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Abstract

Background and Purpose: Corpus callosum (CC) atrophy is a strong predictor of multiple
sclerosis (MS) disability but the contributing pathological mechanisms remain uncertain.
We aimed to apply advanced MRI to explore what drives the often nonuniform callosal
atrophy.

Methods: Prospective brain 7 Tesla and 3 Tesla Human Connectom Scanner MRI were
performed in 92 MS patients. White matter, leukocortical, and intracortical lesions were
manually segmented. FreeSurfer was used to segment the CC and topographically classify
lesions per lobe or as deep white matter lesions. Regression models were calculated to
predict focal CC atrophy.

Results: The frontal and parietal lobes contained the majority (>80%) of all lesion clas-
sifications in both relapsing-remitting and secondary progressive MS subtypes. The
anterior subsection of the CC had the smallest proportional volume difference between
subtypes (11%). Deep, temporal, and occipital white matter lesions, and occipital intracor-
tical lesions were the strongest predictors of middle-posterior callosal atrophy (adjusted
R? = .54-39,P <.01).

Conclusions: Both white matter and cortical lesions contribute to regional corpus callosal
atrophy. The lobe-specific lesion topology does not fully explain the inhomogeneous CC

atrophy.
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INTRODUCTION

Multiple sclerosis (MS) is an immune-mediated inflammatory and neu-
rodegenerative disease causing cognitive and physical disability, result-
ing in high societal costs.! The 2017 McDonald diagnostic criteria have
increased the role of paraclinical assessments, especially that of imag-
ing in the diagnosis and monitoring of MS.23

The corpus callosum (CC) is a large white matter structure com-
posed of commissural fibers connecting the cerebral hemispheres,
which can be reliably segmented on 3-dimesional T1-weighted
images.* A topological specialization of the CC exists, corresponding
to the neuronal interconnectivity of the brain.> A lobe-specific struc-
tural connectivity gradient from anterior to posterior within the CC has
recently been observed by tractography of 100 healthy subjects.® In a
long-term MS follow-up study, the CC was observed as the brain struc-
ture with the highest atrophy rate throughout the disease course,”
and has been found to be associated with both cognitive and physical
disability.2 Corpus callosal atrophy has, furthermore, been shown to
predict cognitive outcomes in MS,” making it a strategic biomarker to
monitor in MS. However, this atrophy does not occur uniformly across
the entirety of the CC,”" 1! and we currently do not understand all the
potential contributing factors to corpus callosal atrophy. Neurodegen-
eration, specifically Wallerian degeneration, is believed to be the result
of both local and distant inflammation, resulting in atrophy of vari-
ous structures.? It has long been observed that cerebral white matter
lesions contribute to CC axonal loss, '3 and that distant lesions with CC
interconnectivity contribute to atrophy via Wallerian degeneration.'*
It is, however, unknown if the lobe-specific lesion burden may explain
the uneven topological gradient in CC atrophy. Better understanding
this relationship may provide insight into the evolution of neurodegen-
eration in MS.

Although MS has been considered a white matter disease, ultrahigh-
field 7 Tesla (T) MRI has been critical in demonstrating gray mat-
ter involvement in vivo, with visualization and characterization of
intracortical, leukocortical, and subpial lesions.1>1¢ Cortical lesions
have, with 7 T, been found to occur in over 90% of early-stage MS
patients.!” Although the white matter lesion accrual rate is highest
among relapsing-remitting MS (RRMS), the cortical lesion accrual rate
has been observed to be higher in secondary progressive (SPMS).18
However, defining the point at which RRMS transitions to SPMS is
very difficult due to multiple independent factors. Currently, there
are no clear imaging, clinical, or immunologic criteria that define
this transition. Practically, this results in a delayed and retrospective
diagnosis.'? Although those with SPMS typically have few new or
gadolinium-enhancing white matter lesions, there exists a persistent
inflammation coupled with mitochondrial dysfunction that results in
axonal damage and ultimately neurodegeneration, including Wallerian
degeneration.2° Of note is that the inflammatory and neurodegenera-
tive components of MS are not mutually exclusive but, rather, both exist
in early stages of the disease,!” and evolve at varying relative rates
throughout the disease course that, in summation, give rise to the clas-

