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Purpose: To investigate in vivo the spatial specificity of the interdepen-
dence between intracortical and white matter (WM) patho-
logic changes as function of cortical depth and distance from
the cortex in multiple sclerosis (MS), and their independent
contribution to physical and cognitive disability.

Materials and This study was institutional review board-approved and
Methods: participants gave written informed consent. In 34 MS pa-
tients and 17 age-matched control participants, 7-T quan-
titative T2* maps, 3-T T1-weighted anatomic images for
cortical surface reconstruction, and 3-T diffusion tensor im-
ages (DTI) were obtained. Cortical quantitative T2* maps
were sampled at 25%, 50%, 75% depth from pial surface.
Tracts of interest were reconstructed by using probabilistic
tractography. The relationship between DTI metrics vox-
elwise of the tracts and cortical integrity in the projection
cortex was tested by using multilinear regression models.

Results: In MS, DTI abnormal findings along tracts correlated with
quantitative T2* changes (suggestive of iron and myelin
loss) at each depth of the cortical projection area (P <
.01, corrected). This association, however, was not spa-
tially specific because abnormal findings in WM tracts
also related to cortical pathologic changes outside of the
projection cortex of the tract (P < .001). Expanded Dis-
ability Status Scale pyramidal score was predicted by axial
diffusivity along the corticospinal tract (B = 4.6 X 107
P < .001), Symbol Digit Modalities Test score by radial
diffusivity along the cingulum (B = —4.3 X 10% P < .01),
and T2* in the cingulum cortical projection at 25% depth
B=-1.7; P < .05).

Conclusion: Intracortical and WM injury are concomitant pathologic
processes in MS, which are not uniquely distributed ac-
cording to a tract-cortex—specific pattern; their associa-

tion may reflect a common stage-dependent mechanism.

©RSNA, 2015

Online supplemental material is available for this article.
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istopathologic and magnetic res-

onance (MR) studies established

that cortical demyelination is
frequent in multiple sclerosis (MS)
(1), and may represent the pathologic
substrate of disease progression (2-5).
Neuropathologic and neuroimaging ex-
aminations also observed diffuse path-
ologic changes in the normal-appearing
white matter (WM) (6) that was unre-
lated to focal WM lesions, associated
with progressive axonal injury (7), and
strongly correlated with clinical out-
come measures (8,9).

Knowledge of the interdependence
between cortical and WM injury in MS
is elusive. Most in vivo studies that
found a relationship between cortical
and WM pathologic changes in MS
were based on global brain measure-
ments of tissue damage (10,11). A
few in vivo studies reported a regional

Advances in Knowledge

B [n patients with multiple sclerosis
(MS), diffusion tensor imaging
(DTI) abnormal findings in white
matter (WM) tracts, including
the corticospinal tract, cingulum,
and superior longitudinal fascic-
ulus, correlated with longer T2*
at 7-T MR imaging measured at
different depths of the cortex in
the projection area of the tracts
(P < .01), but not with cortical
thickness.

® DTI abnormal findings in each
tract of interest were also related
with T2* changes in cortical
regions outside the cortical
projection area of the WM tract
(P < .001).

B A multivariate model determined
that, in the MS cohort, the Ex-
panded Disability Status Scale
pyramidal score was predicted by
axial diffusivity along corticospi-
nal tract (P < .001), while
Symbol Digit Modalities Test
score was predicted both by
radial diffusivity along the cin-
gulum (P < .01) and by T2* at
25% depth from the pial surface
in the cortical projection of the
cingulum (P < .05).

association between WM and gray
matter degeneration in MS; however,
the spatial specificity of this associ-
ation was not investigated (12-15).
Only one postmortem study found that
degeneration in specific cortical areas
and underlying normal-appearing WM
demyelination followed a tract-specif-
ic pattern (16), which suggests that
MS pathologic changes could spread
across cortex and WM through estab-
lished anatomic connections.

