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ABSTRACT

BACKGROUND AND PURPOSE: Leptomeningeal inflammation is associated with the development of global cortical gray matter atrophy
in multiple sclerosis. However, its association with localized loss of tissue remains unclear. The purpose of this study was to evaluate the
relationship between leptomeningeal contrast enhancement, a putative marker of leptomeningeal inflammation, and focal cortical
thinning in MS.

MATERIALS AND METHODS: Forty-three patients with relapsing-remitting MS and 15 with secondary-progressive MS were imaged on a 3T
scanner. Cortical reconstruction was performed with FreeSurfer. Leptomeningeal contrast-enhancement foci were visually identified on 3D-
FLAIR postcontrast images and confirmed using subtraction imaging. Leptomeningeal contrast-enhancement foci were mapped onto the cortex,
and ROIs were obtained by dilating along the surface multiple times (n � 5, 10, 15, 20, 25, 30, 35, 40). Resulting ROIs were then mapped onto the
homologous region of the contralateral hemisphere. Paired t tests compared the thickness of the cortex surrounding individual leptomeningeal
contrast-enhancement foci and the corresponding contralateral region. Results were corrected for the false discovery rate.

RESULTS: Differences between ipsilateral and contralateral ROIs progressively decreased with larger ROIs, but no significant effects were
detected when considering the entire MS sample. In patients with relapsing-remitting MS only, significantly reduced cortical thickness was
found for 5 dilations (�8.53%, corrected P � .04) and 10 dilations (�5.20%, corrected P � .044).

CONCLUSIONS: Focal leptomeningeal contrast enhancement is associated with reduced thickness of the surrounding cortex in patients
with relapsing-remitting MS, but not in those with secondary-progressive MS. Our results suggest that pathology associated with the
presence of leptomeningeal contrast-enhancement foci has a stronger, localized effect on cortical tissue loss earlier in the disease.

ABBREVIATIONS: LMCE � leptomeningeal contrast enhancement; RRMS � relapsing-remitting MS; SPMS � secondary-progressive MS

Neurodegeneration and inflammation are the 2 main patho-

genetic processes in multiple sclerosis, leading to irreversible

tissue loss and disability accrual with time. However, the recipro-

cal causal role has not been fully defined.1,2 Recently, histopatho-

logic studies have focused on the leptomeninges after the discov-

ery of lymphoid-like structures3 associated with cortical damage

in patients with secondary-progressive MS (SPMS). A correlation

among leptomeningeal inflammation, subpial cortical lesions,

and cortical demyelination/degeneration already in the early

stages of the disease has also recently been described.4-8 However,

these findings may not be representative of the disease in general.

First, postmortem studies tend to involve patients older than the

general MS population. Second, biopsied samples of brain tissue

likely stem from patients who have experienced nontypical symp-

toms or a particularly aggressive disease course. Thus, in vivo

studies are attractive because they provide the opportunity to in-

vestigate cortical pathology across the spectrum of MS.

Because the cell aggregates that form the meningeal follicles

are generally very small, the direct in vivo detection of lepto-

meningeal pathology is outside the reach of clinical MR imag-

ing acquisitions. However, histopathologic evidence suggests

that they have an impact on the permeability of the surround-
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ing blood-CSF barrier,9 which can be exploited by high-reso-

lution T2WI FLAIR sequences acquired after the administra-

tion of gadolinium.10-14

Foci of leptomeningeal contrast enhancement (LMCE) have

been reported in patients with relapsing-remitting MS (RRMS)

and SPMS,11-15 which is thought to reflect leptomeningeal in-

flammation as seen histopathologically.11 Increasing evidence

suggests that LMCE is linked to cortical gray matter tissue

loss.12,14,15 Furthermore, LMCE is apparently independent of

white matter tissue volume and white matter lesion load,11,12,14,15

supporting the notion that cortical gray matter and white matter

pathology are at least partially independent of each other.3,16,17

It has been postulated that the leptomeninges represent a site

of chronic inflammation, characterized by the release of soluble

inflammatory factors, resulting in progressive damage to the sur-

rounding cortex, ultimately leading to tissue atrophy.4 Thus, we

hypothesized that cortical areas closer to LMCE foci would be

characterized by a greater degree of atrophy and that the relation-

ship would be stronger in patients with SPMS.

