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Cortical lesions constitute a keymanifestation ofmultiple sclerosis and contribute to clinical disability and cognitive
impairment. Yet it is unknown whether local cortical lesions and cortical lesion subtypes contribute to domain-spe-
cific impairments attributable to the function of the lesioned cortex.
In this cross-sectional study, we assessed how cortical lesions in the primary sensorimotor hand area relate to corti-
comotor physiology and sensorimotor function of the contralateral hand. Fifty relapse-free patients with relapsing–
remitting or secondary–progressive multiple sclerosis and 28 healthy age- and sex-matched participants underwent
whole-brain 7 T MRI to map cortical lesions. Brain scans were also used to estimate normalized brain volume, peri-
central cortical thickness, whitematter lesion fraction of the corticospinal tract, infratentorial lesion volume and the
cross-sectional area of the upper cervical spinal cord. We tested sensorimotor hand function and calculated a motor
and sensory composite score for each hand. In 37 patients and 20 healthy controls, we measured maximal motor-
evoked potential amplitude, resting motor threshold and corticomotor conduction time with transcranial magnetic
stimulation and the N20 latency from somatosensory-evoked potentials.
Patientsshowedat leastonecortical lesion in theprimarysensorimotorhandarea in47of100hemispheres.Thepresence
ofa lesionwasassociatedwithworsecontralateral sensory(P=0.014)andmotor (P=0.009)compositescores.Transcranial
magnetic stimulation of a lesion-positive primary sensorimotor hand area revealed a decreasedmaximalmotor-evoked
potential amplitude (P<0.001) and delayed corticomotor conduction (P=0.002) relative to a lesion-negative primary sen-
sorimotor hand area. Stepwisemixed linear regressions showed that the presence of a primary sensorimotor hand area
lesion, higherwhite-matter lesion fraction of the corticospinal tract, reduced spinal cord cross-sectional area andhigher
infratentorial lesion volumewere associatedwith reduced contralateralmotor hand function. Cortical lesions in the pri-
mary sensorimotor hand area, spinal cord cross-sectional area and normalized brain volume were also associated with
smallermaximalmotor-evoked potential amplitude and longer corticomotor conduction times. The effect of cortical le-
sions on sensory functionwas no longer significant when controlling for MRI-based covariates. Lastly, we found that in-
tracortical and subpial lesions had the largest effect on reduced motor hand function, intracortical lesions on reduced
motor-evoked potential amplitude and leucocortical lesions on delayed corticomotor conduction.
Together, this comprehensivemultilevel assessmentof sensorimotor braindamage shows that thepresenceof a cortical
lesion in the primary sensorimotor hand area is associated with impaired corticomotor function of the hand, after ac-
counting for damage at the subcortical level. The results also provide preliminary evidence that cortical lesion types
may affect the various facets of corticomotor function differentially.
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Introduction
Multiple sclerosis causes inflammation and demyelination of grey
and white matter in the cerebrum and spinal cord.1 Clinical MRI

protocols at field strengths of 1.5 or 3 T readily capture focal inflam-

mation in the white matter, making MRI invaluable for multiple

sclerosis diagnosis and monitoring of inflammatory activity.2

However, cerebral white matter lesion load is only poorly asso-

ciated with clinical impairment and often fails to explain the indi-

vidual expression of the numerous symptoms affecting multiple

sclerosis patients.3 Other MRI-basedmetrics that primarily capture

the neurodegenerative component of multiple sclerosis, such as

brain and deep grey matter atrophy,4 cortical thickness5,6 and

spinal cord cross-sectional area,7 may improve clinical monitoring

and decision-making. While these MRI-based metrics primarily re-

late to global measures of disease-related pathology and disability,

markers that reflect disability in a specific functional domainmight

be more sensitive to disease progression within the relevant brain

network.8–10 Such function-specific markers could help solve the

clinico-radiological paradox11 and improve the diagnostic and

prognostic credibility of MRI in multiple sclerosis.
Cortical lesions are both frequent and abundant in all stages of

multiple sclerosis.12 Yet, cortical lesions are difficult to visualize
using clinical MRI.13,14 7 T MRI provides a supra-linear increase in
the signal-to-noise ratio, allowing for a drastic increase in spatial
resolution.15 This has been shown to almost double the detection
of cortical lesions,16 even compared to more specialized sequences
on 3 T systems.17–19 Previous studies have demonstrated that cor-
tical lesion load detected with 7 TMRI correlates with cognitive im-
pairment,20–23 the Expanded Disability Status Scale (EDSS)20,21,23–26

and reduced manual dexterity, measured with the 9-hole peg test
(9-HPT).21,22 Cortical lesion load is also associated with disability
worsening26 and disease progression.27,28 Thus, MRI of cortical le-
sions bears great potential as a supplementary clinical and prog-
nostic marker in multiple sclerosis. However, to date, 7 T MRI
studies have only assessed the clinical impact ofwhole brain (or su-
pratentorial) cortical lesion load rather than the impact of cortical
lesions in a given cortical area on domain-related symptoms.

This study aimed to assess the domain-specific physiological
and behavioural consequences of the strategic location of cortical

lesions detected at 7 T in patients with multiple sclerosis.
Therefore, in addition to assessing sensorimotor behaviour, we re-
cordedmotor-evokedpotentials (MEPs) and somatosensory-evoked
potentials (SSEPs) to test how the underlying cortical pathology of
multiple sclerosis affects central sensorimotor physiology.29

Specifically,we investigated howcortical lesions in the ‘hand-knob’
area of the primary sensorimotor cortex30 (SM1-HAND) relate to
manual sensory–motor disability and to alterations in excitability
and conduction of corticospinal projections to the contralateral
hand. The SM1-HAND is the principal cortical input structure and
the final cortical output structure of sensorimotor information to
and from the hands. Thus, area-specific relationships between the
presence and type of cortical lesion and domain-specific dysfunc-
tioncanbe readilyuncoveredat thebehavioural level andwithwell-
establishedneurophysiologicalmethods (MEPandSSEP), enabling a
multifaceted and quantitative assessment of regional cortical
function.

We hypothesized that patients with one or more cortical le-
sion(s) in the SM1-HAND would have (i) higher manual motor and
sensory disability; and (ii) reduced integrity of the corticospinal
tract (CST) measured with MEPs. We further hypothesized that
thiswould (iii) scalewith the number and volume of cortical lesions
in the SM1-HAND; and (iv) be in addition to subcortical motor tract
damage and whole-brain MRI markers of disability. Finally, we ex-
plored the contribution of individual cortical lesion types to behav-
ioural and neurophysiological outcomes. Previous studies have
shown the specificity of motor tract damage to motor disability.8,9

An alternative hypothesis is therefore that brain and spinal cord
damage of the sensorimotor tracts are dominating factors of hand
disability, because the intact portion of SM1-HAND will effectively
compensate for small cortical lesions (in analogy to silent cortical
micro-infarcts in patientswith stroke). If thiswas the case, thepres-
ence of small cortical lesions should play no or only amarginal role.

