissue, and for access to medical records for
research purposes was granted by our local ethical review
board. Tissue sampling and autopsy procedures have been
described earlier (18, 19). Briefly, 10-mm-thick coronal brain
sections were cut, and four to five sections were subjected to
MR imaging. WM abnormalities visible on postmortem T2-
weighted spin-echo (T2SE) imaging and areas of GM were
sampled.

MR Imaging

Standard dual-echo T2SE images (TR/TE/NEX, 2755/90
and 45/2) and 3D FLAIR images (TR/TE/TI/NEX, 6500/120/
2200/1) of selected 10-mm brain sections were acquired by
using a 1.5T machine (Vision; Siemens Medical Systems, Er-
langen, Germany). In-plane resolution was 0.64 mm? for both
T2SE imaging (section thickness, 5.0 mm), and 3D FLAIR
imaging (section thickness, 1.25 mm; eight sections per slab).

Histology

Serial 5-um-thick sections fixed in 10% formalin and em-
bedded in paraffin were mounted onto glass slides (Superfrost;

Menzel-gldser, Braunschweig, Germany) and dried overnight
at 37°C. Sections were deparaffinated in a series of xylene,
100% alcohol (ethanol), 96% alcohol, and 70% alcohol and
water. Endogenous peroxidase activity was blocked by incubat-
ing the sections in methanol with 0.3% H,O,. Tissue sections
were microwaved for 10 minutes in a 10 mmol/L citrate buffer
(pH 6.0) for antigen retrieval. After the sections cooled suffi-
ciently, they were rinsed. All washes were carried out for 30
minutes with 0.01 mol/L phosphate-buffered saline (PBS, pH
7.4), and antibodies were diluted in PBS containing 0.1% bo-
vine serum albumin (BSA). To prevent nonspecific binding,
sections were preincubated with PBS containing 5% BSA for
10 minutes at room temperature.

Primary antibodies (myelin basic protein [MBP], Boehringer
Mannheim, Mannheim, Germany) were diluted 1:100 in PBS-
BSA and incubated for 1 hour at room temperature. After
washing, immunolabeling with primary antibodies was detected
with biotinylated rabbit anti-mouse (1:500) for 30 minutes at
room temperature and avidin-biotin-peroxidase complexes
(sABC-HRP 1:200; Dako, Glostrup, Denmark) for 60 minutes
at room temperature.

Peroxidase activity was demonstrated with 0.5 mg/mL 3,3’
diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis,
MO) in PBS containing 0.03% H,O, for 5 minutes, which led
to a brown reaction product. Sections were counterstained with
hematoxylin and mounted (Depex, BDH; Poole, UK).

Matching

Samples were cut from the imaged plane (i.e., the middle of
the 10-mm-thick brain section). MBP-stained tissue sections
were then carefully matched to the postmortem T2SE images
by using cortical anatomy, ependymal lining, and WM lesions
as landmarks. Matching was performed according to a protocol
previously described (18, 19).

Analysis

Numbers of mixed GM-WM (type I), intracortical (type
II-1V), deep GM, and WM lesions were scored on T2SE and
3D FLAIR images. Lesions were defined as clearly circum-
scribed areas of abnormal signal intensity on the MR image;
confluent abnormalities were scored as one lesion (same for
histopathology). The reader’s (J.J.G.G.) scoring was blinded to
histopathologic results and reviewed by an experienced neuro-
radiologist (F.B.). The pathology reader scored lesion numbers
and lesion types (type I-1V, deep GM or WM) by using the
MBP-stained tissue sections and was blinded to the MR data.

Lesion numbers scored on the T2SE and 3D FLAIR images
were compared with each other and with the lesion numbers
obtained from the matched histopathologic areas (the criterion
standard). The amounts of lesions visible on T2SE and 3D
FLAIR images were expressed as percentages of the amount of
lesions scored histopathologically.



574 GEURTS

Fic 1. Example of a tissue sample and
the matching area on postmortem MR im-
ages. WM lesions (WM), as well as type |
lesions (/, mixed GM-WM), can be seen
with relative ease on the different MR im-
ages. Intracortical lesions (/C) are difficult
to detect and define, even in retrospect.

A, Photomicrograph (MBP immunohis-
tochemical stain) reveals lesions (arrow-
heads) in the WM and cortical GM.

B, Short-echo T2-weighted SE image.
Insert, a higher magnification of the intra-
cortical lesion.

C, Long-echo T2-weighted SE image.

D, 3D FLAIR image.
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Lesion scores. /, type | cortical lesions; DGML indicates deep GM lesions; WML, WM lesions; total, total of all lesion categories;

PA, lesions detected histopathologically; T2, lesions detected on postmortem T2SE imaging; and FLAIR, lesions detected on post-

mortem 3D FLAIR imaging.
A, Blinded.

