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Background

Cortical disease has emerged as a critical aspect of the pathogenesis of multiple 
sclerosis, being associated with disease progression and cognitive impairment. Most 
studies of cortical lesions have focused on autopsy findings in patients with long-
standing, chronic, progressive multiple sclerosis, and the noninflammatory nature of 
these lesions has been emphasized. Magnetic resonance imaging studies indicate that 
cortical damage occurs early in the disease.

Methods

We evaluated the prevalence and character of demyelinating cortical lesions in pa-
tients with multiple sclerosis. Cortical tissues were obtained in passing during bi-
opsy sampling of white-matter lesions. In most cases, biopsy was done with the use 
of stereotactic procedures to diagnose suspected tumors. Patients with sufficient 
cortex (138 of 563 patients screened) were evaluated for cortical demyelination. Using 
immunohistochemistry, we characterized cortical lesions with respect to demyelin-
ating activity, inflammatory infiltrates, the presence of meningeal inflammation, 
and a topographic association between cortical demyelination and meningeal in-
flammation. Diagnoses were ascertained in a subgroup of 77 patients (56%) at the 
last follow-up visit (at a median of 3.5 years).

Results

Cortical demyelination was present in 53 patients (38%) (104 lesions and 222 tissue 
blocks) and was absent in 85 patients (121 tissue blocks). Twenty-five patients with 
cortical demyelination had definite multiple sclerosis (81% of 31 patients who un-
derwent long-term follow-up), as did 33 patients without cortical demyelination 
(72% of 46 patients who underwent long-term follow-up). In representative tissues, 
58 of 71 lesions (82%) showed CD3+ T-cell infiltrates, and 32 of 78 lesions (41%) 
showed macrophage-associated demyelination. Meningeal inflammation was topo-
graphically associated with cortical demyelination in patients who had sufficient 
meningeal tissue for study.

Conclusions

In this cohort of patients with early-stage multiple sclerosis, cortical demyelinating 
lesions were frequent, inflammatory, and strongly associated with meningeal in-
flammation. (Funded by the National Multiple Sclerosis Society and the National 
Institutes of Health.)
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Diagnostic, therapeutic, and inves-
tigative efforts in multiple sclerosis have 
concentrated on disease of the white mat-

ter. Imaging and histopathological studies suggest 
that cortical damage is a correlate of cognitive dys-
function and disease progression, reflecting demy-
elination or secondary neurodegeneration.1-7 Three 
types of cortical plaques have been described: leu-
kocortical lesions, which extend from the white 
matter into the cortex; intracortical lesions, which 
project radially from microvessels; and subpial 
lesions, which extend intracortically from the pia 
mater.5,8 Subpial, bandlike, demyelinated plaques 
often involve contiguous gyri,6 favoring those re-
gions of the brain engaged in attention and mem-
ory processing.6,8,9

Studies of postmortem tissues from patients 
with long-standing multiple sclerosis have led to 
the suggestion that cortical demyelination con-
tributes to disability in patients with progressive 
multiple sclerosis,6 occurs independently of white-
matter lesions,6 is driven by organized meningeal 
inflammatory infiltrates10,11 and is devoid of pa-
renchymal lymphocytes and macrophages,4,5,8 sug-
gesting that neurodegeneration proceeds indepen-
dently of parenchymal inflammation.

Little is known about cortical demyelination in 
early multiple sclerosis because conventional mag-
netic resonance imaging (MRI) does not reveal 
most lesions. Double inversion-recovery imaging 
(not routinely performed in practice) detects some 
but not all cortical lesions. Other neuroimaging 
studies in early multiple sclerosis have revealed 
varied, nonlesional cortical abnormalities,12-14 sug-
gesting that the cortex may be damaged near the 
time of disease onset — a concept further sup-
ported by recent case reports of cortical-onset 
multiple sclerosis.15,16

Here we report the prevalence, histopathologi-
cal features, and clinical correlates of cortical de-
myelination in a series of 563 patients with patho-
logically confirmed inflammatory demyelinating 
disease of the central nervous system, diagnosed 
by means of brain biopsy performed within days 
or weeks after presentation, to rule out diseases 
other than multiple sclerosis.