Materials and methods
Subjects

Weprospectively recruited 50 patientswith a diagnosis of either re-
lapsing–remitting (RRMS) or secondary–progressive (SPMS)
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multiple sclerosis from the outpatient clinic at the Danish Multiple
Sclerosis Center (Copenhagen University Hospital—Rigshospitalet,
Copenhagen, Denmark) between August 2018 and September 2020.
Exclusion criteria were: age below 18 or above 80 years, clinical re-
lapse, corticosteroid therapy or changes in multiple sclerosis-
related medication within 3 months of participation, EDSS above
7, other significant neurologic or psychiatric disorders and contra-
indications to 7 T MRI. We also recruited 28 age- and sex-matched
healthy controls with no significant neurological or psychiatric dis-
orders, nohistory of cerebral haemorrhage or brain damage, noma-
jor medical morbidities and no contraindications to 7 T MRI. A
subset of 37 patients and 20 healthy volunteers participated in a
neurophysiological experiment, including SSEP and MEP measure-
ments. These participants were screened for contraindications to
transcranialmagnetic stimulation (TMS).31 All participants gave in-
formed written consent prior to participation. The study was ap-
proved by the local ethics committee (H-17033372) and monitored
by the local good clinical practice unit. The study complied with
the Helsinki declaration of human experimentation andwas prere-
gistered at www.clinicaltrials.gov (ID: NCT03653585).

Experimental design

Data collection for this prospective cross-sectional study consisted
of three experimental sessions conducted within a month.
Measurements on the first day consisted of behavioural and clinical
examinations and structural whole-brainMRI at 7 T. On the second
day, we obtained diffusion-weighted 7 T MRI images. On the third
day, we performed neurophysiological examinations of the sen-
sorimotor cortex and its connectivity to the contralateral hand
using TMS and SSEPs. None of the participants experienced any re-
lapses during their participation in the experiment.

MRI data acquisition

MRIdatawere collected on a 7 T PhilipsAchieva scannerwith a dual
transmit, 32-channel receive head coil (Nova Medical). The struc-
turalwhole-brainMRI protocol consisted of: (i) amagnetizationpre-
pared (MP) fluid-attenuated inversion recovery (FLAIR); (ii)
T1-weighted MP rapid gradient echo (MPRAGE); (iii) magnetization
prepared 2 rapid gradient echo (MP2RAGE); (iv) T2-weighted turbo
spin echo (TSE); and (v) a T1-weighted sequence. Prospective fat-
navigated motion correction32 was applied during all scans, except
the T1-weighted. In addition, multislice diffusion-weighted im-
aging (DWI) data were collected over 32 diffusion gradient direc-
tions. Detailed sequence parameters are listed in Supplementary
Table 1.

MRI data processing

MRI preprocessing

All structural images were bias-field corrected in SPM12 (https://
www.fil.ion.ucl.ac.uk/spm/software/spm12/) using parameters op-
timized for 7 T MRI.33 The MPRAGE image was skull-stripped, rigid-
ly aligned and resampled to the 0.5 mm3 MNI-space template. The
bias-field corrected FLAIR, T2- and T1-weighted images were linear-
ly co-registered to the MPRAGE image using spm_coreg. MP2RAGE
image calculation was adapted to the inversion times of our se-
quence.MP2RAGE imageswere computed by subtraction of the first
inversion image from the second and by dividing the resulting im-
age by the sumof both inversion images.MP2RAGE contrast images

were affinely co-registered to individual resampled MPRAGE
images using antsRegistationSyn.34

Lesion segmentation

Cortical and white matter lesion masks were manually and inde-
pendently created by three experienced readers (H.C.A.S.,
M.A.J.M. and S.G.). All readers were blinded to participants’ demo-
graphic and clinical status. Lesions were identified using FLAIR as
the primary image, supported byMPRAGE and T2-weighted images.
Segmentations were carried out using either FSLeyes (v.0.34.2,
FMRIB, Oxford, UK) or Jim (v.7.0, Xinapse, Essex, UK). Consensus re-
commendations for cortical lesion segmentation are only available
for double inversion recovery images acquired at 1.5 or 3 T.35

Therefore, we defined cortical lesions similar to previous publica-
tions36,37 as: (i) clearly hyper- (FLAIR, T2-weighted) or hypointense
(MPRAGE); (ii) visible on at least two sequences; and (iii) spanning
at least three voxels on two consecutive (axial) slices. Signal abnor-
malities with a linear or tubular appearance were classified as ves-
sels and not drawn. Forty subjects were randomly selected to
establish joint consensus among readers. For this purpose, all
drawn regions were re-examined and classified according to the
system proposed by Bø et al.38 as either: (i) white matter; (ii) juxta-
cortical, confined to thewhitematter on all sequences but touching
the grey–whitematter boundary; (iii) type I leucocortical, located in
both grey and white matter on at least one sequence; (iv) type II in-
tracortical, confined to the cortical grey matter, not touching the
pial surface on any sequence; or (v) type III/IV subpial, confined to
the cortical grey matter and touching the pial surface on at least
one sequence. Based on the joint consensus, M.A.J.M. classified le-
sions in the remaining 38 subjects. Manual modification of lesion
segmentations was carried out by H.C.A.S. or M.A.J.M. Fig. 1A illus-
trates the appearance of different cortical lesion subtypes on the
used sequences.

Cortical surface reconstruction, parcellation and
volumetric estimation

Surface reconstruction, volumetric segmentation and cortical
thickness estimation was carried out using freesurfer version 7.1.1
(http://surfer.nmr.mgh.harvard.edu/). Samseg segmentation39 with
lesion extension40 was performed on MP2RAGE, T1-weighted,
T2-weighted and FLAIR images with the –use-t2w flag. For four sub-
jects, a T2-weighted scan was not available and segmentation was
performed without. This did not seem to bias segmentations.
Topographical defects in thewhite and pial surface due to juxtacor-
tical or whitematter lesionswere corrected by lesion filling. All sur-
faces were carefully inspected and manual corrections were made
if required. The temporal lobeswere excluded fromvolumetric ana-
lyses in the current study due to low signal-to-noise ratio in some
participants.

