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Abstract
Objective

In this observational study, we explored cortical structure as function of cortical depth through a
laminar analysis of the T'1/T2-weighted (T1w/T2w) ratio, which has been related to dendrite
density in ex vivo brain tissue specimens of patients with MS.

Methods

In 39 patients (22 relapsing-remitting, 13 female, age 41.1 + 10.6 years; 17 progressive, 11
female, age 54.1 * 9.9 years) and 21 healthy controls (8 female, , age 41.6 + 10.6 years), we
performed a voxel-wise analysis of T1w/T2w ratio maps from high-resolution 7T images from
the subpial surface to the gray matter/white matter boundary. Six layers were sampled to ensure
accuracy based on mean cortical thickness and image resolution.

Results

At the voxel-wise comparison (p < 0.0S, family wise error rate corrected), the whole MS group
showed lower T1w/T2w ratio values than controls, both when considering the entire cortex
and each individual layer, with peaks occurring in the fusiform, temporo-occipital, and superior
and middle frontal cortex. In relapsing-remitting patients, differences in the T1w/T2w ratio
were only identified in the subpial layer, with the peak occurring in the fusiform cortex, whereas
results obtained in progressive patients mirrored the widespread damage found in the whole

group.

Conclusions

Laminar analysis of T1w/T2w ratio mapping confirms the presence of cortical damage in MS
and shows a variable expression of intracortical damage according to the disease phenotype.
Although in the relapsing-remitting stage, only the subpial layer appears susceptible to damage,
in progressive patients, widespread cortical abnormalities can be observed, not only, as de-
scribed before, with regard to myelin/iron concentration but, possibly, to other microstructural
features.
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Glossary

CL = cortical lesion; GM = gray matter; HC = healthy control; MPRAGE = Magnetization-Prepared Rapid Acquisition of
Gradient Echo; PMS = progressive MS; RRMS = relapsing-remitting MS; SPACE = Sampling Perfection with Application
optimized Contrasts using different flip angle Evolution; WM = white matter.

Cortical pathology in MS is characterized by demyelination and
neuroaxonal loss associated with cortical thinning.'™ Along
with these well-known features, Jirgens et al. have recently
reported, from the analysis of apical dendrites of pyramidal
neurons, a reduction in dendrite density with selective spine
loss independent of cortical demyelination, occurring alongside
a reduction in dendrite branch number more evident in the
demyelinated than the normal-appearing cortex.* In vivo, such
dendritic pathology has seemingly been captured by an imaging
analysis technique based on the ratio of T1- and T2-weighted
(T1w/T2w) signal intensities.” Specifically, Righart et al.> have
reported a widespread decrease in the T1w/T2w ratio in the
cortical gray matter (GM) of patients with MS and have
demonstrated that it was related to decreased dendrite density
but not to myelin content, axonal density, or cortical thickness
in ex vivo brain tissue specimens. Dendrite density reduction
could be ascribed to a number of different pathologic mecha-
nisms,* with some of them (i.e,, meningeal inflammation) af-
fecting superficial cortical layers more severely than deeper
layers based on anatomic contiguity. To date, although a re-
duction in the T1w/T2w ratio, possibly indicating dendritic
pathology, has been reported in the MS cortex,” no data are
available on the intracortical distribution of such damage that
could provide indirect indication on the responsible mecha-
nisms. Against this background, our overarching goal was to
characterize, in vivo, the distribution of intracortical pathology
in MS as measured by the T 1w/ T2w ratio. To this aim, after an
initial exploration of T1lw/T2w ratio values in the normal-
appearing cortex and cortical lesions (CLs), we focused on the
normal-appearing cortex and performed a laminar analysis of
T1w/T2w ratio maps. Exploiting the increased signal-to-noise
ratio of submillimetric 7T images, we (1) explored cortical
structure as function of cortical depth and hypothesized a
predominant involvement of more superficial layers, (2)
assessed cortical damage distribution in patients with relapsing
and progressive MS (RRMS and PMS), hypothesizing a more
widespread involvement in PMS, where the convergence of
different mechanisms driving GM damage is known to occur.’

Methods

Participants

From January 2017 to April 2018, 39 patients with MS (22
relapsing-remitting, 10 primary progressive, and 7 secondary
progressive) were prospectively enrolled in this observational
exploratory study, along with 21 healthy controls (HCs).
Inclusion criteria for patients with MS were (1) age between
18 and 70 years; (2) diagnosis of clinically definite MS,
according to the revised McDonald criteria’; (3) Expanded
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Disability Status Scale score <7.0 at screening; and (4) if
treated, patients had to be on stable treatment for at least 1 year.
Sex- and age-matched healthy volunteers were recruited as
controls. For all participants, the following exclusion criteria
were applied: (1) current or past history of major systemic
condition, history of head trauma, diagnosis of psychiatric
disorder, or neurologic disorders (other than MS for the patient
group); (2) contraindications to MRI; (3) pregnancy; and (4)
alcoholism or drug addiction. Patients were recruited through
referrals from the treating neurologist, whereas HCs were
recruited from the general community through flyers.