Me thods

Study Design and Series

This study was approved by the institutional review 
board of the Mayo Clinic. Brain-biopsy specimens 

were obtained within the context of routine clinical 
care, with written or oral consent to this surgical 
procedure obtained by the treating physicians. At 
the time of study entry, we obtained written in-
formed consent from patients who underwent pro-
spective blood sampling, underwent follow-up MRI, 
participated in a face-to-face encounter, were in-
terviewed by telephone, or underwent a combina-
tion of these assessments. In the case of deceased 
patients, written informed consent was obtained 
from the next of kin. The institutional review 
board issued a waiver of the requirement of con-
sent for the examination of archival pathological 
material when attempts to contact the patient had 
been exhausted; samples evaluated under this waiv-
er were deidentified.

Inclusion criteria were a pathological diagnosis 
of inflammatory demyelinating disease consistent 
with multiple sclerosis and a sufficient amount 
of tissue for analyses (≥1 mm2). Exclusion criteria 
were the presence of acute disseminated encepha-
lomyelitis,17 neuromyelitis optica,18 or any other 
disease of the central nervous system. Clinical 
information was obtained from patients, family 
members, or physicians; a review of the patient’s 
medical record; face-to-face encounters; or a com-
bination of these sources. Patients received the 
diagnosis of multiple sclerosis according to the 
McDonald19 or Poser20 criteria. A single episode 
indicated a clinically isolated syndrome.

Neuropathological Evaluation

Formalin-fixed, paraffin-embedded sections were 
stained with hematoxylin and eosin, Luxol fast 
blue and periodic acid–Schiff, and Bielschowsky 
silver impregnation. Avidin–biotin immunohisto-
chemical analysis was performed21 with the use 
of primary antibodies22 (see the Supplementary Ap-
pendix, available with the full text of this article at 
NEJM.org). Cortical plaque types were classified 
according to standard criteria,4,5,8 and demyelin-
ating activity was staged according to published 
criteria.23 Grading of cortical inflammation and 
meningeal inflammation is described in the Sup-
plementary Appendix.

statistical analysis

Statistical inference was made on the basis of 
logistic-regression analysis, and the strengths of 
associations were expressed as odds ratios along 
with 95% confidence intervals. Additional details 
are provided in the Supplementary Appendix.
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R esult s

Prevalence and Spectrum of Cortical 
Demyelination

Figure 1 in the Supplementary Appendix shows 
the study design. Of the 138 patients for whom a 
sufficient amount of cortex was available for 
analysis, 53 (38%) had cortical demyelination. Of 
the 85 patients without cortical demyelination, 
12 (14%) had cortical inflammation and 73 (86%) 
had cortex that appeared to be normal. All three 
types of plaque were observed in those with cor-
tical demyelination (Fig. 1A, 1B, and 1C, and Fig. 
2A in the Supplementary Appendix). Of 104 le-
sions studied, leukocortical lesions were the most 
common (52 [50%]), followed by subpial lesions 
(35 [34%]) and intracortical lesions (17 [16%]). 
Some single biopsy specimens contained more 
than one type of plaque (Fig. 1D).

Clinical Characteristics

Biopsies were typically performed at the time of 
presentation, with a median interval from symp-
tom onset to biopsy of 27 days (interquartile range, 
14 to 72). The median time to biopsy was 26 days 
(interquartile range, 13 to 73) for the group with 
cortical demyelination and 44 days (interquartile 
range, 15 to 64) for the group without cortical de-
myelination (area under the curve, 0.56; P = 0.59). 
Of the 138 patients, 77 (56%) underwent compre-
hensive clinical follow-up (median, 3.5 years; inter-
quartile range, 1.3 to 7.5); multiple sclerosis was 
diagnosed in 58 of these patients (75%), and a clin-
ically isolated syndrome was diagnosed in 19 (25%). 
Table 1 in the Supplementary Appendix shows 
the percentages of patients with and those with-
out cortical demyelination according to diagno-
sis, which were not significantly different 
(P = 0.60 by Fisher’s exact test). Table 2 in the Sup-
plementary Appendix shows the percentage of 
patients with cortical demyelination according to 
follow-up group (Fig. 1 in the Supplementary Ap-
pendix). Among those with definite multiple sclero-
sis or a clinically isolated syndrome, the prevalence 
of cortical demyelination was 40%, as compared 
with 38% in the total cohort.