Defining the sensorimotor hand knob as region of interest

To determine the role of area-specific cortical lesions on sensori-
motor performance, an experienced reader (M.A.J.M.) identified
the hand-knob bilaterally on individualMPRAGE images. The hand-
knob is an anatomical landmark situated in the precentral gyrus in
which hand motor function is represented.30 A spherical region of
interest with a diameter of 30 mm was centred on the right and
left hand-knob to cover both primary sensory and motor hand
areas (Fig. 1B and Supplementary Fig. 1). The size of the sphere
was determined based on previous estimations of the maximal
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hand-knob size30 and in order to include both the pre- and postcen-
tral cortices. We chose a manual approach because the hand knob
is heterogeneously distributed along the precentral gyrus and be-
cause, to our knowledge, no atlas currently incorporates an
SM1-HAND region. The region of interest was limited to only in-
clude Broadmann areas 1, 2, 3a, 3b, 4a, 4p and 6 derived from free-
surfer segmentations (Supplementary Fig. 1). The cortical lesion
number and volume in these regions of interest were calculated
per hemisphere.

In order to assess the spatial specificity of our results we also in-
vestigated two control regions of interest. The first region of inter-
est was the paracentral area derived from the Desikan–Killiany
atlas from freesurfer segmentations. This area comprises mainly
of leg and genital sensorimotor representations and was chosen
as a within-domain control region. Additionally, we choose a non-
sensorimotor area with a more similar composition of cortical le-
sions as the SM1-HAND region of interest, namely the caudal mid-
dle frontal area from the Desikan–Killiany atlas.

Diffusion-weighted imaging and lesion volumes of the
corticospinal tract

DWI data were available for 67 participants (22 healthy controls
and45patients) due todropout between thefirst and secondexperi-
mental day. DWI data were processed using FSL41 and MRtrix.42 All
imaging volumes were denoised,43 corrected for field inhomogene-
ities with topup44 and eddy current and slice-to-volume corrected
with eddy_cuda.45 Two regions of interest covering the right and
left CST were extracted using the TractSeg toolbox46 and cut at the
brainstem level, determined by individual freesurfer segmentations.
To compute the lesion fraction of theCST, T2-weighted imageswere

affinely transformed to DWI space of each subject with
antsRegistrationSyn. Lesionmasks weremapped to DWI space using
nearest-neighbour interpolation. For four subjects without
T2-weighted images, FLAIR images were used instead. To extend
ouranalysis to subjectswithoutDWIdata, all CST regionsof interest
weremappedontoastudy-specificT1-weighted templategenerated
with antsMultivariateTemplateConstruction2.34 The CST template was
thresholded at 40% overlap, as this threshold resulted in the largest
dice coefficients between the template and original segmentations
of six randomly selected participants. Template CSTs were warped
to individual MPRAGE images (antsApplyTransform) and CST lesion
fractions of subjects that did not have DWI data were estimated in
this space.

Infratentorial lesion volume (brainstem and cerebellum) was
calculated from freesurfer segmentations by back-transforming
these regions to subject space using mri_label2vol and overlaying
the respective lesion masks.

Spinal cord cross-sectional area

Spinal cord cross-sectional area was assessed using the
SpinalCordToolbox.47 Spinal cords were segmented on MPRAGE
images using sct_deepseg_sc. Segmentations were individually re-
viewed by two readers (H.C.A.S. and V.W.) and manually corrected
(V.W.) if needed. The intersection between C2 and C3wasmanually
labelled to aid the identification of cervical spinal cord levels. If sig-
nal loss in the spinal cord area was too significant on MPRAGE,
T1-weighted images were used instead. Spinal cord cross-sectional
area was computed across the C1/C2 segment using
sct_process_segmentation.

Figure 1 7 T depiction of cortical lesion subtypes and sensorimotor hand knob regions of interest. (A) Representable depiction of the appearance of the
three different cortical lesion subtypes and a juxtacortical lesion on the three high-resolution scans used for cortical lesion detection. (B) Visualization
of the hand knob regions of interest including two segmented intracortical lesions. JC= juxtacortical; T2w=T2-weighted.
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Clinical and behavioural examination

EDSS, pyramidal (FSp) and sensory (FSs) functional systems scores
were obtained from patient clinical records if assessed within 3
months of enrolment. Otherwise, EDSS was determined on the se-
condday ofMRI.Manual dexteritywas assessed onbothhandswith
the 9-HPT,48 the Jebsen Taylor hand function test (JTHFT)49 and a
finger tapping task in which maximum tapping rates of each indi-
vidual finger were measured over a 10-s period and responses for
each hand were averaged over all digits. The results from the
9-HPT, JTHFT and finger tapping were Z-scored relative to data
from the healthy participants, separately for each hand. A compos-
ite motor score for each hand was then calculated as the mean
Z-score over the three tests. Motor fatigue was assessed from the
fatigue scale for motor and cognitive functions (FSMC)50 and hand-
edness was tested using the Edinburgh handedness inventory with
participants’ hand dominance assigned based on positive (right-
handed) or negative values.51

Sensory acuity was assessed using the grating orientation dis-
crimination task (GODT).52,53 Grating widths descending from 3 to
2, 1.5, 1, 0.75 and 0.5 mm were applied in either longitudinal or
transverse direction to the distal pad of the index and little finger
of the right and left hand by an experimenter. Gratings were ap-
plied 15 times in each direction in a pseudo-randomized order.
Testing endedwhen performance dropped below 75% of correct re-
sponses. Performance was calculated as:

Threshold = Glow + 0.75− Plow
Pabove − Plow

( )
∗(Gabove − Glow) (1)

with G=grating width, P=% correct trials, low= lowest grating
tested, above= grating width above low similar to Ragert et al.53 If
participants failed at the largest grating width, performance was
calculated as:

Threshold = Glow + 0.75− Plow
Plow

( )
∗(Glow) (2)

If participants scored below 50% chance level, Plow was set to 50%,
setting a ceiling effect of 4.5 mm in the test. Additionally, we as-
sessed sensory deficits by applying light touch and a dull/sharp dis-
crimination test to each individual digit. The digit sensory deficit
score (SDS) was quantified on the ordinal scale of the superficial
sensation test of the EDSS. Responses for each test were averaged
across digits within each hand. Analogously to the assessment of
motor hand function, we calculated a composite sensory score on
the GODT and the SDS. Due to the non-normal distribution of
data, we performed a principal component analysis on scaled and
centred variables from all participants.

Neurophysiological recordings

MEPs were recorded from the first dorsal interosseous muscle
from which we obtained the maximal MEP amplitude (MEPmax)
during contraction.54 The corticomotor conduction time (CMCT)
was calculated based on the F-wave method54 and resting motor
threshold (RMT) was measured as suggested by Rossini et al.55

Lastly, we determined the N20 latency from SSEPs, elicited from
peripheral digital nerve stimulation of the index finger and re-
corded with scalp EEG electrodes. The neurophysiological mea-
surements and analyses are described in detail in the
Supplementary material.