Standard protocol approvals, registrations,
and patient consents

The protocol was approved by the Institutional Review Board
of the Icahn School of Medicine at Mount Sinai. Written
informed consent was obtained from all participants.

MRI data acquisition

All participants underwent a brain MRI at 7T (MAGNETOM,
Siemens Healthineers, Erlangen, Germany) with a 32-channel
head coil. A 3D T1-weighted Magnetization-Prepared Rapid
Acquisition of Gradient Echo (MPRAGE) and 3D T2-weighted
Sampling Perfection with Application optimized Contrasts using
different flip angle Evolution (SPACE) images were acquired with
the following parameters: (1) T1-weighted MPRAGE sequence:
voxel size = 0.7 x 0.7 x 0.7 mm®; field of view = 224 x 224 mm?;
240 sagittal slices; repetition time/echo time/inversion time =
2,200/2.95/1,050 ms; flip angle = 7°, GeneRalized Autocalibrat-
ing Partial Parallel Acquisition with acceleration factor R = 2 and
acquisition time = 6:35 minutes; and (2) T2-weighted SPACE
sequence: voxel size = 0.7 x 0.7 x 0.7 mm?; field of view = 224 x
224 mm?; 240 sagittal slices; repetition time/echo time = 3,500/
400 ms; GeneRalized Autocalibrating Partial Parallel Acquisition
with R = 2 and acquisition time = 7:47 minutes.

Data processing

Cortical lesions

CLs were visually identified on T1-weighted images, by 3
readers in consensus as described in reference 3. Subsequently,
CLs were segmented using a semiautomatic approach&12 (Jim
7, Xinapse Systems xinapse.com/Manual/). Lesion masks were
warped into the group template space and averaged to generate
a CL probability map. In addition, CL masks were applied to
the segmented cortex, and mean T1w/T2w ratio values were
obtained from CLs and the normal-appearing cortex.

T1w/T2w ratio map generation
T1w/T2w ratio maps were generated using the Human
Connectome Project processing pipeline." Briefly, T1w and
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T2w images were corrected for gradient nonlinearity-induced
geometric distortion."* The T1 images were rigidly registered to
the Montreal Neurological Institute 152 space (MNI152)
resampled to 0.7 mm isotropic. T2w images were rigidly regis-
tered to the T1w image. The T1w and T2w images were cor-
rected for B1- bias and some B1+ bias.' Finally, T1w/T2w ratio
maps were computed by dividing T1w by the T2w signal value.

T1w/T2w ratio across cortical layers

T1w/T2w ratio maps across cortical layers were estimated using
the Computational Anatomy Toolbox (CAT12 neuro.uni-jena.
de/cat/) combined with NeurolmaginG at High RESolution
(Nighres)-Cortical Reconstruction Using Implicit Surface
Evolution algorithm (nighres.readthedocs.io /en/latest/cortex/
cruise_cortex_extraction.html). Briefly, GM, white matter
(WM), and CSF were segmented from T1-weighted images
using CAT12. During CAT12 segmentation, single-subject
structural data were aligned to the IXISSS template using the
Diffeomorphic Anatomical Registration using Exponentiated
Lie algebra normalization.'® Two warping fields were produced
by CAT12: the direct warping field that aligns the single-subject
structural data to the IXISSS template and the inverse warping
field that aligns the IXISSS template to subject structural data.
The resulting inverse warping field was then used to transpose
the cortical GM from the Neuromorphometrics atlas (Neuro-
morphometrics, Inc) to the native space. The transposed mask
was then applied to GM CAT'12 segmentation to isolate cortical
GM matter in the subject space. Cortical boundary surfaces
were extracted using implicit surface evolution with Nighres-
Cortical Reconstruction Using Implicit Surface Evolution.