Demyelinating Activity

Cortical lesions in late-stage multiple sclerosis 
show few actively demyelinating plaques,4,5,8 pre-
cluding temporal associations between demyelin-
ation and phagocytic macrophages. Lesions were 
staged according to the presence or absence of 

myelin debris (indicating active or inactive demy-
elination, respectively) within macrophages in a 
subset of cortical lesions (78 lesions from 41 pa-
tients) with sufficient tissue for analysis and with 
a cortical-plaque distribution that was similar to 
the distribution in the overall cohort. Of these 
41 patients, 27 (66%) had cortical lesions that con-
tained foamy macrophages, indicating ongoing 
demyelination. (We observed 39 active lesions.) 
Myelin-laden macrophages were found only in 
the context of cortical demyelination, in all three 
cortical plaque types (Fig. 2A), and most com-
monly in leukocortical lesions (25 of 39 lesions). 
Subpial lesions (4 of 26) and intracortical lesions 
(3 of 13) also contained myelin-laden macrophages 
(Fig. 3A), occasionally found in cortical layer 1 at 
the subpial rim (Fig. 3B) and in the subarachnoid 
space (Fig. 3C). We detected activated microglia 
in all 78 cortical lesions.

Cortical Inflammation

In 38 patients who had a representative cortical-
plaque distribution and sufficient tissue available 
for analysis, we analyzed 71 cortical lesions for 
CD3+ T cells and 70 for CD8+ T cells. Perivascular 
CD3+ T-cell inflammation was observed in 58 of 
71 cortical plaques (82%) (Fig. 2B, 3D, and 3E), and 
CD8+ T cells were present in 54 of 70 cortical 
plaques (77%) (Fig. 3F, and Fig. 2B in the Supple-
mentary Appendix). Leukocortical lesions were 
highly inflammatory. The majority of intracorti-
cal and subpial plaques contained perivascular 
CD3+ and CD8+ T-cell infiltrates. Furthermore, 
23% of subpial lesions contained moderate-to-
marked CD3+ T-cell inflammation. We observed 
B-cell perivascular cortical inflammation in 4 of 
15 cortical plaques analyzed (27%). Owing to lim-
ited tissue availability, we did not probe for the 
presence of other lymphocyte subsets.

Meningeal Inflammation

Of the 138 patients with inflammatory demye-
linating disease and with cortical tissue available 
for analysis, 43 (31%) had meningeal tissue avail-
able for analysis. Of these 43 patients, 15 (35%) had 
cortical demyelination — a proportion similar to 
that in the overall cohort (38%). Tissue specimens 
from 2 patients were initially excluded from the 
analysis because of surgical hemorrhage. We as-
sessed the other 41 patients for focal perivascular 
meningeal inflammation. Surgical hemorrhage 
impaired the assessment for diffuse meningeal in-
flammation in 11 patients, who were then also ex-
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cluded from the analysis. The patients with cortical 
demyelination were more likely to have diffuse 
meningeal inflammation (Table 3 and Fig. 3A in 
the Supplementary Appendix), as well as moderate 
or marked focal perivascular meningeal inflam-
mation (Table 4 and Fig. 3B in the Supplementary 
Appendix), than were the patients without cortical 
demyelination. Diffuse meningeal inflammation 
(Fig. 4A and 4B) was significantly and strongly 
associated with cortical demyelination (odds ratio, 
45; 95% confidence interval [CI], 4 to 478; P<0.001), 
whereas focal perivascular meningeal inflamma-
tion (Fig. 4C, 4E, and 4F) was less strongly, albeit 
still significantly, associated with cortical demye-
lination (odds ratio, 15; 95% CI, 1 to 213; P = 0.002). 
Among confirmed cases of multiple sclerosis or a 
clinically isolated syndrome, robust associations 
between meningeal inflammation and cortical de-
myelination were noted (Tables 5 through 8 in the 
Supplementary Appendix). Remarkably, there was 