Statistical analysis

Statistical analysis was carried out in R (R-core team, 2021) and lin-
ear mixed-effects modelling was performed using the packages
lme4, multcomp and the step function from the package lmerTest.

Descriptive statistics

Patients were grouped based on the presence or absence of cor-
tical lesions in the SM1-HAND region of interest (CL+, CL−, re-
spectively). Grouping was done separately for the dominant
and non-dominant hemisphere and for the whole brain when
comparing non-lateralized variables. Group differences be-
tween healthy participants and patient groups for metrics not
specific to multiple sclerosis were assessed using Kruskal–
Wallis and post hoc Mann–Whitney U-tests. Disease-specific
variables were compared between the patient groups using
Mann–Whitney U-tests and chi-square tests for categorical
data. P-values were corrected for multiple comparisons using
the Holm method.

Impact of SM1-HAND cortical lesions on manual sensory–
motor function and neurophysiological measures

We used linear mixed-effects models to compare outcome mea-
sures between three groups: Healthy controls, CL+ patients and
CL− patients. A mixed-effects design was chosen to include data
from both the dominant and non-dominant hand/hemisphere in
the models. Fixed effects included Group, Sex, Age and (hand)
Dominance to account for differences in performance of the dom-
inant and the non-dominant hand, and Subject as a random factor
with random intercept. The effect of Group was assessed with like-
lihood ratio tests of the fullmodel against themodelwithoutGroup.
Post hoc comparisons were performed with Tukey’s honest signifi-
cance tests. P-values were corrected for multiple comparisons
using the Holm method. Identical analyses were conducted using
the paracentral and caudal middle frontal control regions of
interest.

In order to ensure the added contribution of SM1-HAND cortical
lesions on the outcome measures showing a significant Group ef-
fect, we also conducted step-wise backwards linear mixed-effects
models. All models considered the following variables for stepwise
deletion:

Outcomevariable � group+ handdominance+ normalized brain volume

+CSTwhitematter lesion fraction+ pericentral cortical thickness

+spinal cord cross sectional area+whole brain cortical lesion number

+infratentorial lesion volume+ sex+ age+ (1|subject)

In this analysis, only patient data were included (i.e. group: CL+
and CL−). Lateralized MRI measures were considered in the
contralateral hemisphere relative to the dominant and non-
dominant hand. A step-wise procedure was conducted with
backward elimination, only on fixed effects. P-values were cal-
culated from F-tests based on Satterthwaite’s approximation,
and the P-value for inclusion was set to P < 0.1 in order to in-
clude contributions of non-significant effects on the beta
coefficients.

Exploratory analysis of cortical lesion subtypes

To explore the contribution of cortical lesion subtypes on our out-
come measures, the final model obtained from the stepwise

3526 | BRAIN 2022: 145; 3522–3535 M. A. J. Madsen et al.

http://academic.oup.com/cid/article-lookup/doi/10.1093/brainj/awac203#supplementary-data


regression analysis was modified to include patient dichotomiza-
tion for the three cortical lesion subtypes. Thus, the reassessed
model included three Group variables (i.e. type I+/−, type II+/−,
type III/IV+/−). Additionally, we explored Spearman’s rank correla-
tions between the outcome measures and cortical lesion volume
and number for each lesion subtype and all cortical lesions in the
SM1-HAND. These correlations were performed in CL+ patients
only.

Correlations with disability

In patients, associations between disability, neurophysiological
measures and MRI metrics were tested with Spearman’s rank cor-
relations in order to investigate the replicability of previous studies.
Bilateral measures were averaged between hands/hemispheres
when tested against non-lateralized measures of disease severity
or MRImetrics. Correlations with disability were corrected for mul-
tiple comparisons by the number of tests conducted for each out-
come variable using the Holm method.

All models were assessed for normality and heteroscedasticity
by visual inspection of residual and quartile-quartile plots.
Outcome variables were transformed if required. To compare the
effects of differentMRI variables from the stepwise regressionmod-
els, standardized β-coefficients and 95% confidence intervals (CI)

are reported. All tests were two-sided and an alpha level of P<
0.05was considered statistically significant. Participantswithmiss-
ing data were excluded from the corresponding analysis.

Data availability

The pseudonymized data can only be shared with a formal Data
Processing Agreement and a formal approval by the Danish Data
Protection Agency in line with the requirements of the GDPR.

Results
Cortical lesions detected with 7 T MRI

Forty-six of the 50 patients showed cortical lesions on 7 TMRI, with
a median of 15.5 (range: 0–98) lesions per patient (Table 2).
Twenty-nine patients (58%) had cortical lesion(s) in the
SM1-HAND region of interest of either one or both hemispheres
and were classified as ‘CL+’ patients. Of these, 22 patients (76%)
had cortical lesions in the dominant SM1-HAND and 25 patients
(86%) in the non-dominant SM1-HAND. Eighteen patients (62%)
had a cortical lesion in both SM1-HAND regions of interest. These
patients are represented as CL+ in both the dominant and non-
dominant groups. The median lesion count for CL+ patients in the
SM1-HAND areawas 1 (range 1–5). In the paracentral control region

Table 1 Global participant demographics, clinical characteristics and MRI measures

Patients

HC (n=28) CL− (n=21) CL+ (n=29) All patients (n=50)

Demographics
Age, years, mean (SD) 44.0 (14.3) 39.1 (9.83) 49.5 (11.9) 45.1 (12.1)
Sex, n (% female) 19 (67.9%) 15 (71.4%) 18 (62.1%) 33 (66.0%)
MS phenotype, n (% RRMS) — 18 (85.7%) 19 (65.5%) 37 (74.0%)
EDSS, median [min, max] — 3.00 [0, 6.50] 3.50 [1.50, 6.50] 3.50 [0, 6.50]
FS pyramidal, median [min, max] — 1.00 [0, 3.00] 2.00 [0, 4.00]a 2.00 [0, 4.00]
Missing (n) — 0 1 (3.4%) 1 (2%)

FS sensory, median [min, max] — 1.00 [0, 2.00] 2.00 [0, 3.00] 1.00 [0, 3.00]
Massing (n) — — 1 (3.4%) 1 (2%)

Disease duration, median [min, max] — 6.00 [0, 24.0] 13.5 [1.00, 35.0]a 10.0 [0, 35.0]
Motor fatigue, median [min, max] — 21.0 [0, 30.0] 21.0 [5.00, 38.0] 21.0 [0, 38.0]
Lesion and MRI measures
Total cortical lesions, # mean (SD) — 8.33 (10.6) 31.2 (24.1)a 21.6 (22.6)
# median [min, max] — 4.00 [0, 44.0] 24.0 [2.00, 98.0]a 15.5 [0, 98.0]