A reproducible surface-based
(17,18) measure of T2* at 7 T (18,19)
was recently developed that allows
assessment of cortical integrity as a
function of cortical depth from the pial
surface toward the gray matter—-WM
boundary. Studies about histopathologic
and MR imaging correlations reported
increased (ie, longer) T2* in WM and
cortical MS lesions, which correspond-
ed to decreased myelin and iron content
(20,21). We recently demonstrated, in
a heterogeneous MS cohort, that quan-
titative T2* was increased at different
cortical depths throughout stages of MS
relative to healthy control participants,
and proved to be a marker of neuro-
logic disability more sensitive than cor-
tical tissue loss (22).

In a subset of subjects from this MS
cohort, we collected diffusion-tensor
imaging (DTI) data to investigate, in

Implications for Patient Care

B [maging tools able to assess intra-
cortical pathologic changes as a
function of cortical depth are
more sensitive than measures of
global cortical tissue damage for
investigating the relationship
between cortical and WM patho-
logic changes in MS.

B The relationship between intra-
cortical and WM injury is not
uniquely distributed according to
a tract-cortex—specific pattern.

B [ntracortical- and WM-localized
pathologic processes contribute
independently to clinical outcome
measures in MS, which supports
the use of regional assessments
of WM and intracortical damage
to monitor disease progression.

vivo, the spatial specificity of the inter-
dependence between intracortical and
WM pathologic changes as function of
cortical depth and distance from the
cortex, and their independent contribu-
tion to physical and cognitive disability.

Materials and Methods

Patients and Study Design

All study procedures were approved by
the institutional review board of our in-
stitution, and patients provided written
informed consent to participate in the
study. Forty-four patients with MS were
prospectively enrolled after screening
for inclusion and exclusion criteria be-
tween May 2010 and May 2013. Eight
patients were excluded because of lack
of DTI data, one patient because of
the presence of tumor-like lesion, and
two patients because of motion arti-
facts during MR imaging. Thirty-four
MS patients (23 women), a subset of
a previously published cohort that in-
cluded 41 patients with MS (22), and
included cases with clinically isolated
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syndrome (n = 2), relapsing remitting
(n = 23), and secondary progressive
MS (n =9), and 17 control participants
(including nine women) were therefore
included in this study. Except for eight
patients, patients with MS were on sta-
ble treatment (ie, at least 6 months)
with disease-modifying therapies. Inclu-
sion criteria were diagnosis of clinically
isolated syndrome or clinically defined
MS, age between 18 and 60 years, no
relapses in the past 3 months, and no
steroid treatment in the month before
enrollment in the study. Exclusion cri-
teria were significant psychiatric and/or
neurologic disease (other than MS for
patients), major medical comorbidity,
pregnancy, and contraindications for
MR imaging.

In patients with MS, we assessed neu-
rologic disability by using the Expanded
Disability Status Scale (23) by certified
neurologists (R.P.K., J.A.S., M.D.G,,
A.S.N.) and attention and information
processing speed by using the Symbol
Digit Modalities Test (SDMT; performed
by N.M.) within a week of imaging.

MR Imaging Data Acquisition

All patients underwent two examina-
tions 1 week apart: one examination
was performed with a 32-channel-coil
3-T imager (Tim Trio; Siemens, Erlan-
gen, German) and the other was per-
formed with a 32-channel-coil 7-T (Sie-
mens) imager. Sequences acquired at 3
T included a three-dimensional magne-
tization-prepared rapid acquisition with
multiple gradient echoes examination
for cortical surface reconstruction and
coregistration with 7-T data and a dif-
fusion-weighted spin-echo echo-planar
examination. Sequences acquired at
7 T included a multiecho two-dimen-
sional fast low-angle shot T2*-weight-
ed spoiled gradient-echo (GRE) pulse
sequence to generate quantitative T2*
maps, a single-echo two-dimension-
al fast low-angle shot T2*-weighted
spoiled GRE pulse sequence for WM
lesion segmentation, and a T1-weighted
three-dimensional magnetization-pre-
pared rapid acquisition gradient echo
for coregistration purposes. Specifics
of imaging sequences are presented in
Appendix E1 (online).

MR Imaging Data Processing
An overview of imaging processing is
summarized in Figure 1.

Cortical metrics.—Intracortical quan-
titative T2* mapped at different cortical
depths and cortical thicknesses were
used as measures of cortical integrity.