B, After unblinding, numbers of detected lesions in all categories increased (retrospective scoring). However, a significant proportion

of intracortical lesions remained undetectable.

After the blinded scoring of the MR images was done, the
precise localizations and types of all lesions were revealed to
the MR readers for a retrospective assessment.

Results

In general, MR images were well matched to the
histopathologic sections (Fig 1). A total of 168 lesions
were identified in the 49 tissue samples by MBP
immunohistochemistry (Fig 2, Table 2): 98 GM le-

sions (27 type I lesions, 12 type 11, 41 type 111, 10 type
IV, eight deep GM) and 70 WM lesions. Thus, almost
equal numbers of GM lesions and WM lesions were
found.

Blinded T2SE analysis revealed 53 lesions (32% of
the histologically detected lesions), of which 44 were
WM lesions (63% sensitivity). Only two intracortical
lesions were detected (3%). 3D FLAIR imaging re-
vealed 67 lesions (40%), of which three were intra-



AJNR: 26, March 2005

TABLE 2: Lesions found on T2SE and 3D FLAIR and comparison
with histopathology

. Prospective* Retrospective”
Lesions on

Type Histopathology T2SE FLAIR T2SE FLAIR
I 27 6(22) 11(41) 20(74) 27 (100)
II 12 0@ 1 (8 6 (50) 9 (75)
111 41 1 (2) 2 (5 22(54) 26 (63)
v 10 1(10) 0 (0) 7(70) 10 (100)
II-1v 63 2 3) 3 (5 35(56) 45 (71)
Deep GM 8 1(13) 3(38) 5(63) 7 (88)
WM 70 44 (63) 50(71) 65(93) 68 (97)
Total 168 53(32) 67(40) 125(74) 147 (88)

Note.—Data in parentheses are the sensitivity (%).
* Lesions found without knowledge of histopathologic localization

and type.
" Lesions found after the histopathologic localization of lesions was
revealed.

cortical lesions (5% of the criterion standard). Con-
sidering the large number of WM lesions detected
with both T2SE imaging (44 lesions, 63% of the total)
and 3D FLAIR imaging (50 lesions, 71% of the total),
differences between the techniques were rather small
in this category. One deep GM lesion was observed
with T2SE (13%), while 3D FLAIR depicted three
(38%). Type I lesions were best detected with 3D
FLAIR (11 lesions, 41% sensitivity); T2SE showed six
type I lesions (22% sensitivity). Most T2SE-visible
lesions were also observed on 3D FLAIR images, and
vice versa. After the classification and precise local-
ization of all lesions were revealed to the primary
investigator, T2SE and 3D FLAIR images were reas-
sessed. Higher numbers of lesions were recognized in
retrospect (Fig 2, Table 2). Nevertheless, 44% and
29% of intracortical lesions remained invisible on
T2SE and 3D FLAIR, respectively. Interestingly, all
type I lesions could be retrospectively detected with
3D FLAIR, versus 74%, with T2SE study. Visibility of
deep GM lesions on T2SE and 3D FLAIR images was
also better retrospectively; the images respectively
showed 63% and 88% of the lesions identified on
histologic analysis.

Discussion

Previous studies have emphasized the abundance
of lesions in the cerebral cortex and deep GM in MS
(2-4). With myelin immunohistochemistry, it has
been found that the most common lesion types are
intracortical lesions, which may account for more
than 85% of total cortical demyelinated area (7).
Although we did not systematically assess the propor-
tion of lesions, most were found in the GM. The
numbers and distribution of cortical lesions in this
investigation were comparable to those of earlier
studies (5, 7). Our classification system for cortical
lesions allowed for detailed definition concerning the
anatomic localization of lesions within or in direct
proximity to the cortex. This distinction is important
because different types of cortical lesions behave dif-
ferently in terms of their histopathologic characteris-

MULTIPLE SCLEROSIS 575

tics. For example, purely intracortical lesions (types
II-1V), which are difficult to visualize with MR im-
aging, do not show substantial T lymphocyte infiltra-
tion. On the other hand, mixed GM-WM lesions,
which are better detectable with MR imaging, do
display a clear inflammatory reaction (6). This means
that the group of cortical lesions is heterogeneous and
that the sensitivity of MR imaging for different cor-
tical lesion types may vary depending on lesion type.

The detection of cortical lesions is hampered by the
fact that little myelin is present in the cortex; this
causes T2 relaxation times of cortex to be higher than
those of WM. As a result, only small increases in T2
relaxation times occur in cortical lesions, in contrast
to WM lesions, which show a marked increase of T2
with respect to surrounding WM. Furthermore, par-
tial volume effects with CSF in sulci may impede
lesion detection on MR imaging. This results in poor
intracortical lesion scores, even when performed by
experienced neuroradiologic readers. The detection
of cortical lesions with standard myelin histochemical
stains such as Luxol fast blue is also difficult.