Type I, # mean (SD) — 5.43 (7.68) 14.1 (16.4) 10.5 (14.0)
# median [min, max] — 2.00 [0, 32.0] 7.00 [0, 63.0] 6.50 [0, 63.0]

Type II, # mean (SD) — 1.81 (2.32) 10.5 (8.53) 6.84 (7.90)
# median [min, max] — 1.00 [0, 9.00] 8.00 [1.00, 33.0]a 5.00 [0, 33.0]

Type III/IV, # mean (SD) — 1.10 (1.30) 6.62 (8.01) 4.30 (6.70)
# median [min, max] — 1.00 [0, 9.00] 8.00 [1.00, 33.0]a 5.00 [0, 33.0]

Juxtacortical lesions, # mean (SD) — 7.29 (10.6) 15.8 (15.3) 12.2 (14.1)
# median [min, max] — 2.00 [0, 37.0] 8.00 [0, 45.0] 6.00 [0, 45.0]

White matter lesion volume, cm3 mean (SD) — 8.24 (15.1) 12.3 (13.2) 10.6 (14.0)
cm3 median [min, max] — 2.19 [0.1, 59.4] 8.58 [0.38, 60.7] 4.48 [0.1, 60.7]

Infratentorial lesion volume, cm3 mean (SD) — 0.103 (0.195) 0.116 (0.182) 0.111 (0.185)
cm3 median [min, max] — 0.016 [0, 0.65] 0.057 [0, 0.76] 0.046 [0, 0.76]

Spinal cord CSA, mm2 mean (SD) 62.0 (7.13) 60.6 (7.80) 54.9 (10.1)a,b 57.3 (9.57)
Normalized brain volume, % ICV mean (SD) 60.7 (2.67) 61.0 (5.53) 56.3 (5.18)a,b 58.3 (5.77)

CL−=patients with no cortical lesion in either handknob region of interest; CL+=patients with one or more cortical lesions in one or both handknob regions of interest; CSA=

cross-sectional area; MS=multiple sclerosis; RRMS=elapsing–remitting multiple sclerosis.

Significant values are highlighted in bold.
aP<0.05 between CL− and CL+.
bP<0.05 between healthy controls and patient group.
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of interest therewere 28 CL+ hemispheres and in the caudalmiddle
frontal control region of interest there were 41 CL+ hemispheres.

In healthy controls, cortical hyperintensities were rare. We
found seven cortical hyperintensities in five healthy controls
(range: 0–2; Supplementary Fig. 2). This amount would correspond
to a false positive rate of 0.65%, provided that these cortical hyper-
intensities represent false positives. None of these cortical hyperin-
tensities were in the SM1-HAND.

Clinical characteristics

Population demographics, MRI and clinical information are pre-
sented in Tables 1 and 2. There were no differences in age and
sex composition between healthy controls and patients. Both pa-
tient groups performed worse than healthy controls in all sensory
andmotor tests on both hands, with the exception of finger tapping
for the dominant hand andGODT for CL− patients. Notably, CL+ pa-
tients performed significantly worse than CL− patients in all tasks,
but the effect was only statistically significant for the non-
dominant hand. Additionally, CL+ patients had lower normalized
brain volumes, spinal cord cross-sectional area and pericentral cor-
tical thickness of the non-dominant hemisphere. CL+ patients had
a higher FSp score, longer disease duration and more whole-brain
cortical lesions, with significantly more type II and III/IV lesions.
From the principle component analysis of sensory tests, the first
principal component explained 71% of variance for the dominant
hand and 72.8% of variance for the non-dominant hand and was
used as the composite sensory score.

Lesions in SM1-HAND and contralateral hand
function

In both patient groups, sensory [χ2(2) = 30.57, P<0.001] and motor
[χ2(2) = 28.26, P<0.001] function of the hand was reduced compared
to healthy controls. Additionally, cortical lesions in the SM1-HAND
was associated with poorer motor (mean±standard error: 0.86±
0.33, z=2.61, P=0.009) and sensory (0.49±0.2, z=2.45, P=0.014)
function of the contralateral hand compared with patients without
a lesion (Fig. 2A and B) and healthy controls (motor: 2.16± 0.36, z=
5.94, P<0.001, sensory: 1.38 ±0.22, z=6.2, P<0.001). CL− patients
also performed worse than healthy controls (motor: 1.3 ± 0.35, z=
3.72, P<0.001, sensory: 0.89± 0.22, z=4.12, P<0.001).

Linear mixed models using the control regions of interest did
not reveal any differences between CL+ and CL− patients for motor
or sensory performance (P>0.28; Supplementary Tables 4 and 5).
Prompted by the observation that motor performance of CL+ pa-
tients seemed more affected on the non-dominant side, we per-
formed a post hoc follow-up analysis not specified in the
pre-registration, including an interaction term between Group
and Dominance. Here we found a significant Group × Dominance
interaction [χ2(2) = 6.74, P=0.034] for the composite motor score.
Post hoc tests revealed a difference in motor performance between
CL+ and CL− patients only for the non-dominant hand (P=0.003;
Supplementary Fig. 3).

The statistical effect of SM1-HAND lesions on contralateral mo-
tor hand function remained significant after stepwise variable re-
duction of other variables of interest, including normalized brain
volume,whitematter lesion fraction of the CST, pericentral cortical
thickness, spinal cord cross-sectional area, whole-brain cortical le-
sion number and infratentorial lesion volume. Notably, only covari-
ates related to the sensorimotor system were retained from the
stepwise mixed linear regression model comparing CL+ and CL−T
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patients. In addition to Group [CL+ versus CL− patients, t(91.60)
= 2.83, P=0.006], white matter lesion fraction of the CST [t(59.76) =
3.41, P=0.001], spinal cord cross-sectional area [t(50.69) =−3.34,
P=0.002] and infratentorial lesion volume [t(49.29) = 2.34, P=0.023]
were associated with composite motor scores (conditional R2 =
0.583). For the composite sensory score, Group [t(93.57) = 1.7, P=
0.097], age [t(50.13) = 2.26, P=0.028], spinal cord cross-sectional
area [t(47.73) =−1.74, P=0.088] and infratentorial lesion volume
[t(47.67) = 2.38, P=0.021]were retained in thefinalmodel (condition-
al R2 = 0.651; Fig. 3A and B).

Lesions in SM1-HAND and sensorimotor physiology

A summary of the subpopulation of healthy controls and patients
that underwent neurophysiological examinations is provided in
Supplementary Table 2. Apart from CMCT, all neurophysiological
outcome measures correlated with the composite motor and sen-
sory scores (Table 3).