Pial and WM surfaces and cortical
thickness maps were generated by us-
ing software (FreeSurfer version 5.3.0;
http://surfer.nmr.mgh.harvard.edu/),
which was previously detailed (24) in
3-T anatomic examinations. The pipe-
line for surface reconstruction from
7 T is not optimal because of large B,
inhomogeneities (25). Topologic defects
in cortical surfaces because of WM and
leukocortical lesions were corrected by
using a semiautomated procedure with
a lesion inpainting method (performed
by C.L., S.T.G., C.G., C.M., with 7, 5,
3, and 15 years of experience in imaging
analysis, respectively).

Mean cortical thickness (in milli-
meters) was estimated for the whole
brain and within regions of interest
for each hemisphere (the tract cortical
projection area, as further described).

Intracortical quantitative T2* maps
(in milliseconds) were estimated from
7-T fast low-angle shot multiecho T2*
images in each patient and registered
onto the corresponding 3 T cortical sur-
faces as previously detailed (18,19,22).
Quantitative T2* was sampled at 25%,
50%, and 75% depth from the pial sur-
face (0% depth) to the gray matter—-WM
boundary (100% depth) over the en-
tire surface and within regions of in-
terest for each hemisphere (the tract
cortical projection area will be further
described in this article). We used an
equidistant model for sampling quan-
titative T2* within the cortex because
of its excellent reproducibility (18) and
because it was comparable to equivol-
ume modeling on in vivo data with spa-
tial resolution similar to that used in
our study (26).

WM metrics. —WM lesions were
segmented (C.L., C.G.) on magni-
tude images from 7-T single-echo fast
low-angle shot T2* examinations with a
semiautomated method (3D Slicer, ver-
sion 4.2.0; http://www.slicer.org) by
using the information of coregistered

3-T T2 images or FLAIR images to
check for accuracy of lesion segmenta-
tion. WM lesion volume was computed
on the whole brain and within tracts of
interest by using FMRIB Software Li-
brary (FSL, http://fsl.fmrib.ox.ac.uk/
Ssl/fslwiki/FSL).

DTI images were processed by using
Tracts Constrained by Underlying Anat-
omy tool (FreeSurfer) (27,28), detailed
in Appendix E1 (online), to obtain WM
and normal-appearing WM diffusion
metrics, including fractional anisotropy,
axial diffusivity, and radial diffusivity
along the following four tracts: the corti-
cospinal tract, the anterior thalamic radi-
ation, the parietal branch of the superior
longitudinal fasciculus, and the cingulum.

The identification of cortical
projection area of WM tracts is detailed
in Appendix E1 (online).

Statistics

Demographics and global MR imaging
metrics.—Demographics  were
pared between patients and controls by
using Mann-Whitney U test or x> test
for sex repartition. We used an analysis
of variance controlled for age and sex
to compare global cortical thickness
and cortical T2* between patients and
controls. All statistical analyses were
performed with software (R statistical
package, version 2.13.1; R Project for
Statistical Computing; www.r-project.
org). P values < .05 were considered
statistically significant.

Surface-based statistics.—A general
linear model was used in FreeSurfer to
assess vertex-wise differences in cor-
tical thickness and quantitative T2" at
each depth from the pial surface (at
25%, 50%, and 75%) between pa-
tients and control participants. Before
surface-based analyses, we smoothed
quantitative T2* surfaces and cortical
thickness surfaces by using, respec-
tively, a 5-mm full width at half max-
imum Gaussian kernel and a 10-mm
full width at half maximum Gaussian
kernel. Individual surfaces were regis-
tered to the surface template “fsaver-
age” in FreeSurfer. Age and sex were
included as adjustment variables in gen-
eral linear model analyses. We applied
a clusterwise correction for multiple

com-
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Figure 1:  Imaging analysis pipeline. The 7-T quantitative multiecho (ME) T2* cortical maps were obtained voxel-wise by using Levenberg-Marquardt nonlinear

regression analysis. Anatomic 3-T magnetization-prepared rapid acquisition with multiple gradient echo (MEMPR) images were processed by using FreeSurfer