Volume-preserving representations of cortical depth were esti-
mated from T1-weighted images. Briefly, the surfaces between
GM and WM were represented in Cartesian space using a level-
set framework with N = 5, and traverses were constructed that run
from one cortical boundary surface to the other. Sampling T1w/
T2w values along these traverses, cortical T1w/T2w ratio profiles
were obtained from 6 equivolumetric layers ranging from WM/
GM boundary to GM/CSF boundary with Nighres-Volumetric
Layering algorithrn.17 An equivolume model was adopted for the
computation of cortical layers, as it has been proven neuro-
anatomically more appropriate than other approaches for the
reconstruction of cortical anatomy.'” Although in previous stud-
ies, the same methodology was applied to images with resolution
of 0.7 and 0.5 mm® obtaining 20 intracortical layers,'”'® we
choose a more conservative approach and, considering a mean
cortical thickness of 2.5-3 mm and our image resolution of 0.7
isotropic, sampled 6 depth-dependent layers to further ensure
accuracy. The main processing steps involved in the generation of
the cortical T1w/T2w ratio profiles are shown in figure 1.

Voxel-wise group analysis

To spatially normalize T1w/T2w ratio maps to get voxel corre-
spondence across all participants for group comparison, a study-
specific unbiased GM and WM group template was generated
using the Diffeomorphic Anatomical Registration using Expo-
nentiated Lie algebra tool'® implemented in SPM12. The
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resulting deformation fields were used to warp cortical T1w/T2w
ratio maps into the group template space. Spatially normalized
T1w/T2w ratio maps were smoothed with a Gaussian kernel (8
x 8 x 8 mm) to reduce the intersubject anatomic variability and
improve the signal-to-noise ratio before statistical analysis.

Statistical analysis

Statistical analysis was performed in Statistical Package for
Social Science (SPSS v2S, IBM corp.). Differences in age and
sex were assessed using a 2-sample ¢ test and a X test, re-
spectively. Mean T1w/T2w in CLs and the normal-appearing
cortex were compared via a paired-sample f test. The mean
number of CLs in patients with RRMS and PMS was com-
pared via analysis of covariance, accounting for age and sex.

Voxel-wise general linear model, adjusted for age and sex, was
performed using SPM12. Differences in T1w/T2w ratio maps
between groups were probed in the normal-appearing cortex
at each voxel, defining CLs as set of outlier voxels indicated by
NaN (not a number), for the whole cortex and for the 6 layers.
Multiple comparisons were corrected with a family-wise error
rate using a p value set at <0.0S.

Data availability
The data set analyzed in the present study will be made avail-
able from the corresponding author on reasonable request.

Results
Study population

Demographic features of the study population are reported in
table 1. A significant age difference was identified between
patients with PMS and HCs (t = —3.85; 95% CI [-19.12 to
-5.93]; p = 0.001), whereas the remaining demographic
variables were not significantly different across groups.

CLs

Patients with PMS presented a significantly higher number of
CLs than patients with RRMS (9.33 + 13.99 vs 6.12 + 11.30; F
= 7.20; 95% CI [ —26.98 to —3,62]; p = 0.012). The spatial
distribution of CLs in the patient group is shown in supple-
mentary figure 1, links.Iww.com/NXI/A326.

Mean T1w/T2w in CLs and the normal-
appearing cortex

T1w/T2w ratio values were significantly lower in CLs than in
the normal-appearing cortex (3.21 + 0.51 vs 3.80 £ 0.20; t =
7.27; 95% CI [0.42-0.75]; p < 0.0001).

Voxel-based analysis of the normal-

appearing cortex

At the voxel-wise comparison, the whole MS group showed
significantly lower Tlw/T2w ratio values than HC, both
when considering the entire cortex and each individual layer,
with peaks occurring at the level of the fusiform cortex,
temporo-occipital cortex, and superior and middle frontal
cortex (figure 2). In comparison with HC, the RRMS
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Figure 1 Processing pipeline
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Schematic representation of the main processing steps involved in the generation of cortical T1w/T2w ratio profiles. For details about individual steps, see
text.

subgroup showed significantly lower T 1w/ T2w ratio values in
the subpial layer, with the peak occurring in the fusiform
cortex, whereas the PMS subgroup showed a widespread
damage, involving all layers and mirroring the results emerged
from the comparison of the whole MS group with HC (figure
3). A complete list of the significant clusters emerging from
the voxel-based analysis is reported in table 2. Details of the

significant cluster overlap between RRMS and PMS are
shown in supplementary figure 2, links.Iww.com/NXI/A327.