Examinations of the corticomotor pathway with TMS showed
that cortical lesions in SM1-HAND were associated with a reduced
maximal amplitude of themotor-evoked response in the contralat-
eral hand [χ2(2) = 22.6, P<0.001]. Post hoc tests showed that CL+ pa-
tients had lower MEPmax than healthy controls and CL− patients
(−19.72± 4.5, z=−4.38, P<0.001 and −14.64±3.65, z=−4.01, P<
0.001, respectively). There was no significant difference between

CL− patients and healthy controls (P=0.26). SM1-HAND cortical
lesions were associated with prolonged log-transformed CMCT
[χ2(2) = 17.4, P<0.001], with CL+ patients having longer conduction
times than healthy controls (0.45±0.12, z=3.85, P<0.001) and CL−
patients (0.26±0.08, z=3.24, P=0.002). Using the RMT as a proxy
for cortical excitability, we did not find any statistically significant
differences between Groups [χ2(2) = 4.78, P=0.096] after controlling
for multiple comparisons (Fig. 2C–F). Sensory–cortical conduction
time from the hand to the contralateral SM1-HAND was quantified
with the N20 latency, calculated from SSEP recordings. Patients
with a highly delayed cortical N20 latency all belonged to the CL+
group (Fig. 2F), but the effect of Group on Box–Cox transformed
N20 latency was not significant [χ2(2) = 6.07, P=0.096] after control-
ling for multiple comparisons.

Linear mixed models using the control regions of interest
did not reveal any significant differences between CL+ and
CL− patients for any neurophysiological measures (P>0.05;
Supplementary Tables 4 and 5).

Following stepwise regression, cortical lesions in SM1-HAND
was still associated with a reduced MEPmax [t(73.34) =−3.5, P =
0.001] after accounting for the effects of spinal cord atrophy
[t(37.20) = 4.27, P < 0.001], normalized brain volume [t(38.6) =
−3.58, P = 0.001] and age [t(37.69) =−1.88, P = 0.068] (conditional
R2 = 0.696). Normalized brain volume [t(38.78) = 2.91 P = 0.006],
spinal cord cross-sectional area [t(37.53) =−4.74, P < 0.001] and

Figure 2 Predicted behavioural and neurophysiological measures. Box and violin plots of predicted values from the mixed linear models for healthy
controls and patients with (CL+) and without cortical lesions (CL−) in the contralateral hand knob region of interest. (A) Composite motor score;
(B) composite sensory score; (C) MEPmax; (D) CMCT; (E) RMT; (F) N20 latency. Box plots include median and interquartile range as horizontal lines
and the mean as a black dot. Whiskers indicate the 5th and 95th percentiles. Individual predicted data-points are plotted on either side of the
box plot,with lowopacity representing the dominant hand andhigh opacity thenon-dominant hand. *P<0.05, **P<0.01, ***P<0.001, ns =not significant.
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the presence of a cortical lesion in SM1-HAND was associated
with a delay in CMCT [t(65.53) = 2.87, P = 0.005] (conditional R2 =
0.829).

Stepwise mixed linear regressions were not performed on the
RMT and the N20 latency, given the lack of significant group effects

in the initial analyses. Running the models substituting whole-
brain white matter lesion volume with CST white matter lesion
fraction and whole-brain cortical lesion count with whole-brain
cortical lesion volume did not change any conclusions from the
analyses.

Figure 3 Stepwisemixed linear regressionmodels. Standardized β-coefficients (dots) and 95% standardized CIs of effect size (lines) are plotted for each
variable included from the stepwise mixed linear regression models. (A) Composite motor score; (B) composite sensory score; (C) MEPmax; (D) CMCT.
Negative and positive values denote a negative and a positive relationship, respectively. *P<0.05, **P<0.01, ***P<0.001.WM=whitematter; CSA=cross-
sectional area.

Figure 4 Exploratory stepwise mixed linear regression models of cortical lesion subtypes. Standardized β-coefficients (dots) and 95%
standardized CIs of effect size (lines) for each variable included from the stepwise mixed linear regression models. (A) Composite motor score;
(B) MEPmax; (C) CMCT. Negative and positive values denote a negative and a positive relationship, respectively. *P<0.05,
**P<0.01, ***P<0.001. WM=white matter; CSA=cross-sectional area.
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Cortical lesion subtypes and hand dysfunction

We performed an exploratory analysis in which we grouped pa-
tients based on the presence of cortical lesion subtypes.
Modelling lesion subtypes as fixed effects, we found that the rela-
tion between CL+ and worse composite motor score was primarily
associated with type II intracortical lesions [t(99.41) = 2.38, P=0.02]
and type III/IV subpial lesions [t(99.98) = 2.60, P=0.01]. There was
no significant effect of type I lesions (P=0.42; Fig. 4A). For the neuro-
physiological measures, the statistical effect on MEPmax was asso-
ciated with type II lesions [t(67.79) =−3.59, P=0.001], while CMCT
delay was primarily associated with type I lesions [t(51.59) = 2.27,
P=0.028; Fig. 4B and C]. The composite sensory score was not reas-
sessed, because cortical lesions in SM1-HAND had no statistically
significant effect after stepwise variable reduction. Neither total
nor subtype cortical lesion number or volume correlatedwithman-
ual sensorimotor dysfunction after adjusting for multiple compar-
isons (P>0.78; Supplementary Table 3).

Relation between cortical lesion load and clinical
disability

EDSS scaled with total and type II cortical lesion number and vol-
ume, infratentorial lesion volume and spinal cord atrophy.
Correlations between EDSS and electrophysiological measures,
averaged over both sides, showed significant correlations with
CMCT, N20 latency and MEPmax. FSp correlated only with spinal

cord atrophy after correcting for multiple comparisons. However,
the FSp correlated with all neurophysiological measures. The FSs
correlated with total and type I cortical lesion count. In contrast
to the FS pyramidal score, the FS sensory score did not correlate
with any neurophysiological measures. Motor fatigue scores did
not correlatewith anyMRI or neurophysiologicalmeasures. All cor-
relation coefficients are shown in Table 4.

Discussion
In this study we found that the presence of cortical lesions in the
highly specialized SM1-HAND area was associated with reduced
motor and sensory function of the contralateral hand. Moreover,
by investigating domain-specific function in the sensorimotor
pathways linking the hand and cortex with TMS and SSEPs we
also found that the presence of cortical lesions in SM1-HAND
were associated with delayed corticospinal conduction and re-
duced corticospinal excitability. Importantly, there was still an as-
sociation between the presence of cortical lesions in SM1-HAND
and hand function after accounting for demographic variables
and pathway-specific MRI metrics, which contribute to sensori-
motor dysfunction in multiple sclerosis.