MATERIALS AND METHODS
Study Design and Patient Selection
This cross-sectional study combined data that were either acquired as

part of an ongoing prospective study investigating the role of cardio-

vascular, environmental, and genetic factors associated with MS14,18

or from patients seen as part of their yearly routine clinical examina-

tion. All data were collected between June 2016 to October 2017.

Included patients had either an RRMS or SPMS disease course ac-

cording to the revised 2010 McDonald criteria.19 The study data col-

lection was approved by the institutional review board of the Univer-

sity at Buffalo. All patients who were part of the prospective study

provided written, informed consent. Due to the retrospective nature

of the routine clinical data, we were provided an exemption for ob-

taining informed consent by our institutional review board.

The inclusion criteria were the following: 1) patients with an

RRMS or SPMS disease course; 2) 18 –75 years of age; 3) images

having been acquired on the same 3T MR imaging system with a

standardized protocol that included a 3D-T1WI precontrast ac-

quisition as well as pre- and postcontrast 3D-T2WI FLAIR se-

quences after a single dose of gadolinium injection; 4) 3D-T2WI

FLAIR positive for LMCE on pre-/postcontrast subtraction imag-

ing; and 5) physical/neurologic examination within 30 days from

MR imaging. Exclusion criteria were the following: 1) the pres-

ence of relapse and steroid treatment within the 30 days preceding

study entry; 2) pre-existing medical conditions known to be asso-

ciated with brain pathology (cerebrovascular disease, positive his-

tory of substance abuse); or 3) pregnancy.

Of 342 screened subjects, 58 (17%) met the inclusion criteria

for LMCE positivity on 3D FLAIR pre-/postcontrast subtraction

imaging. Of the included patients in the current study, 43 patients

had an RRMS disease course, while the other 15 were diagnosed

with SPMS.

MR Imaging Acquisition
All scans were acquired on the same 3T Signa Excite HD 12.0 MR

imaging scanner (GE Healthcare, Milwaukee, Wisconsin) with an

8-channel head and neck coil. A magnetization-prepared 3D T1-

weighted image (TE/TI/TR � 2.8/900/5.9 ms, flip angle � 10°,

256 � 256 matrix, voxel size � 1 mm3 isotropic, duration � 9

minutes 18 seconds) and pre- and postcontrast 3D-T2WI FLAIR

sequences were acquired before and 10 minutes after an intrave-

nous bolus of 0.1 mmol/kg of Gd-DTPA (TR/TI/TE � 9000/

2420/600 ms, acquisition matrix � 256 � 192, voxel size � 1.0 �

1.3 � 1.3 mm3, duration � 12 minutes 22 seconds each). The

3D-T2WI FLAIR sequence uses variable flip angles so that the

effective TE of 600 ms for the sequence is equal to a TE of 110 ms

for a conventional spin-echo sequence. In addition, pre- and

postcontrast spin-echo 2D-T1 sequences were acquired before

and 5 minutes after Gd-DTPA injection (TE/TR � 16/600 ms,

matrix � 256 � 192, voxel size � 1.0 � 10 � 3.0 mm3 without a

gap, duration � 4 minutes 34 seconds each).

MR Imaging Assessment
All assessments were performed blinded to patient demographic

and clinical characteristics.

Lesion Volumetry
T2 and gadolinium lesion volumes were calculated using a reliable

semiautomated edge-detection contouring/thresholding tech-

nique with JIM software (www.xinapse.com) on T2WI FLAIR

and 2D-T1WI postcontrast acquisitions, respectively.