to reconstruct cortical surfaces and compute cortical thickness. Quantitative T2* maps were registered to the cortical surfaces, and sampled at 25%, 50%, and
75% depths from the pial surface. Diffusion weighted images (DWIs) were processed through the four steps of Tracts Constrained by Underlying Anatomy pipeline
in FreeSurfer to, 7, generate DTI metrics, including fractional anisotropy (FA), radial diffusivity, and axial diffusivity maps; 2, run probabilistic tractography; 3, generate
fractional anisotropy, radial diffusivity, and axial diffusivity profiles along WM paths in a patient’s native space; and, 4, to realign paths on the Montreal Neurologic
Institute (MNI) template and generate fractional anisotropy, radial diffusivity, axial diffusivity profiles for group statistics. CT = cortical thickness, NAWM = normal-
appearing WM, RO/ = region of interest.

comparisons by using a Monte Carlo
simulation with 10000 iterations.
Tract-based statistics. —We used
linear regression models for the
following reasons: to assess voxel-
wise differences in WM axial diffu-
sivity, radial diffusivity, and fractional
anisotropy along tracts of interest be-
tween patients and controls; and to

correlate voxel-wise WM DTI metrics
along each tract of interest against
markers of cortical integrity (ie, corti-
cal thickness, and quantitative T2* at
25%, 50%, and 75% depth from pial
surface) in the corresponding cortical
area of projection of the tract. Age,
sex, and total motion index,
puted for each patient on the basis of

com-

the four motion measures from Tracts
Constrained by Underlying Anatomy
(27), were included as adjustment
variables. To assess whether the re-
lationship between cortical and WM
pathologic changes was spatially spe-
cific, we also investigated the corre-
lation between DTI metrics along all
four tracts of interest and markers of

Radiology: \olume 278: Number 2—February 2016 = radiology.rsna.org
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cortical integrity in regions on which
the tracts did not project.

For tract-based analyses, values
from left and right hemispheres were
pooled together. P values along the
tracts were corrected for multiple com-
parisons by using false discovery rate
(29) and P values less than .05 were
indicative of statistical significance.

Relationship ~ between  clinical
scores and cortical and WM metrics.—
The relative contribution of WM and
cortical tissue injury to clinical metrics
(Expanded Disability Status Scale py-
ramidal functional subscore and SDMT
scores) was assessed with stepwise
multilinear regression by using the
Akaike Information Criterion (stepAlIC
function in R statistical package; R Pro-
ject for Statistical Computing). Univar-
iate analyses were first performed to
investigate the relationship between
fractional anisotropy, axial diffusivity,
radial diffusivity along the corticospi-
nal tract, and cortical thickness and
quantitative T2* in corticospinal tract
cortical projection area and pyramidal
score; and between fractional anisot-
ropy, axial diffusivity, radial diffusiv-
ity along the cingulum, and cortical
thickness and quantitative T2* in the
cingulum projection area and SDMT
scores. We focused on the cingulum
and its cortical projection (cingulate
cortex) damage as possible surrogates
of SDMT impairment on the basis of
previous findings that highlighted these
structures as key brain regions linked
to impairment of processing speed
functions in MS (30-32).

Only MR imaging metrics that ex-
hibited a statistically significant corre-
lation with Expanded Disability Status
Scale pyramidal and SDMT scores at
univariate analysis were included in the
multilinear regression model as candi-
date independent variables. Age, sex,
and total motion index were included
as adjustment variables.

Demographics

Demographics of the patients and clin-
ical and imaging characteristics are

Demographic, Clinical, and MR Imaging Characteristics of Patients

Parameter Control Participants MS Patients
No. of patients 17 34
Sex

Men 8 1

Women 9 23
Age (y) 39.3+838 43 +93
Disease duration (y) 11.0+741
EDSS* 2.5(1-8)
SDMT 56 = 14
Cortical thickness (mm) 2.5+ 0.09 2.41 = 0.11F
Cortical T2* (msec) 32.61 = 1.47 32.74 =229
WM LV (mm?) 3795 =+ 4329
Cortico-spinal tract WM LV (mm3) 20.2 = 44.2
Cortico-spinal tract WM lesion fraction (%) 0.6 = 1.1
Cingulum WM LV (mmd) 1.0+ 35
Cingulum WM lesion fraction (%) 02+05
Anterior thalamic radiation WM LV (mm3) 10.6 = 20.1
Anterior thalamic radiation WM lesion fraction (%) 0815
Superior longitudinal fasciculus WM LV (mm?) 101 +=19.7
Superior longitudinal fasciculus WM lesion fraction (%) 09+15