Cortical lesions are associated with domain-specific
functional impairment

To the best of our knowledge, this is the first study investigating the
link between the anatomical location of cortical lesions detected
with 7 T MRI and their relation to domain-related neurological
function. Our findings in relapse-free patients confirm and extend
previous observations in case series of patients showing ‘cortical
relapses’, i.e. the acute appearance of symptoms related to the
emergence of a cortical lesion.56 In one study, five RRMS cases
were reported, presenting with various symptoms, all relating to
a new cortical lesion. One case presented with hypoesthesia of
the left arm and later muscle twitching of the hand, arm and face
which was linked to a large subpial lesion in the contralateral

Table 3 Correlations between behaviour and electrophysiology

Composite motor score Composite sensory score

CMCT 0.27 (P=0.08) 0.15 (P=1)
SEP 0.46 (P<0.001) 0.47 (P<0.001)
MEPmax −0.34 (P=0.019) −0.38 (P=0.009)
RMT 0.46 (P<0.001) 0.37 (P=0.009)

Spearman’s correlation coefficients and Holm corrected P-values. Significant values

are highlighted in bold.

Table 4 Correlations with clinical measures of disability and motor fatigue

EDSS FS pyramidal FS sensory Motor fatigue

Lesion and MRI measures (n=50)
Total cortical lesion count 0.40 (P=0.046) 0.37 (P=0.11) 0.44 (P=0.023) 0.10 (P=1)
Type I count 0.33 (P=0.13) 0.24 (P=0.42) 0.44 (P=0.023) 0.08 (P=1)
Type II count 0.41 (P=0.039) 0.40 (P=0.06) 0.37 (P=0.11) 0.07 (P=1)
Type III/IV count 0.30 (P=0.16) 0.31 (P=0.26) 0.35 (P=0.087) 0.17 (P=1)
Total cortical lesion volume 0.40 (P=0.046) 0.31 (P=0.34) 0.38 (P=0.12) 0.06 (P=1)
Type I volume 0.37 (P=0.075) 0.29 (P=0.35) 0.37 (P=0.11) 0.07 (P=1)
Type II volume 0.40 (P=0.046) 0.30 (P=0.34) 0.29 (P=0.24) 0.00 (P=1)
Type III/IV volume 0.34 (P=0.13) 0.25 (P=0.42) 0.35 (P=0.11) 0.09 (P=1)
Juxtacortical lesion volume 0.22 (P=0.39) 0.20 (P=0.42) 0.37 (P=0.11) 0.00 (P=1)
WM lesion volume 0.24 (P=0.39) 0.27 (P=0.40) 0.29 (P=0.24) 0.13 (P=1)
Normalized brain volume −0.32 (P=0.15) −0.33 (P=0.26) −0.35 (P=0.11) −0.19 (P=1)
Spinal cord CSA −0.50 (P=0.003) −0.42 (P=0.043) −0.28 (P=0.24) −0.24 (P=1)
Infratentorial lesion volume 0.41 (P=0.04) 0.27 (P=0.40) 0.26 (P=0.24) 0.29 (P=0.59)
Mean CST WM lesion fraction 0.22 (P=0.39) 0.25 (P=0.42) 0.24 (P=0.24) 0.12 (P=1)
Mean pericentral thickness −0.1 (P=0.49) −0.20 (P=0.42) −0.19 (P=0.24) −0.02 (P=1)
Neurophysiological measures (n=37)
Mean CMCT 0.50 (P=0.005) 0.62 (P<0.001) 0.11 (P=0.98) 0.21 (P=0.72)
Mean N20 latency 0.43 (P=0.022) 0.52 (P=0.004) 0.16 (P=0.98) 0.00 (P=1)
Mean MEPmax −0.47 (P=0.009) −0.64 (P<0.001) −0.17 (P=0.98) −0.23 (P=0.72)
Mean RMT 0.27 (P=0.1) 0.4 (P=0.015) 0.22 (P=0.78) 0.09 (P=1)

Significant values are highlighted in bold.
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pre- and postcentral sulcus. In another study, seizure activity in a
patient with newly developed inferior limb sensory–motor status
epilepticus was shown to overlap with a new cortical lesion in the
sensory–motor foot area.57 While these studies are mainly qualita-
tive, the observations suggest a link between cortical lesions and
the emergence of acute neurological deficits. Our results further
propose a lasting contribution of cortical lesions to non-acute
domain-specific functional impairments in relapse-free patients.
Our extended analysis showed that the effect of CL+ wasmost pro-
nounced for the non-dominant hand. One explanation for this
could be that continued use of the affected limb ameliorates
the detrimental effects of a cortical lesion, potentially through
use-dependent plasticity.58 This could imply that intensified
rehabilitation of especially the non-dominant side could be benefi-
cial for patients suffering from motor impairment.

Thepresenceofcortical lesions incontralateralSM1-HANDalsoas-
sociatedwith sensory performance. Yet, this effect was no longer sig-
nificant after controlling for other variables that may contribute to
sensory dysfunction. Sensory processing may be less susceptible to
the presence of cortical lesions, given that sensory input is processed
in multiple primary and secondary somatosensory areas.59 Further,
more thorough testing of sensory capabilities, e.g. two-point discrim-
ination, temporaldiscriminationorpositionsense,mighthaveyielded
a more comprehensive sensory composite score and thereby a more
robust relationship with cortical lesions. Future studies should apply
more detailed sensory testing, given the strict somatotopic relation-
ship between sensory input and cortical processing.60,61

In line with previous MRI studies at 1.5 T,62 3 T63,64 and 7 T,20,21,25

we found a positive correlation between whole-brain cortical lesion
load and EDSS scores, further corroborating the association between
cortical involvement and overall disability. Thus, cortical lesions de-
tectedatultra-highfieldare emergingasahighly relevantpathologic-
al marker, which may support the use of whole-brain white-matter
lesion volume as non-specific markers of disease activity. However,
our results suggest increased specificity of MRI-related pathology
when focusing on the neural pathway associated with a particular
functional domain. In line with our results, previous studies have
also attributed numerous neuroimaging findings, specific to the sen-
sorimotor system, to bothglobal (EDSS)8–10,65–67 andhand specificdis-
ability8,67,68 alongwithmotor progression of the contralateral limb.69

Our 7 TMRI data further demonstrate that also lesions in the cortical
component of the corticospinal networkmay contribute to handmo-
tor impairment. Importantly, we were able to show topographical-
and domain-related specificity of our results, as cortical lesion pres-
ence in the control regions of interest had no effect on the outcome
measures. Itwill be highly interesting for future studies to investigate
whether our findings are transferable to other primary cortical do-
mains such as vision or audition.