LMCE Assessment
LMCE foci were identified on the 3D-T2WI FLAIR postcontrast

image with the aid of a subtraction image (Fig 1).13 LMCE foci

were defined as signal intensity within the subarachnoid space

that was substantially greater than that of brain parenchyma and

characterized as being nodular, linear, or plate-like, as previously

described.11 All LMCE foci were confirmed in consensus by 2

experienced neuroimagers, each with �15 years of experience.

Cortical Measures
Cortical reconstruction was performed on the 3D-T1 images using

the FreeSurfer package, Version 5.3 (http://www.freesurfer.net/).20,21

Before analysis, the input image was lesion-filled to improve the

reliability of cortical thickness measures.22 The 3D-T2 FLAIR pre-

contrast image was then registered to the FreeSurfer-conformed

T1 image using the bbregister tool (https://surfer.nmr.mgh.

harvard.edu/fswiki/bbregister).23 Individual LMCE foci were

then automatically mapped onto the nearest vertex of the pial surface

FIG 1. A representative case depicting the T2WI FLAIR precontrast,
T2WI FLAIR postcontrast, and T2WI FLAIR pre-/postcontrast subtrac-
tion images. The FreeSurfer-derived white and pial surfaces are shown
in yellow and red, respectively. The white arrow shows a focus of
leptomeningeal contrast enhancement.
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using the mri_label2label tool (https://surfer.nmr.mgh.harvard.

edu/fswiki/mri_label2label) in FreeSurfer. Because the putative

extent of cortical thinning was not known a priori, the resulting

point was morphologically dilated along the surface several times

(n � 5, 10, 15, 20, 25, 30, 35, 40) to define the ROI surrounding

the LMCE foci. A representative LMCE focus and corresponding

set of ROIs on the cortical surface are shown in Fig 2. Next, each

ROI was mapped onto the homologous region in the contralateral

hemisphere via nonlinear registration of the surfaces to one an-

other using the mris_left_right_register tool (https://surfer.

nmr.mgh.harvard.edu/fswiki/) in FreeSurfer. Most important, the

registration was performed separately for left to right and right to left

rather than using an inverse transformation, to avoid bias in the con-

tralateral mapping procedure. Quality control was performed at each

step of the processing (eg, brain extraction, white and pial surface

generation, registration), and manual corrections were made as

required.

To validate the primary results, we performed 2 additional

analyses. First, we randomly selected 4 points on the cortical sur-

face (2 for the left hemisphere and 2 for the right hemisphere)

distant from any LMCE foci for each subject. These were then

used as seeds for ROI generation. Second, we mapped the LMCE

foci for a given subject to another randomly selected subject in the

study. For both of these analyses, we then compared ipsilateral

and contralateral thickness measures as we did in the primary

analysis.

Statistical Analysis
Statistical analyses were performed using SPSS (Version 24; IBM,

Armonk, New York). Differences between the RRMS and SPMS

groups in terms of demographics, clinical characteristics, and le-

sion volumetry were analyzed using the Fisher exact, Student t,

Mann-Whitney U, or �2 test, as appropriate. Distributions of the

data were tested for normality using the Shapiro-Wilk test and

examination of histograms.

For each dilation, differences between ipsilateral and con-

tralateral ROIs were examined using paired t tests. All tests as-

sessed the entire cohort and patients with RRMS and SPMS sep-

arately. Exploratory analyses assessed whether there were any

differences when comparing LMCE foci by their appearance (eg,

nodular, linear, plate-like).

The Benjamini-Hochberg procedure was used to control the

false discovery rate, with corrected P values (ie, Q values) � .05

considered significant.

RESULTS
Demographic, Clinical, and MR Imaging Characteristics
Table 1 shows demographic, clinical, and MR imaging character-

istics of the 2 subgroups. Patients with SPMS were older (P �

.023), had a longer disease duration (P � .014), and were more

disabled (P � .003). A total of 80 LMCE foci were identified.