sic disease subtypes defined by current diagnostic criteria.?%22 In this

TABLE 1 Cohortdemographics

Demographics Total cohort RRMS SPMS
Number of patients 92 66 26

Age, years 43+9.6 42+ 9.5 47 +9.1
Sex (F/M) 69/23 53/13 16/10
Disease duration, years 10+ 11 7.5+8.8 19+ 10
EDSS, median, IQR 2.5,2.0-4.0 2.0,1.0-3.0 4.5,4.0-6.0
SDMT z-score 00+14 04+1.0 -10+14

Note: All the data represent mean =+ standard deviation, unless otherwise
indicated.
Abbreviations: EDSS, Expanded Disability Status Scale; F/M, female/male;
IQR, interquartile range; RRMS, relapsing-remitting multiple sclerosis;
SDMT, Symbol Digit Modalities Test; SPMS, secondary progressive multiple
sclerosis.

prolific era of treatment development, there exist numerous promising
biological and small molecule therapies aiming to promote remyelina-
tion and/or provide a neuroprotective effect.?® Importantly, this is not
only for those with RRMS, as for the previous generation of therapies,
but also for those in the progressive stages, where neuroregenerative
therapies might slow down disability progression.?* Better character-
izing the difference between subtypes, such as neurodegeneration via
CC atrophy and lesion accumulation, may provide further understand-
ing of this subtype transition, ultimately affecting the choice of therapy.

In this study, we aimed to study the relative contribution of white
matter lesions, leukocortical lesions, and intracortical lesions within
their respective lobe localization on focal neurodegeneration of the
CC. We furthermore evaluated the group-level difference in CC atro-
phy and lesion load between subtypes in order to explore and discuss

how these biomarkers differ across different disease stages.

METHODS
Participants

A cohort of 92 participants, diagnosed with MS according to the
McDonald criteria,? was included in this study. Detailed demograph-
ics of the cohort are presented in Table 1. As expected, the SPMS sub-
group had a longer disease duration and more neurological disability as
demonstrated by higher Expanded Disability Status Scale (EDSS) and
lower Symbol Digit Modalities Test (SDMT) z-scores normalized based
on the age and education level.2>

MRI acquisition

All 92 subjects were examined with both 7 T and 3 T brain scans.
A Siemens 7 T scanner was used with a custom-built 32-channel
phased-array head coil. A 2-dimensional single-echo FLASH T,*-
weighted spoiled gradient-echo pulse sequence was applied (repeti-
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Lobe-specific white matter and cortex segmentation pipeline. An example of the output from the pipeline segmenting the white

matter and cortex according to frontal, parietal, temporal, and occipital lobes. Additionally, a segmentation of the deep white matter was applied to
cover the white matter that was not defined as part of a specific lobe. FreeSurfer 7.0.0 (http://surfer.nmr.mgh.harvard.edu, Harvard University,

Boston, MA, USA) was used to create the segmentation pipeline.

tion/echo times = 1700/21.8 ms, flip angle 55°, 40 slices each on
two separate slabs covering the whole supratentorial brain, field of
view = 192 x 168 mm, resolution = 0.33 x 0.33 x 1.0 mm, band-
width = 335 Hz/pixel, acquisition time for each slab 7:37 minutes).
Thereafter, the two slabs were co-registered into FreeSurfer space
using a boundary-based registration method. This methodology has
been applied and detailed in previous studies.26-28

The 3 T scans were acquired with the MGH-USC Skyra CON-
NECTOM scanner with a custom-built 64-channel head coil. A
3-dimensional T4-weighted multi-echo magnetization-prepared rapid
gradient-echo (MPRAGE) sequence was acquired for FreeSurfer
anatomical reconstructions (repetition/echo/inversion times =
2530/1.15/1100, 3.03, 4.89, 6.75 ms, flip angle 7°, 176 slices, field of

view = 230 x 230 mm, resolution 1.0 x 1.0 x 1.0 mm, bandwidth 651

Hz/pixel, acquisition time 6:02 minutes).