Because an experienced neuropathology reader re-
viewed the histopathologic features of MR-visible le-
sions, it could be ascertained that the cortical lesions
were not due to hypoxic-ischemic causes.

Previous groups relating the histopathologic results
to postmortem MR imaging findings have tried oil
red O, galactocerebroside (17), and Heidenhain my-
elin stain (4) to improve the detection of intracortical
lesions. MBP immunohistochemical results may be
more accurate markers for intracortical myelin (20).
This method has proved to be sensitive to intracorti-
cal demyelination and allows for accurate classifica-
tion of lesion type (5, 7). Another factor that may
limit the visibility of cortical lesions on MR imaging
(and standard histochemistry) is the absence of an
inflammatory reaction in intracortical lesions and
even in the cortical part of type I lesions.

Results of many in vivo studies have suggested the
use of FLAIR to improve cortical lesion detection (9,
10, 21-25). In this study, however, the gain with 3D
FLAIR imaging, compared with T2SE imaging, was
limited, although the section thickness of T2SE is
larger and the detection of small lesions could there-
fore be expected to decrease through signal intensity
averaging. The 3D FLAIR sequence that we used is
routinely applied in clinical practice and normally
shows good CSF suppression, but it was found to
show suboptimal fluid suppression on postmortem
MR imaging. The most likely explanation is that the
fluid surrounding the brain sections does not consist
of pure CSF, but rather, it contains varying amounts
of blood and proteins, leading to relaxation proper-
ties that need a different TI for suppression. The fact
that postmortem T2SE and 3D FLAIR images had
different section thicknesses (5.0 and 1.25 mm, re-
spectively), may be a source for the different sensitiv-
ities of the two techniques. This variation was done to
compare a typical standard resolution and a higher
resolution; nevertheless, both T2SE and 3D FLAIR
images showed almost equally low numbers of intra-
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cortical lesions. Besides histopathologic studies re-
vealing substantial cortical lesion loads (2-4, 6, 7, 17),
quantitative MR studies have shown several abnor-
malities in the GM of patients with MS. Changes in
metabolite concentrations in MS cortical GM were
found in studies using MR spectroscopy (26, 27), even
in early stages of the disease (28). Moreover, magne-
tization transfer and diffusion tensor or mean diffu-
sivity studies revealed notable abnormalities in MS
cortical GM (29-34). However, the extent to which
these changes reflect cortical lesions or diffuse non-
lesion disease is unknown.

The poor intracortical lesion detection on postmor-
tem MR imaging, as shown in this study, has impor-
tant implications for the sampling of these lesions,
impeding further studies with respect to specific his-
topathologic characteristics of cortical lesions. Intra-
cortical lesions did not show inflammation, and other
features, like edema, were also not observed in the
lesions found histopathologically. Further investiga-
tion into whether any other histopathologic charac-
teristics may contribute to visibility on MR imaging
would be interesting. Unfortunately, the small num-
ber of cortical lesions detected on MR imaging in this
study makes any phenotypic comparisons difficult.
However, judging from the fact that our (unblinded)
retrospective analysis of the MR images showed many
relatively small changes in signal intensity in the areas
of cortical lesions, the imaging of brain sections at
higher resolution (e.g., at a field strength of 3T) or by
using techniques such as 3D double-inversion recov-
ery (35-37) could well improve postmortem cortical
lesion detection.

In vivo and postmortem T2SE studies are generally
of comparable quality, and equal numbers of lesions
are detected, indicating that our results may also
apply to the in vivo situation. Intracortical MS disease
is thus unlikely to be detectable in vivo at 1.5T by
using routine imaging techniques. This situation is
unfortunate because the detection of cortical lesions
may be relevant for patients with MS who develop
cognitive symptoms early in the course of their dis-
ease or for MS patients with epilepsy. Purely cortical
lesions could also lead to motor or sensory signs and
symptoms, thereby contributing to the clinicoradio-
logic dissociation observed in MS.

Conclusion

WM and mixed GM-WM (type I) lesions are rela-
tively easily detected on postmortem T2SE and 3D
FLAIR imaging. However, intracortical lesions (type
II-1V), as defined by MBP histopathologic reports,
remain largely undetected on MR imaging. Even on
retrospective analysis, many of the intracortical le-
sions could not be seen. This information may have
important consequences for postmortem sampling of
cortical abnormalities and the in vivo investigation of
clinical and neuropsychological abnormalities in pa-
tients with MS.
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