Cortical Thickness Comparison between the Area
Surrounding LMCE Foci and the Contralateral Area
Table 2 shows the results comparing cortical thickness measure-

ments in the region surrounding LMCE foci and in the contralat-

eral region. For LMCE in the entire MS sample and in the RRMS

cohort, the percentage differences between the 2 regions were

greater for more focal ROIs (ie, fewer dilations), but this was not

the case for patients with SPMS. When we considered the entire

cohort, significant reductions in cortical thickness were detected

for 10 and 15 dilations, though these results did not survive mul-

tiple-comparison correction. However, when we limited the anal-

ysis to only the LMCE foci in the patients with RRMS, significant

FIG 2. A representative cortical reconstruction from FreeSurfer is
shown with dilated ROIs overlaid on the cortical surface. Gyri are
shown in green, while sulci are shown in red. The red circle corre-
sponds to the position of the mapped focus of leptomeningeal con-
trast enhancement. Different-sized ROIs are shown in varying colors.

Table 1: Demographic, clinical, and MR imaging characteristics of
the cohort

RRMS
(n = 43)

SPMS
(n = 15)

P
Valuea

Women (No.) (%) 38 (88.4) 11 (73.3) .658
Age (mean) (SD) (yr) 52.8 (12.1) 60.5 (6.7) .023b

Disease duration (mean)
(SD) (yr)

15.2 (8.9) 21.9 (8.3) .014b

EDSS (median) (IQR) 3.0 (2.0–3.5) 6.0 (3.6–6.5) .003b

Age at onset (mean)
(SD) (yr)

37.6 (12.0) 38.7 (8.5) .428

Disease-modifying
therapy (No.) (%)

Interferon �-1a I.M. 14 (32.6) 2 (13.3) .111
Interferon �-1a S.C. 3 (9.3) 0 (0)
Glatiramer acetate 8 (18.6) 2 (13.3)
Natalizumab 4 (9.3) 1 (6.7)
Dimethyl fumarate 2 (4.7) 0 (0)
Fingolimod 3 (7.0) 0 (0)
Teriflunomide 1 (2.3) 3 (20.0)
Rituximab 1 (2.3) 0 (0)
Ocrelizumab 0 (0) 1 (6.7)
IVIG 1 (2.3) 1 (6.7)
No therapy 6 (14.0) 5 (33.3)

No. of LMCE foci 1 (n � 33) 1 (n � 8) .292
2 (n � 8) 2 (n � 4)
3 (n � 2) 3 (n � 3)

LMCE shape (No.) .637
Nodular 36 16
Linear 7 5
Plate-like 12 4

T2 lesion volume (mean)
(SD) (mL)

16.0 (16.2) 15.8 (11.4) .965

Gd lesion volume (median)
(IQR) (mL)

0 (0–0) 0 (0–0) .097

Note:—EDSS indicates Expanded Disability Status Scale; I.M., intramuscular; S.C., sub-
cutaneous; IVIG, intravenous immunoglobulin; Gd, gadolinium.
a P value represents differences between the patients with RRMS and SPMS. The
differences between the groups were analyzed using the Fisher exact, Student t,
Mann-Whitney U, or �2 test.
b P values � .05.
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differences were found for 5 dilations (�8.53%, corrected P �

.04) and 10 dilations (�5.20%, corrected P � .044). No differ-

ences were found in the SPMS cohort. When we compared LMCE

type, no significant differences were detected for the entire cohort

or when assessing patients with RRMS and SPMS separately (re-

sults not shown).

Validation Analyses
No significant results were found for either of the validation anal-

yses, as expected. For the first analysis in which non-LMCE points

were used for ROI generation, the minimum corrected P values

were .878, .912, and .955 for the entire cohort, patients with

RRMS, and those with SPMS, respectively. For the second analysis

in which LMCE foci were mapped to another randomly selected

subject, the minimum corrected P values were .782, .825, and .881

for the entire cohort, patients with RRMS, and those with SPMS,

respectively.