Lobe and corpus callosum segmentation

FreeSurfer 7.0.0 (http://surfer.nmr.mgh.harvard.edu, Harvard Univer-
sity, Boston, MA, USA) was used to create the segmentation pipeline.29
The full script applied on this cohort can be found on https://github.
com/plattenmichael/LesionNeurodegeneration. Figure 1 shows the
segmentation of the frontal, parietal, temporal, and occipital cere-
bral lobes as defined by FreeSurfer’s -lobeStrict function, using the

Desikan-Killiany atlas. As this definition left a substantial amount of
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7 T T.*-weighted

White Matter Lesion

Intracortical Lesion

white matter unsegmented, an additional segmentation was added to
include the remaining deep white matter not defined as belonging
to a specific lobe. The CC was segmented through FreeSurfer’s stan-
dard subcortical segmentation protocol where the midsagittal slice
is located, and the segmentation extends laterally covering a total of
5 mm in width. The segmentation parcellates the CC in five equidistant
subsections along its own eigendirection: posterior, mid-posterior, mid-

dle, mid-anterior, and anterior.

Lesion quantification

Manual segmentation of cortical lesions was performed, blinded to
patients’ clinical and demographic data, by agreement of two raters
(AT. and C.M.), using Slicer (v. 4.2.0, https://www.slicer.org)®° on the 7
T T,*-weighted gradient-echo brain sequence (Figure 2). The first rater
performed the initial lesion quantification independently by delineat-

ing the lesions. The second rater performed a quality control of all

Lesion Mask

FIGURE 2 Manual segmentation of lesions.
All patients underwent a 7 T T, *-weighted
gradient-echo sequence that was manually
segmented by two trained raters. The first
rater performed an independent evaluation
and segmentation of lesions. The second rater
performed quality control of the
segmentations. Where there was
disagreement, the two raters discussed to find
consensus. The lesions appeared as focal
hyperintensities and had to extend for at least
three voxels and two consecutive slices.

Leukocortical Lesion

lesion segmentations. Where there was disagreement, consensus was
achieved through discussion. The lesions appeared as focal hyperinten-
sities and had to extend for at least three voxels and two consecutive
slices. The white matter lesions were segmented by a semi-automated
method implemented in Slicer. Both these methods have been applied
and detailed previously.?® Brain lesion volumes were extracted using
fslstats (FMRIB Software Library, FSL, v. 5.0, Oxford, UK, http://fsl.

fmrib.ox.ac.uk/fsl).31

Statistical analysis

Statistical analyses were performed using SPSS Statistics v. 25.0 for
Mac (IBM Corporation, Armonk, NY, USA). Normality was determined
by the Shapiro-Wilk test and by evaluation of skewness and kurto-
sis. Group-level comparisons were performed using independent sam-
ple T-test and Mann-Whitney U-test for parametric and nonparametric

data, respectively. Stepwise linear regression analysis was applied for
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Lesion Distribution by Lobe
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Lesion distribution by lobe. The frontal and parietal lobes contained the majority of lesions, of all lesion classifications. Depending

on lesion classification, the temporal and occipital lobes jointly accounted for 6%-20% of the total lesion load. RRMS, relapsing-remitting multiple

sclerosis; SPMS, secondary progressive multiple sclerosis.

lobe-specific lesion load to predict CC volume. A two-tailed P-value <

.05 was considered statistically significant.

RESULTS
Lobe-specific lesion load

The parietal and frontal lobes had the largest proportion of lesion vol-
umes of all lesion classifications (Figure 3). The most abundant lesion
classification was white matter lesions (Table 2). Patients with SPMS
had significantly higher lesion volumes as compared to RRMS, with the
exception being intracortical lesion volumes in the temporal and occip-
ital lobes, where no significant difference was noted. The deep white
matter segmentation accounted for a large portion of the total white

matter lesion load.

Corpus callosum volume

The CC, and all of its subsections, was significantly smaller in partici-
pants with SPMS subtype as compared to the RRMS subtype (Figure 4).
The largest proportional difference was noted in the mid- to posterior
subsections of the CC.