Note.—Data are mean = standard deviation except where otherwise indicated. EDSS = Expanded Disability Status Scale, LV =

lesion volume.
* Data are median with range in parentheses.

T P < .005 between MS and control participants, corrected for age.

reported in Table 1. Age and sex ra-
tio were not statistically different be-
tween patients with MS and control
participants.

Cortical Thickness and T2* Changes in MS
Patients Relative to Control Participants

MS patients had decreased mean
cortical thickness relative to control
participants in the whole brain (P <
.005) and in cortical projection re-
gions of the corticospinal tract (mean
cortical thickness for MS patients
and control participants, respectively,
2.32 mm * 0.25 [standard deviation]
and 2.51 mm = 0.2) and superior
longitudinal fasciculus (mean cortical
thickness for MS patients and control
participants, respectively, 2.43 mm *
0.15 and 2.55 mm = 0.13; P < .001).
The general linear model analysis,
however, did not reveal vertex-wise
cortical thickness differences between
the two groups after correction for
multiple comparisons. Whole-brain
mean cortical quantitative T2* at each

depth was not different between the
two groups. The regional analysis,
however, disclosed several clusters of
longer quantitative T2* in MS patients
relative to control participants mainly
located in the outer cortical layers at
25% depth, and overlapping with the
cortical projection areas of the tracts
of interest (Fig 2; Table 2). Clusters
of longer quantitative T2* in MS pa-
tients relative to control participants
were not substantially modified when
cortical thickness was added as the
adjustment variable at the vertex level
in the general linear model.

DTI Differences in WM along the Tracts

in MS Patients Relative to Control
Participants

MS patients exhibited reduced WM in-
tegrity relative to control participants
in all tracts of interest. All P values are
reported in Figure 3. With the excep-
tion of the uncinate fasciculus, we also
found widespread DTI abnormal find-
ings in additional WM tracts available
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Figure 2:  Overlay of the general linear model significance maps (P << .05, corrected for multiple comparisons) shows clusters of increased cortical T2* in 34
patients with MS relative to 17 healthy control participants at 25%, 50%, and 75% depth from the pial surface. Age and sex were included as adjustment variables.

Table 2

within the Tracts Constrained by Un-
derlying Anatomy pipeline and outside
the four main tracts of interest (Fig E2
[online]).

Correlation between WM Injury along the
Tracts and Cortical Pathologic Changes

In MS, DTI abnormal findings in each
tract of interest correlated with longer
quantitative T2* in the corresponding
cortical projection area (Fig 4), but it
was not correlated with cortical thick-
ness. Increased axial diffusivity in the
proximal part of the corticospinal tract
(close to cortex) correlated with longer
quantitative T2* at each depth of its
cortical projection area (P < .001),
located mainly in the precentral gy-
rus. Radial diffusivity in the proximal
and middle portions of the cingulum
bundle, closest to the isthmus cingu-
late cortex, correlated positively with
quantitative T2* at each depth of the
projection cortex (P < .001). In the
same portions of the cingulum, frac-
tional anisotropy also negatively cor-
related with quantitative T2* in the

Regional Analysis of Longer Quantitative T2* in MS Patients

Parameter  Left Hemisphere Right Hemisphere

T2*25%  Superior frontal, precentral, postcentral, Rostral middle frontal, precentral, postcentral,
supramarginal, superior parietal, inferior supramarginal, superior parietal, inferior
parietal, precuneus, isthmus cingulate, parietal, precuneus, lateral occipital,
cuneus, pericalcarine, superior temporal lingual