a 90% probability that moderate-to-marked menin-
geal inflammation was topographically associated 
with cortical demyelination, especially for subpial 
plaques as compared with intracortical plaques and 
with leukocortical plaques (P = 0.004 for both com-
parisons) with respect to diffuse meningeal in-
flammation, and as compared with intracortical 
plaques (P = 0.001) and leukocortical plaques 
(P = 0.03) with respect to focal meningeal inflam-
mation (Fig. 4C). The time from the onset of symp-
toms to biopsy was not related to the presence or 
absence of cortical demyelination or meningeal 
inflammation.

Neurodegeneration

Neurodegeneration that occurs in multiple sclero-
sis lesions includes neuronal, neuritic, and oligo-
dendroglial injury, in addition to demyelination. 
Such changes in the absence of inflammation have 
been reported in chronic cortical plaques, raising 
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Figure 1. Representative Types of Cortical Demyelinated Plaques in Early Multiple Sclerosis on Immunohistochemical 
Staining for Proteolipid Protein.

Panel A shows leukocortical demyelination; Panel B subpial demyelination (arrows delineate an area of cortex with 
preserved myelin); Panel C intracortical demyelination (arrows), with neurons in the demyelinated lesion (inset); and 
Panel D subpial and leukocortical demyelination in the same tissue section.
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the question of whether inflammation and neuro-
degeneration are independent processes in multi-
ple sclerosis.4,7,24 Several cortical lesions that we 
examined showed neuritic swelling, suggesting 
acute injury, although the majority showed relative 
preservation of neurites. We observed severe focal 
neuritic loss in two subpial lesions (one in each of 
two patients). In one patient, a large focal menin-
geal infiltrate was topographically associated with 

a destructive subpial lesion (Fig. 4D). Oligodendro-
cyte density was reduced (Fig. 5B) in a subset of 
lesions, as compared with adjacent, nondemyelin-
ated cortex (Fig. 5A). Focal neuronal injury was 
apparent in several early cortical plaques (Fig. 5C). 
Neurodegenerative changes occurred on a back-
ground of inflammation (Fig. 5D and 5E).

Discussion

We characterized demyelinating lesions in cortical-
biopsy specimens from patients with early-stage 
multiple sclerosis, which were obtained in passing 
during diagnostic procedures targeting white-
matter lesions (Fig. 4 in the Supplementary Appen-
dix). Nearly 40% of these patients had cortical 
demyelination. Indirect evidence that cortical de-
myelination is common in early-stage multiple scle-
rosis comes from MRI studies showing cortical le-
sions in approximately 30% of 119 patients with a 
clinically isolated syndrome.25 Others have report-
ed cortical lesions and cortical atrophy on MRI in 
patients with early multiple sclerosis,26-29 although 
cortical lesions were not observed in a study of chil-
dren with multiple sclerosis.30

The spatial separation of intracortical and sub-
pial lesions (which together represented about 50% 
of the lesions detected) from the biopsy specimens 
of white-matter lesions suggests intrinsic cortical 
demyelinating disease. The prevalence of intrinsic 
cortical lesions was remarkably high, given the 
small tissue samples available for study (core di-
ameter, 1 mm).

We do not believe that the presence of tumefac-
tive white-matter lesions affects the biology of the 
cortical lesions, hence our interpretation of the 
presence and appearance of these cortical lesions. 
We believe that the patients in our study who un-
derwent biopsy are typical of those with multiple 
sclerosis; among 77 patients for whom long-term 
clinical follow-up data were available, 58 (75%) had 
definite multiple sclerosis and 19 (25%) were 
categorized as having a clinically isolated syn-
drome at the last follow-up.

Understanding the neuropathophysiology of 
multiple sclerosis requires analysis of tissue, which 
carries potential biases. Despite atypical clinical 
and radiographic presentations, evidence suggests 
that the results of biopsy studies in multiple scle-
rosis can be cautiously extrapolated to proto-
typical multiple sclerosis. In a previous study, we 
compared our patients with a population-based 
cohort of 218 persons with definite multiple scle-
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Figure 2. Inflammatory Features of Cortical Plaques.