The exploratory analysis of cortical lesion subtypes suggests
that the Group effect on motor performance was primarily driven
by intracortical type II and III/IV lesions. This is in contrast to two
earlier studies, which found that motor disability was primarily re-
lated to whole-brain cortical type I lesions lesion load.21,22 This dis-
crepancy might reflect the difference in assessing whole-brain
versus regional cortical lesion load. Whole-brain type I, but not
type II–IV, lesions have been shown to relate to white-matter lesion
load21,70 andmay be a stronger indicator of the general disability le-
vel of the patient. On the other hand, our data suggest that types II
and III/IV lesions have a local influence on the function of the cor-
tical area in which they reside. This notion could be explained by
a differential effect of the cortical layer affected by the different le-
sion types, a hypothesis that requires further investigation.

Lesions in SM1-HAND and corticospinal integrity

Patients with cortical lesions in SM1-HAND showed a reduced
TMS-evoked motor response in the contralateral hand along with a
longer corticospinal conduction time relative topatientswithout a le-
sion in SM1-HAND. The effect sizewas larger forMEPmax thanCMCT,
and exploratory analyses further suggest that the reduction in
MEPmax was primarily related to type II intracortical lesions, while
the CMCT delay wasmainly related to leucocortical lesions. Both in-
hibitory and excitatory neurons in the primary motor cortex have
been shown to be affected by cortical lesions,71–73 which may lead
tofaultyactivationof corticaloutputneurons intheCSTandcouldac-
count for the reduction in MEP amplitude. Demyelination has also
been suggested to lead to increased refractoriness of axons.74 This
could in turn impair the high-frequency descending volleys that are
elicitedbyTMS,75 leading todecreasedtemporalsummationat theal-
pha motoneuron level, measurable as a decrease in the MEPmax.

Desynchronization of descending volleys and resulting phase
cancellation at the EMG electrode level,76,77 which is also observed
in healthy controls, is substantially increased in multiple sclerosis
patients because demyelinating lesions slow down conduction vel-
ocity in the CST. In addition, lesions can cause conduction block or
axonal loss in the corticospinal system.78 Dissociating these neuro-
physiological components was not possible in the current study,
and thus, ourCMCTandMEPmax results are likely driven by overlap-
ping mechanisms. Using a triple stimulation technique78 could
help dissociate these processes in future studies.

Delayed central conduction time most likely reflects partial de-
myelination of axons in multiple sclerosis.74 However, our study
suggests that cortical lesions, and type I lesions in particular, may
also contribute to delaying the CMCT. Due to the relatively small
size of cortical lesions, axonal demyelination alone is unlikely to
be the sole explanation of this finding. Histopathological studies
have described reduced neuronal and synaptic density in type I le-
sions79 and grey-matter lesions in general.80Whether neuronal loss
or transection is specific to fast-conducting output neurons in the
motor cortex is unknown, but itmay be a contributor to the conduc-
tion time delays observed in the current study.

In contrast to themotor system,we only found a trend towards a
Group effect of delayed somatosensory conduction times in CL+ pa-
tients. This lack of effect may reflect the difference in specificity of
themotor and sensory system.While TMSmost likely activates pyr-
amidal tractneurons fromboththeprimarymotor, butalsopremotor
and sensory cortices,81,82 digital nerve stimulation of a single finger
elicits a highly selective cortical response.61 It is thus likely that our
relatively large cortical region of interest of SM1-HAND was not se-
lective enough toexpress a clear linkwith theprobedsensorymodal-
ity. However, it should be noted that all patients with a substantially
delayed N20 latency were in the CL+ group (Fig. 2F).

Limitations

The cross-sectional study design limits the causal interpretations
of SM1-HAND cortical lesions on behavioural and neurophysio-
logical outcomes. Damage caused by cortical lesions may be more
severe in acute states andmay be partially compensated by cortical
plasticity and remyelination,58,83 which limits the sensitivity of our
analyses. Although neurobiologically plausible, the causal rele-
vance of our findings and their generalizability to other cortical
areas needs to be corroborated in future longitudinal studies.

Although the introductionof 7 TMRIhas substantially improved
the detection of cortical lesions, 7 T MRI still does not capture the
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full extent of cortical damage and differentiation among lesion sub-
types remains challenging. We identified a mean cortical lesion
number per patient in line with previous 7 T studies,19,21,24 but we
observed a larger proportion of type II intracortical lesions thanpre-
viously describedwithMRI24,25 and histology.16,79,84 Itmight be that
our population of patients exhibited a large amount of type II le-
sions. However, it might also be due to a systematic misclassifica-
tion of type III/IV as type II lesions. Including a T2*-weighted
sequence, which has been suggested to be more sensitive towards
subpial lesions,25 could be beneficial in future studies. The
MP2RAGE sequence also seems sensitive towards cortical lesions.85

However, lesion segmentation with the MP2RAGE sequence in this
study was hampered by data export and image-processing compli-
cations during the lesion segmentation process.

Due to the limited field of view achievable with the 7 T head coil
used in our study, we were not able to detect spinal cord lesions,
which have been identified as relevant structural markers of motor
disability.65,86Wewere, however, able to assess spinal cord atrophy
at the C1–C2 level, which proved to be highly sensitive towards our
outcome measures.

Clinical data from patients were acquired up to 3 months prior
to participation, which might have had some impact on EDSS and
FSMC scores. However, as only relapse-free patients were recruited
and no relapses were reported during participation, this is most
likely to have affected data from our SPMS cohort (n=13).

Lastly, it is important to note that the SM1-HAND is embedded
in a cortico-subcortical motor network, including other sensori-
motor areas in the frontal and parietal cortex, basal ganglia, thal-
amus and cerebellum.87,88 Taking a broader network perspective
that considers additional lesions in non-primary, sensorimotor,
cortical areas might have revealed an even stronger impact of cor-
tical lesions on manual motor control.

Conclusion
In this study, the comprehensive multilevel assessment of sensori-
motor brain damage and dysfunction linked the presence of cortical
lesions in SM1-HAND on 7 TMRI scans to hand disability. Moreover,
the TMS measurements showed that the SM1-HAND containing a
cortical lesion was associated with measures of reduced corticosp-
inal conduction and excitability. Importantly, these effectswere still
present after considering otherMRImetrics of subcortical CST dam-
age and were spatially specific to the contralateral SM1-HAND. Our
results also provide preliminary evidence that various facets of cor-
ticomotor controlof thecontralateralhandmaydisplaydifference in
their susceptibility to the type of cortical lesion.
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