T2*50%  Superior frontal, precentral, superior parietal,  Precentral, superior parietal, inferior parietal,
precuneus, superior temporal pericalcarine

T2*75%  Superior frontal, precentral, superior parietal, ~ Superior parietal, pericalcarine

precuneus, superior temporal

Note.—Table shows the location of clusters in MS patients who exhibited a significantly increased 7-T T2* at various percentage
depths from the pial surface compared with control participants. P < .05, corrected.

projection cortex (data not shown).
There was a trend toward statistical
significance between radial diffusivity
in the proximal portion of the anterior
thalamic radiation and quantitative
T2* at 75% depth from pial surface in
the projection area, mainly the rostral
middle frontal cortex. Finally, radial
diffusivity in the proximal portion of
the superior longitudinal fasciculus (ie,

close to its cortical projection in the
supramarginal gyrus) correlated pos-
itively with quantitative T2* at 25%,
50%, and 75% depth from pial surface
in the projection cortex (P < .03).

The results did not substantially
change when voxels of the tracts that
colocalized with visible WM lesions
were removed from the statistical
analysis (Fig E3 [online]).
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Figure 3:  Profiles of Pvalues along WM tracts of
interest obtained from linear regression models that

tested differences in fractional anisotropy, radial diffusivity,
and axial diffusivity between 34 patients with MS and

17 healthy control participants. Age, sex, and total
movement index were included as adjustment variables.
A, There was a significant increase in axial diffusivity

and radial diffusivity along the corticospinal tract, mainly
located in the portion of the tract close to the edge of the
lateral ventricles (LV), and in the distal portion within the
brainstem. B, Additionally, MS patients exhibited relative to
controls a diffuse increase in radial diffusivity and decrease
in fractional anisotropy along the entire cingulum, C, a
significant increase in axial diffusivity and radial diffusivity
along the anterior thalamic radiation, mainly in the proximal
portion and in the portion closest to the thalamus, and, D,
a diffuse increase in axial diffusivity and radial diffusivity
along the entire superior longitudinal fasciculus. FDR =
false discovery rate.

cortical quantitative T2* or cortical
thickness in the control group.

Relationship between Tissue Injury and
Clinical Disability

Axial diffusivity in the proximal portion
of the corticospinal tract (voxel indi-
ces 28 and 29, as presented in graphs
in Figs 3-5) was the only DTI signifi-
cant correlate of pyramidal functional
subscore with univariate analysis (P =
.01). Quantitative T2* at each depth
of the cortical projection area of the
corticospinal tract (mainly precentral
gyrus) correlated positively with pyra-
midal subscore (P < .01), but cortical
thickness did not. We included axial
diffusivity from the proximal portion of
the corticospinal tract and quantitative
T2* from the corticospinal tract corti-
cal projection area in a stepwise multi-
linear regression model to predict the
pyramidal Expanded Disability Status
Scale subscore in our population. In
this final model, axial diffusivity re-
mained the unique explanatory variable

The relationship between intracorti-
cal quantitative T2* and DTI metrics in
underlying WM tracts was not spatially
specific. Longer quantitative T2*, regard-
less of the tested cortical area, was as-
sociated with increased axial diffusivity
and radial diffusivity along the four tracts

of interest (Fig 5), and with decreased
fractional anisotropy along the cingulum
(data not shown). Our results did not
substantially change by excluding WM
lesions along the tracts (Fig E4 [online]).

We did not find any correlation be-
tween DTI metrics along the tracts and

for Expanded Disability Status Scale py-
ramidal subscore (Fig 6).

Along the cingulum, radial diffusiv-
ity in the middle portion of the tract
(voxel index 27 and 28, referenced in
Figs 3-5) was the strongest correlate
of SDMT (P = .02). Quantitative T2* at
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Figure 4:  A-D, Profiles of Pvalues along WM tracts of interest. Age, sex, and total movement index were included as adjust-
ment variables in all analyses. Graphs showing profile of Pvalues in 34 patients with MS and WM tracts of interest obtained
from linear regression models show a positive correlation between cortical T2* in the, A, motor cortex and axial diffusivity along
the corticospinal tract (CST), B, isthmus cingulate cortex and radial diffusivity along the cingulum, C, rostral middle frontal cortex
and radial diffusivity along the anterior thalamic radiation (A7TR), and D, supra marginal gyrus and radial diffusivity along the
superior longitudinal fasciculus (SLF). FDR = false discovery rate, LV = lateral ventricle. (Fig 4 continues.)
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Figure 4 (continued)