DISCUSSION
In this cross-sectional study, we demonstrated that LMCE foci are

associated with localized cortical atrophy in RRMS, suggesting a

direct link between leptomeningeal inflammation and focal thin-

ning of the cortex in these patients. Moreover, we found that the

relative decrease of cortical thickness in the area surrounding

LMCE foci followed a clear gradient with larger regions progres-

sively reflecting smaller differences. We also performed validation

analyses to bolster the overall confidence in our findings. These

results suggest that our findings are not driven by age-related

atrophy or cortical asymmetries nor are they a consequence of

imaging or postprocessing artifacts. However, contrary to our ini-

tial hypothesis, we did not find an apparent relationship between

focal thinning and LMCE presence in the SPMS cohort.

Histopathologic studies have revealed strong associations be-

tween meningeal inflammation and cortical damage in the form

of numerous features, including demyelination4,24 and loss of

neurons, astrocytes, and oligodendrocytes.24 A more focal topo-

graphic association between leptomeningeal inflammation and

cortical demyelination was reported compared with a relatively

wider pattern of neuronal loss in the surrounding cortex.24 These

findings support the notion that the meninges play a role in the

development and maintenance of an inflammatory milieu.25 In

this context, it is likely that cytotoxic cytokines, originating from

ectopic lymphoid-like structures in the meninges,9 diffuse

through the subarachnoid space and have a direct, causative role

in the development of cortical pathology. Although the exact rea-

son for the apparently greater effect on neuronal loss is not yet

clear, it might be related to increased sensitivity of neurons to

cytotoxic damage.24 Another possibility is that areas farther away

from focal meningeal inflammation may have a better chance at

successful remyelination due to the reduced frequency of direct

contact with diffusing cytokines. Nevertheless, it is perhaps sur-

prising that we were unable to find evidence of increased cortical

thinning in the areas surrounding LMCE foci in the SPMS cohort.

The combination of other pathologic processes along with a

less localized effect of long-lasting leptomeningeal inflammation

might, in part, explain the apparent lack of an association in the

advanced stage of MS. Another possibility is that the largest effect

of leptomeningeal inflammation on localized neurodegeneration

occurs during the early-to-midterm period once an LMCE focus

develops. Subsequently, other pathologic features, such as retro-

grade and anterograde degeneration following axonal transection

due to white matter lesions,26 may end up playing a greater role in

the development of cortical atrophy. Diffusion tensor imaging

studies have revealed a clear link between thinning of the cortex

and damage in the so-called normal-appearing white matter of

connected fiber tracts.27,28 Tract-specific measures of white mat-

ter bundles connected to cortical areas surrounding the LMCE

foci may be useful to explore this possibility. Finally, it has been

reported that even healthy controls may present with nodular

LMCE foci; thus, this subtype might not be MS-specific.12 We did

not find, however, any cortical thickness differences when com-

paring the type of LMCE focus.

An alternative explanation for the lack of significant differ-

ences in the SPMS cohort is that the overall degree of leptomen-

ingeal inflammation is greater in these patients compared with

those with an RRMS disease course. In such a scenario, one could

hypothesize that the contralateral side is affected to a similar de-

gree; thus, no differences in cortical thickness are observed. While

the detection of leptomeningeal inflammation, as evidenced by

LMCE, may be poorer with 3T MR imaging compared with

7T,12,29 such an explanation seems unlikely. A recent study found

that global cortical atrophy was numerically greater, but not sta-

tistically different, during 5 years of follow-up in patients with

Table 2: Cortical thickness measurements in the ipsilateral region surrounding focal areas of leptomeningeal contrast enhancement
and in the contralateral regiona

Entire Cohort (80 LMCE Foci) Patients with RRMS (55 LMCE Foci) Patients with SPMS (25 LMCE Foci)