Panel A shows the percentage of plaques with myelin-laden macrophages, 
according to plaque type, among 78 lesions (41 patients) with cortical de-
myelination. The percentage of myelin-laden macrophages in leukocortical 
plaques (LK) was significantly higher than the percentages in intracortical 
plaques (IC) (P = 0.02) and subpial plaques (SP) (P<0.001). The percentages 
did not differ significantly between IC plaques and SP plaques (P = 0.56). 
Panel B shows the percentage of plaques with mild T-cell inflammation and 
the percentage with moderate or severe T-cell inflammation among 71 lesions 
(38 patients) analyzed on the basis of CD3+ counts. The percentages of 
plaques that showed any inflammation did not differ significantly across 
plaque types (P = 0.09). I bars represent 95% confidence intervals based on 
logistic-regression models. Significance tests were also based on logistic-
regression models.
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rosis who were matched for age, sex, and disease 
duration with 91 persons with inflammatory de-
myelinating disease of the central nervous system 
who underwent biopsy, with a median clinical 

follow-up of 4.4 years.31 Multiple sclerosis devel-
oped in 82 of the 91 patients who underwent bi-
opsy, and the clinical course and extent of disabil-
ity in these patients were indistinguishable from 
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Figure 3. Components of Parenchymal Inflammatory Infiltrates in Cortical Lesions.

In Panel A, myelin-laden macrophages (arrow) indicate the presence of active cortical demyelination in early multiple 
sclerosis (immunohistochemical staining for proteolipid protein [PLP]). In Panel B, macrophages are present in the 
molecular layer of the cortex at the subpial rim (immunohistochemical staining for CD68). In Panel C, myelin-laden 
macrophages (arrow) are also present in the subarachnoid space (PLP staining), and the inset shows the myelin-laden 
macrophage (arrow) at a higher magnification (PLP staining). In Panel D, marked perivascular inflammation is pres-
ent in cortical plaques (PLP staining). Components of the perivascular inflammatory infiltrates include CD3+ T cells 
in Panel E (immunohistochemical staining for CD3) and cytotoxic T cells in Panel F (immunohistochemical staining 
for CD8).
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those of patients in the prevalence cohort, who did 
not undergo biopsy. In another report, multiple 
sclerosis had developed by the time of the last 
follow-up assessment (median, 3.9 years) in 70% 

of 168 patients with tumefactive inflammatory 
demyelinating disease who underwent biopsy.32

The relevance of cortical injury in the diagnosis 
and prognosis of multiple sclerosis is widely ac-

A B

DC

FE

100 µm

250 µm 250 µm

100 µm

500 µm 500 µm

Figure 4. Components of Meningeal Inflammatory Infiltrates.

Panel A shows moderate-to-marked, diffuse meningeal inflammation (hematoxylin and eosin). Panel B shows 
moderate-to-marked, diffuse meningeal inflammation topographically associated with a subpial plaque (immuno-
histochemical staining for PLP). Panel C shows marked perivascular meningeal inflammation topographically asso-
ciated with a subpial plaque (PLP staining). Neuritic loss reflects the destructive nature of the subpial plaque in 
Panel D (immunohistochemical staining for neurofilament). Components of the perivascular meningeal inflamma-
tory infiltrates include CD3+ T cells in Panel E (immunohistochemical staining for CD3) and B cells in Panel F 
(immunohistochemical staining for CD20).
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knowledged.28,33 Cognitive impairment correlates 
positively with gray-matter atrophy,34 cortical-
lesion burden,29 and reduced cortical thickness.35

Cortical-lesion volume is an independent predic-
tor of disability progression at follow-up,35 and 
cortical lesions are less common in patients with 
benign multiple sclerosis, in which remission be-
tween relapses is almost complete, with little (if 
any) accumulation of disability 15 to 20 years after 
the diagnosis.36 Cortical lesions are more common 
in patients who have relapsing–remitting multiple 
sclerosis with seizures than in those who have 
relapsing–remitting multiple sclerosis without sei-
zures.37 Therefore, an understanding of the preva-
lence and extent of cortical demyelination in early 
multiple sclerosis may help inform assessment of 
the prognosis and treatment decisions.