E

Figure 4 (continued):  E, Three-dimensional view of the brain and
the corresponding P values along WM tracts as reported in parts A,
B, C,and D (T2* at 25% depth from pial surface, arrows indicate the
endpoint of tracts corresponding to cortical region of interest).

the three depths within the cingulum
cortical projection area (mainly isthmus
cingulate) correlated negatively with
SDMT (P = .001 at 25% and P = .02
at 50% and 75%), but cortical thick-
ness did not. The stepwise regression
model to predict SDMT included radial
diffusivity from the middle portion of
the cingulum and quantitative T2* from
the cingulum cortical projection. Radial
diffusivity and quantitative T2* at 25%
depth remained both explanatory vari-
ables for SDMT (Fig 6).

Our results highlight a common tissue
sensitivity to MS pathologic changes for
intracortical and WM demyelination,
which does not manifest exclusively
through established anatomic connec-
tions. Patients with MS exhibited dif-
fuse cortical pathologic changes reflect-
ed by longer T2*, which has been found
to be associated predominantly with
myelin (33) and nonheme iron content
(34,35). Longer quantitative T2* in pa-
tients with MS than in control partici-
pants likely reflects intracortical myelin
and/or iron loss.

The voxel-wise DTI analysis along
WM tracts displayed several areas of
altered tract integrity in MS, which
were diffusively distributed along the

cingulum and superior longitudinal fas-
ciculus, while mainly localized in the
upper and distal (brainstem) portions
of corticospinal tract. The anterior
thalamic radiation was preferentially
affected in its posterior portion, near
the thalamus. The lack of uniformity
of pathologic changes along WM tracts
might be explained by coexistence
of multiple disease-related mecha-
nisms of tissue pathologic changes in
nearby tract portions, including demy-
elination, inflammation, edema, and
remyelination.

In our MS cohort, cortical thick-
ness was not associated with WM
pathologic changes along the tracts,
which were assessed with DTI. Con-
versely, quantitative T2* proved to be
a more sensitive measure than cortical
thickness for testing the link between
intracortical pathologic changes and
underlying WM injury. This highlights
that consideration of spatial variation
of tissue integrity measures can greatly
improve the ability of finding MS-relat-
ed pathologic changes. For three of
the four tested tracts and their corre-
sponding projection cortex, there was
a significant association between corti-
cal quantitative T2* at all three cortical
depths and DTI abnormal findings in
the proximal portion of the underlying
connected tracts. We found, however,

that the relationship between cortical
and WM was not strictly spatially spe-
cific to the tract-cortex pair, and in-
stead, DTI abnormal findings along the
tracts correlated positively with intra-
cortical quantitative T2* independently
from its location. Interestingly, we
also found that intracortical and WM
tract pathologic changes, despite be-
ing strongly associated, independently
contributed to clinical outcome met-
rics in MS. Combination of imaging
metrics that reflect both WM and cor-
tex pathologic changes may prove use-
ful to better predict disease severity.
Although, at least in some areas,
cortical demyelination could drive path-
ologic changes in underlying connected
WM regions or vice versa, the lack of
spatial specificity between cortical and
DTI metrics weakens the hypothesis of
a tract-driven degenerative process as
the main pathogenic mechanism that
links WM and cortical degeneration in
MS. The widespread significant asso-
ciation between cortical and underly-
ing WM pathologic changes in our MS
cohort may reflect concomitant tissue
damage. Neuropathologic observations
reported an association between corti-
cal demyelination and WM pathologic
changes, reflected by diffuse axonal in-
jury, which occurred on a background
of global brain inflammation with mi-
croglia activation (7). This finding was
interpreted as expression of a stage-
dependent common pathogenetic path-
way of cortical and WM injury, rather
than a true interdependence. Further
neuropathologic studies led to the hy-
pothesis that cortical inflammation and
demyelination in MS may be triggered
through the activation of microglia by
soluble factors originating from men-
ingeal B-lymphocytes follicle-like struc-
tures located mainly in the sulci (5).
The proximity of periventricular WM to
corticospinal fluid may render this area
also susceptible to proinflammatory sol-
uble factors because corticospinal fluid
velocity is lowest near the wall of ven-
tricles (36). In vivo positron emission
tomographic imaging with "C-PK 11195,
a tracer for activated microglia and
macrophages, demonstrated increased
1C-PK11195 uptake in periventricular
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Figure 5:  Profiles of P values along tracts of interest obtained from linear regression models that show in 34 patients with MS a positive cor-
relation between diffusion imaging metrics, including, A, axial diffusivity along the corticospinal tract (CST) and cortical T2*, B, radial diffusivity
along the cingulum and cortical T2*, C, radial diffusivity along the anterior thalamic radiation (ATR) and cortical T2*, and D, radial diffusivity
along the superior longitudinal fasciculus (SLF) and cortical T2*. LV = lateral ventricle.