Dilations Ipsilateral Contralateral
Pct.
Diff. P/FDR-P Ipsilateral Contralateral

Pct.
Diff. P/FDR-P Ipsilateral Contralateral

Pct.
Diff. P/FDR-P

5 2.043 (.515) 2.149 (.556) �5.06 .07/.187 2.031 (.534) 2.212 (.567) �8.53 .005/.04b 2.070 (.480) 2.000 (.510) 3.44 .562/.823
10 2.063 (.437) 2.160 (.476) �4.59 .016/.128 2.099 (.455) 2.211 (.501) �5.20 .011/.044b 1.979 (.387) 2.039 (.396) �2.99 .493/.823
15 2.088 (.411) 2.153 (.413) �3.07 .039/.156 2.141 (.414) 2.208 (.432) �3.08 .055/.147 1.964 (.383) 2.023 (.339) �2.96 .384/.823
20 2.114 (.286) 2.136 (.385) �1.04 .409/.554 2.167 (.394) 2.196 (.395) �1.33 .365/.417 1.989 (.342) 2.000 (.325) �.55 .895/.895
25 2.116 (.362) 2.131 (.368) �.71 .485/.554 2.167 (.376) 2.194 (.377) �1.24 .306/.408 1.996 (.301) 1.983 (.306) 0.65 .749/.856
30 2.113 (.348) 2.131 (.354) �.85 .342/.554 2.162 (.363) 2.195 (.361) �1.51 .137/.274 1.997 (.284) 1.980 (.291) 0.85 .617/.823
35 2.115 (.338) 2.127 (.342) �.57 .483/.554 2.165 (.353) 2.190 (.347) �1.15 .191/.306 1.998 (.273) 1.977 (.284) 1.06 .509/.823
40 2.117 (.327) 2.120 (.332) �.14 .882/.882 2.168 (.341) 2.180 (.336) �.55 .529/.529 1.998 (.261) 1.979 (.282) 0.95 .485/.823

Note:—Pct. Diff. indicates percentage difference; FDR, false discovery rate.
Ipsilateral and contralateral columns represent mean (standard deviation) cortical thickness measures in millimeters.
a Paired t tests comparing the ipsilateral and contralateral regions were used to calculate P values. The Benjamini-Hochberg procedure was used to control the false discovery
rate.
b Corrected P values � .05.
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SPMS with LMCE foci compared with those without them.14 In

line with the current findings, that same study found a signifi-

cantly greater rate of cortical atrophy in patients with RRMS with

LMCE foci compared with those without them. One other possi-

bility is that because the overall extent of gray matter loss in pa-

tients with SPMS is so extensive throughout the cortex, any focal

effects surrounding individual LMCE foci are lost. Finally, LMCE

foci might not reflect the exact same underlying pathology

throughout the course of the disease, leading to differential effects

on cortical atrophy between patients with RRMS and those with

SPMS. Currently, this possibility remains purely speculative.

Our study has limitations. First, the data were retrospectively

analyzed, and the study was cross-sectional. Although most

LMCE foci appear to remain stable with time, at least during the

midterm,11 it is unclear how quickly they effect the development

of cortical thinning. The study sample was relatively small, espe-

cially for the SPMS group, which had only 15 patients. This draw-

back is somewhat offset, however, because the analysis was

performed at the level of individual LMCE foci rather than sub-

ject-wise. In this regard, about 31% (25 of 80) of all foci were from

patients with SPMS. Moreover, differences between ipsilateral/

contralateral ROIs in patients with SPMS did not follow the clear

progression that was found in patients with RRMS with respect to

ROI size. Nevertheless, future studies are warranted with larger

sample sizes. In addition, our study protocol did not include a

double inversion recovery sequence to aid in the visualization of

cortical lesions. Subpial lesions, which histopathologic data sug-

gest are linked to leptomeningeal inflammation,4 are generally

not visible even with double inversion recovery at 3T.30 However,

a recent 7T study found a limited association between individual

LMCE foci and the presence of cortical lesions, suggesting that the

role of leptomeningeal inflammation on the development of cor-

tical lesions might actually be weak.31

CONCLUSIONS
Our in vivo MR imaging study supports previous histopathologic

findings, suggesting that leptomeningeal inflammation, as evi-

denced by LMCE, is anatomically related to focal cortical thinning

in patients with RRMS. These findings, especially the apparent

lack of an association in the SPMS phenotype, should be con-

firmed in prospective studies with larger sample sizes.
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