We found that cortical demyelination is com-
mon early in multiple sclerosis, and our character-
ization of the lesion underscored its inflammatory 
character. Cortical demyelination that occurs close 
to the onset of multiple sclerosis differs substan-
tially from that seen in chronic multiple sclerosis. 
These findings do not support a primary (non-
inflammatory) neurodegenerative process during 
early-stage multiple sclerosis. Differences between 
cortical demyelination in early multiple sclerosis 
and in long-standing, progressive multiple sclero-
sis, in which inflammatory cortical demyelination 
is typically not observed, may relate to efficient 
clearance of cortical inflammation.38,39 With re-
spect to a potential mechanism of disease progres-
sion, we speculate that myelin-laden macrophages 
may leave the cortex, enter the cerebrospinal fluid 
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Figure 5. Other Neuropathological Characteristics of Cortical Demyelinating Lesions in Early Multiple Sclerosis.

Panel A shows normal oligodendrocyte density (arrows) in nondemyelinated cortex (immunohistochemical staining 
for 2′3′-cyclic-nucleotide 3′-phosphodiesterase [CNPase]). Panel B shows reduced oligodendrocyte density (arrows) 
in demyelinated cortex (CNPase staining). In Panel C, neuronal injury is evidenced by the presence of pyknotic neurons 
(arrowheads) scattered among healthy neurons (arrow) (hematoxylin and eosin). Microglia in Panel D (immunohis-
tochemical staining for KiM1P) are close to neurons, and T cells in Panel E (immunohistochemical staining for CD3) 
are close to oligodendrocytes.
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(CSF), gain access to deep cervical lymph nodes 
to promote epitope spreading,40 and thus propa-
gate the disease process (Fig. 5 in the Supplemen-
tary Appendix). Antigen-presenting cells injected 
into the CSF of rodents were found in deep cervi-
cal lymph nodes,41 and macrophage-containing 
myelin debris has been observed in the cervical 
lymph nodes of patients with multiple sclerosis.42

Meningeal aggregates in the tissues of patients 
with multiple sclerosis may contribute to cortical 
demyelination and progression.6,11,43,44 During the 
prodrome in experimental autoimmune enceph-
alomyelitis, pathogenic T cells enter the CSF,45,46 
are restimulated by meningeal antigen-presenting 
cells,47 undergo clonal expansion, and produce 
cytokines, promoting T-cell infiltration across pial 
vessels,48 activation of deeper vasculature,49 paren-
chymal invasion, and the onset of disease. These 
mechanisms have been studied mainly in the white 
matter of the spinal cord in experimental auto-
immune encephalomyelitis, adjacent to CSF flow 
pathways. Cortex is the only common CSF-adjacent 
tissue obtained on biopsy in the clinical setting, 
and our findings broadly correspond to observa-
tions made in experimental autoimmune enceph-
alomyelitis (Fig. 5 in the Supplementary Appendix). 
Subpial cortical demyelination showed a strong 
topographic relation to meningeal inflammation, 
suggesting that meningeal infiltrates may contrib-
ute to early cortical demyelination.

We observed concurrent subpial and leukocor-
tical lesions in individual tissue sections, suggest-
ing that superficial demyelinating disease may 
contribute to the generation of deeper lesions by 
means of cytokine diffusion.41 In support of this 
hypothesis, a recent analysis of autopsy specimens 
from patients with progressive multiple sclerosis 
showed antigen-experienced B-cell clones in men-
ingeal aggregates that were identical to those 
found in parenchymal perivascular spaces near 
plaques, as indicated by variable-region sequence 
alignment.50

Our findings of microglial activation, neuritic 
injury, pyknotic neurons, and reduced oligoden-
drocyte density in patients with early multiple 
sclerosis are consonant with the findings in pa-
tients with progressive multiple sclerosis,4 under-
scoring the potential of cortical demyelination to 
cause irreversible injury, although inflammation 
may resolve rapidly. The relationship between early 
cortical demyelination and cognitive impairment, 
disease progression, and cortical atrophy awaits 
future research.
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