normal-appearing WM of MS patients
relative to control participants (37). In-
terestingly, we found an association be-
tween intracortical pathologic changes

across several cortical regions and the
periventricular portion of the cortico-
spinal tract, which could reflect con-
comitant pathophysiologic mechanisms

driven by diffuse inflammation, with-
out being directly spatially linked one
to each other. Another explanation
could be that remyelination and repair
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Dependent Pyramidal score of EDSS SDMT
variable
Indgpendent Corticospinal tract - axial diffusivity at voxel 28 Cingulum - radial diffusivity at voxel 27
r;;{:ﬁle Corticospinal tract - axial diffusivity at voxel 29 Cingulum - radial diffusivity at voxel 28
Corticospinal tract cortical projection - T2* - 25% | Cingulum cortical projection - T2* - 25%
Corticospinal tract cortical projection - T2* - 50% | Cingulum cortical projection - T2* - 50%
Corticospinal tract cortical projection - T2* - 75% | Cingulum cortical projection - T2* - 75%
Adj_uslment Age Age
variables Sex Sex
Total motion index Total motion index
Model F(2,61)=8.256 F(4,51)=9.142
statistics P value = 7.10* P value = 2.10°5
Adjusted R?=0.1872 Adjusted R?=0.3719
Retained Clortiqo‘spinal tract - axial | 4.6 x 10° (P < 0.001) | Cingulum - radial diffusivity at voxel 27 | -4.3 x 10* (P < 0.01)
szﬁ:g:tory diffusivity at voxel 28 Cingulum cortical projection - T2* - 25% | =1.7 (P < 0.05)
(B estimates) Age -0.68 (P < 0.001)
Sex Male -7.9(P<0.05)

Figure 6:

Imaging predictors of pyramidal functional subscore of EDSS and SDMT with multiple linear regression analysis in patients with MS. Only imaging

parameters that correlated with the clinical variable at univariate analysis were used as candidate independent variable in multiple stepwise linear regression model.
The retained explanatory variables are displayed with 8 estimates. Adjustment variables retained in the model are listed in italics. Voxel location along the tracts refers

to voxel index as presented in Figure 3, 4, and 5.

capacities, known to occur both in the
cortex and in the WM (38,39), may be
exceeded in cortical and WM regions
not necessarily spatially connected.

Some limitations apply to this
study. Our results are cross-sectional,
and longitudinal evaluations are needed
to confirm our observations. Because
of the relatively small sample size of
our MS cohort, our findings need to
be reproduced in larger MS popula-
tions. Additionally, because longer T2*
could reflect either myelin or iron loss,
or both, it would be helpful to com-
bine MR imaging sequences sensitive
to myelin content, such as magnetiza-
tion transfer imaging and T1 mapping,
or to iron content, such as quantitative
susceptibility mapping, to increase the
pathologic specificity to the observed
cortical abnormal findings in MS.

Future studies will assess the role of
ongoing inflammation in the pathophys-
iologic mechanisms that link diffuse
cortical and WM injury in MS.
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