Predictors of corpus callosum atrophy

The best fit models were found for the middle and posterior subsec-

tions of the CC (Table 3). The deep white matter lesions, temporal

and occipital white matter lesions, and occipital intracortical lesions
were significant predictors for the volume of those CC subsections. The
anterior subsections of the CC had relatively weaker models that found
the deep white matter lesions, occipital white matter lesions, and tem-
poral leukocortical lesions to be the most significant predictors of atro-
phy.

DISCUSSION

This study explored the lobe-specific contribution of white matter,
leukocortical, and intracortical lesions to the neurodegeneration of the
CC in MS. We found that the frontal and parietal lobes contain the
largest lesion volumes for all lesion types in both RRMS and SPMS sub-
types. The anterior subsection of the CC had the smallest proportional
volume difference between subtypes. Stepwise linear regression found
the best fit models for the central and posterior portions of the CC, and
that the strongest predictors of atrophy were deep white matter, tem-
poral, and occipital white matter lesions, as well as occipital intracor-
tical lesions. However, no clear spatial association was found between
lesion location and the CC subsection volumes.

Intracortical lesion distribution with 1.5 T and 3 T scanners has pre-
viously found that most intracortical lesions occur in the frontal lobes,
followed by the temporal lobes, parietal lobes, and occipital lobes.3%33
This is in contrast with our study where we found the order of intracor-
tical lesion abundance to be: frontal, parietal, occipital, and temporal.
This difference may be explained by the higher signal and resolution

granted by 7 Tesla imaging that allowed capturing of lesions that are
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relapsing-remitting multiple sclerosis and secondary progressive multiple sclerosis exists between the mid and posterior subsections of the corpus
callosum. Cl, confidence interval; RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis. *P < .05, by
Independent Samples T-Test, two-tailed. **P < .01, by Independent Samples T-Test, two-tailed. P < .05, by Mann-Whitney U-test, two-tailed.

P <.01, by Mann-Whitney U-test, two-tailed. Specific test choice was dictated by Levene’s test for equality of variance of the respective

variables.

more difficult to discern through 1.5 T and 3 T scanners, but larger sus-
ceptibility artifacts and more pronounced field inhomogeneitiesat 7 T
could also contribute to the difference. Our finding that the white mat-
ter lesion volume was highest in the frontal and parietal lobes is echoed
by Sperling et al.3* Similarly, Pandya et al. found higher lesion burden
in the frontal and parietal lobes, followed by the temporal and occipi-
tal lobes.?> Intracortical gray matter in the frontal and parietal lobe has
been observed to significantly atrophy in MS,3¢ which could possibly be
the downstream result of the relative abundance of leukocortical and
intracortical lesions found in these lobes in our present study.

The nonuniform atrophy of the CC has previously been described,
but the factors contributing to this process are not entirely under-
stood. In a study by van Schependom et al., there was a significantly
decreased thickness in the middle portion of the CC in mildly dis-
abled MS patients as compared to healthy controls.2! In a study by

Sigirli et al., the SPMS subtype exhibited greater shape deformation
of the CC than RRMS, but both subtypes exhibited significant defor-
mation as compared to healthy controls. Although there was general
atrophy, they found that the anterior portion and the trunk of the
CC were most strongly affected.© In our study, we found the great-
est proportional CC volume difference between RRMS and SPMS in
the middle and posterior subsections of the CC, which was mostly
affected by deep white matter lesions, occipital and temporal white
matter lesions, and occipital intracortical lesions. Several studies have
presented a topological map of the fibers crossing the CC. Historically
this mapping has been achieved through autopsy,® followed by low-
resolution DTI,%7-3? and now most recently through a high-resolution
DTI.¢ The high-resolution study by Archer et al. presents a topologi-
cal arrangement of tracts where the occipital and temporal lobes cross

the posterior/midposterior portion of the CC, the parietal lobes cross
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TABLE 2 Lobe-specific lesion volumes by MS subtype

Lesion classification volume (ml) RRMS (N = 66) SPMS (N = 26)
Frontal lobe

White matter 0.57+ 1.0 23+4.5"
Leukocortical 0.21+0.54 075+ 14"
Intracortical 0.12+0.19 056+ 14
Parietal lobe