Discussion

The exact pathologic substrate of the T1w/T2w ratio is not
completely known. Indeed, although the T1w/T2w ratio is

Table 1 Demographic features of the study population

HC (n=21) MS (n = 39) RRMS (n = 22) PMS (n =17)
Age (y) 41.6 £10.6 46.8 £12.1 41.1+£10.6 54.1+9.9%
Sex (F/M) 8/13 24/15 13/9 11/6
Disease duration (y) — 10.3+9.1 8.5+8.5 12.7+8.9
Median EDSS score (range) — 2.5 (0-6.5) 2.0 (0-3.0) 5.0 (2.0-6.5)
Abbreviations: EDSS = Expanded Disability Status Scale; HC = healthy control; RRMS = relapsing-remitting MS; PMS = progressive MS.
Values are expressed as mean + SD, unless otherwise indicated.
2p =0.001, by the Student t test.
Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 6 | November 2020 Neurology.org/NN
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Figure 2 Voxel-wise comparison of the T1w/T2w ratio in patients with MS and controls
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Clusters of significantly lower T1w/T2w ratio in patients with MS compared with healthy controls for the whole cortex and for the 6 cortical layers (p < 0.05,
family wise error rate corrected) overlaid onto the Montreal Neurological Institute 152 semi-inflated cortical surfaces.

generally considered as a proxy for myelin content, such as-
sumption has been indirectly drawn from the visual com-
parison of histology-based myelin maps and T1w/T2w ratio
maps.ls’lg_23 More recent findings suggest that the T1w/
T2w ratio might rather be capturing variation in caliber and
packing density of cortical dendrites and subcortical WM
axons,”** thus offering the possibility to explore a specific
aspect of MS cortical pathology. Our analysis showed lower
mean values of the T1w/T2w ratio in CLs than in the
normal-appearing cortex. This finding is in agreement with
the notion that CLs are sites of highly destructive processes
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such as demyelination, axonal and dendritic transection, and
neuronal apoptosis.”® In addition, this finding is consistent
with the histopathologic characterization performed by
Jirgens et al., which demonstrated a reduction of dendrite
branches in the demyelinated cortex.* More interestingly,
our voxel-wise analysis of the normal-appearing cortex
revealed that the cortical damage depicted by the T1w/T2w
ratio was not limited to CLs and did not show a homoge-
neous distribution within the cortex in all MS phenotypes.
Considering 6 layers from the subpial surface to the GM/
WM boundary, patients with RRMS showed a reduced T1w/
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Figure 3 Voxel-wise comparison of the T1w/T2w ratio in patients with RRMS, patients with PMS, and controls
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Clusters of significantly lower T1w/T2w ratio in patients with PMS and RRMS compared with healthy controls for the whole cortex and for the 6 cortical layers
(p <0.05, family wise error rate corrected) overlaid onto the Montreal Neurological Institute 152 semi-inflated cortical surfaces. PMS = progressive MS; RRMS =

relapsing-remitting MS.

T2w ratio only in a relatively small area of the temporal
cortex (fusiform gyrus) and only within the subpial layer,
whereas patients with PMS showed abnormalities through-
out all layers of the temporo-occipital cortex, frontal and
limbic areas, with relative sparing of the parietal regions.
Such spatial distribution differs from the one, much more
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widespread, previously reported for the laminar analysis of
T2* maps.2 Although no formal correlation has ever been
tested between T2* and T1w/T2w ratio, this finding, to-
gether with the weak correlation reported between the T1w/
T2w ratio and histologically validated myelin markers such
as myelin water fraction and magnetization transfer
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Table 2 Regions showing significant T1w by T2w ratio decrease in patients with MS, RRMS, and PMS (p < 0.05, FWE

corrected at a cluster level).

Group comparison Regions MNI coordinates (x, y, and z) T value Cluster size (voxel) p Value
Whole cortex MS <HC TFC -32.5,-26.6, -25.8 5.59 258,149 0.001
MFG -26.2, -4.2,56.8 5.39 285,454 <0.001
PMS < HC SFG 26.3,-2.1,58.9 6.15 988,730 <0.0001
RRMS < HC — — — — —
Layer I (subpial) MS < HC PCG -23.4,-11.9, 55.4 6.38 587,723 <0.0001
PMS < HC TOFC -38.8, -56, -22.3 7.39 1,060,595 <0.0001
RRMS < HC TFC -34.6, -21.7, -28.6 3.88 71,067 0.043
Layer Il MS < HC SFG -26.2,-4.9,57.5 5.91 533,363 <0.0001
PMS < HC PHG -29,-0.7,-25.8 6.23 933,280 <0.0001
RRMS < HC — — — — —
Layer Il MS <HC MFG -26.2,-3.5,57.5 5.57 201,887 <0.0001
TFC -33.9, -23.8, -26.5 5.05 235,759 <0.0001
PMS < HC PHG -29,-0.7,-25.8 6.33 819,891 <0.0001
RRMS < HC — — — — —
Layer IV MS <HC SFG -26.2,-2.8,58.2 5.73 204,015 <0.0001
TFC -32.5,-24,5,-26.5 5.12 267,204 <0.0001
PMS < HC PHG -28.3,-0.7, -26.5 6.70 815,595 <0.0001
RRMS < HC — — — — —
Layer V MS <HC SFG -26.2,-2.8,58.9 5.81 224,257 <0.0001
TOFC -34.6, -63, -20.02 4.81 376,815 <0.0001
PMS < HC PHG -27.6,-0.7, -25.8 6.32 946,635 <0.0001
RRMS < HC — — — — —
Layer VI MS < HC TOFC -32.5,-53.9, -21.6 5.33 276,817 <0.0001
PCG -26.2, -5.6, 56.1 3.75 196,806 <0.0001
PMS < HC TOFC -31.8,-53.2,-21.6 6.56 1,044,934 <0.0001
RRMS < HC - - - - —_