White matter 0.53+1.0 25+33"
Leukocortical 0.077+0.18 0.46+0.92"
Intracortical 0.13+0.22 0.29+0.51
Temporal lobe

White matter 0.15+0.28 0.60+0.78"
Leukocortical 0.018 +0.052 0.13+0.36'
Intracortical 0.017 +£0.039 0.018 +0.029
Occipital lobe

White matter 0.12+0.24 0.45+0.43"
Leukocortical 0.0093 +0.025 0.090 +0.18™
Intracortical 0.017 +0.049 0.033 +0.055
Deep white matter 1.3+1.9 34+36"
Total white matter 27+41 9.3+11"
Total leukocortical 0.32+0.69 14+26"
Total intracortical 0.28 +0.42 0.90 +1.91

Note: Values depicted as mean + standard deviation. N signifies the number
of patients.

Abbreviations: RRMS, relapsing-remitting multiple sclerosis; SPMS, sec-
ondary progressive multiple sclerosis.

*P < .05, by Independent Samples Test, two-tailed.

**P <.01, by Independent Samples Test, two-tailed.
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the posterior/midposterior/middle, and the frontal lobes cross the mid-
posterior/middle/midanterior/anterior portions of the CC.¢ This topo-
logical predominance of tracts crossing the posterior, midposterior,
and middle portions of the CC provides a theoretical framework that
may explain why these subsections exhibit more atrophy and why lin-
ear regression of the lobe-specific lesion contribution to atrophy was
stronger in these regions. Contrary to the results presented by Sigirli
et al., we observed that the anterior subsection of the CC has the small-
est percentual volume difference between RRMS and SPMS. This may
indicate that neurodegeneration is less prominent in the more ante-
rior portions of the CC during the transition between disease subtypes.
Interestingly, we did not find a consistent topological gradient between
lesions spanning frontal to occipital in association with the CC, but we
did find that deep white matter lesions, those that are closest in prox-
imity to the CC, were consistently one of the stronger predictors of
atrophy. The lack of a clear gradient, however, indicates that lesions are
not the sole culprit in causing CC atrophy.

There are several limitations to this study that mandate caution with
interpretation. Although there exists controversy around what defines
alobe according to the cortex, the line to be drawn for the correspond-
ing lobe’s white matter is even less clear. Analogously, the judgment
of where the CC begins and ends as you move laterally from the mid-
line is also not readily apparent. In this study, we thus segmented more
white matter, termed deep white matter, as a large portion of the white
matter lesions were omitted by FreeSurfer’s lobe white matter seg-
mentation. This parceling of lobe white matter could potentially result
in an underrepresentation of the white matter lesion burden of the
“true lobes.” It is also intuitive that this deep white matter, which is the
white matter closest to the CC, was a consistent predictor of atrophy.
Despite these limitations, our study provides an update on the topol-

TABLE 3 Linearregression: Predictors of corpus callosum atrophy
Standardized
Dependent coefficient
variable Independent variables, lesion type Adjusted R? Model F P-value beta P-value
Whole corpus Deep white matter & occipital white matter 49 44 <.01 -0.47 <.01
callosum
-0.31 <.01
CC posterior Deep white matter & temporal white matter .54 54 <.01 —-0.43 <.01
-0.35 <.01
CC mid-posterior Deep white matter & occipital white matter .39 30 <.01 -0.43 <.01
-0.26 014
CC middle Temporal white matter & occipital .39 20 <.01 -0.35 .018
intracortical & deep white matter
-0.18 .030
-0.29 .048
CC mid-anterior Deep white matter .29 39 <.01 -0.55 <01
CC anterior Occipital white matter & temporal .20 12 <.01 —0.33 <.01
leukocortical
-0.22 .33

Abbreviation: CC, corpus callosum.
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ogy of white matter, leukocortical, and intracortical lesions in MS. We
furthermore provide support for CC atrophy being most strongly pre-
dicted by white matter lesions, but that intracortical lesions do play a
significant role in contributing to corpus callosal atrophy. These find-
ings highlight that cortical lesions impact MS neurodegeneration, mak-
ing them a biomarker of interest.
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