Abbreviations: HC = healthy control; MFG = middle frontal gyrus; MNI = Montreal Neurological Institute; PCG = precentral gyrus; PHG = parahippocampal gyrus;
PMS = progressive MS; RRMS = relapsing-remitting MS; SFG = superior frontal gyrus; TFC = temporal fusiform cortex; TOFC = temporal occipital fusiform cortex.

Anatomic labeling according to the Harvard-Oxford Cortical Structural Atlas.

ratio,”**% seems to suggest that the T1w/T2w ratio could

indeed capture a pathologic substrate different from myelin.
In the RRMS subgroup, in particular, we identified milder
abnormalities in comparison with the ones previously
reported.” One explanation might be that our sample is not
large enough to provide sufficient power for the detection of
subtle variations in cortical structure with the application of
the T1w/T2w ratio. Supporting this hypothesis, a recent
study, with the sample size comparable to ours, identified
T1lw/T2w ratio changes in CLs but not the normal-
appearing cortex,”’ suggesting that, when structural
changes are subtle, the Tlw/T2w ratio might not be

Neurology.org/NN

sensitive enough to capture them. However, regardless of the
small sample size, our results in patients with RRMS are in
line with the spatial distribution of T1w/T2w ratio abnor-
malities reported in a larger sample of early MS,> which
showed alower T1w/T2w ratio in the occipital and posterior
cingulate cortex. Although we did not expect a preferential
involvement of specific cortical regions a priori, several
previous studies have reported the presence of atrophy and
microstructural damage affecting predominantly posterior
brain areas in MS,”*>° thus suggesting that cortical pa-
thology is not evenly distributed across the brain. As per the
intracortical distribution of GM damage, the presence of
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extensive abnormalities in PMS, involving all cortical layers,
could be the consequence of reduced afferent synaptic input
from neighboring neurons and retrograde degeneration of
efferent pyramidal axons damaged within the WM, which
might favor dendritic spine loss.”* The diffuse pattern of
cortical involvement identified in PMS in comparison with
RRMS is in line with the knowledge that several mechanisms
inducing cortical pathology are more severe in progressive
patients.6 On the other hand, in RRMS, meningeal in-
flammation seems to occur more frequently than originally
described®’ and might be responsible for the observed
changes in the T1w/T2w ratio in the subpial cortical layer, as
inflammation-related excitotoxicity induces a synaptop-
athy®” that might be responsible for the dendritic damage
possibly captured by the T1w/T2w ratio.

The main limitations to consider when interpreting our results
are the small sample size, which might have limited our ability to
fully characterize the extent of cortical pathology, and the un-
certainty about the pathologic substrate behind the observed
T1w/T2w ratio modifications. In addition, although the eval-
uation of the clinical impact of T1w/T2w ratio alterations was
beyond the scope of our article, future studies on larger samples
and with multidimensional evaluation of clinical status would be
of interest to clarify the relationship between T1w/T2w ratio
alterations and disability. Finally, the cortex segmentation in 6
layers has been chosen to provide a reliable set of coordinates
for the analysis of the T1w/T2w ratio at different cortical depths
taking into consideration cortical anatomy and image resolu-
tion, but it is important to keep in mind that the analyzed layers
do not correspond to the 6 cytoarchitectonic layers.

In conclusion, laminar analysis of T1w/T2w ratio mapping
confirms the presence of cortical damage in MS and discloses
a variable expression of intracortical damage according to the
disease phenotype. Although in the relapsing-remitting stage,
only the subpial layer appears susceptible to damage, in pro-
gressive patients, widespread cortical abnormalities can be
observed, not only, as described before, with regard to
myelin/iron concentration” but, possibly, to other micro-
structural substrates.
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