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Abstract: In this multicenter study, we performed a tractography-based parcellation of the thalamus
and its white matter connections to investigate the relationship between thalamic connectivity
abnormalities and cognitive impairment in multiple sclerosis (MS). Dual-echo, morphological and
diffusion tensor (DT) magnetic resonance imaging (MRI) scans were collected from 52 relapsing-
remitting MS patients and 57 healthy controls from six European centers. Patients underwent an
extensive neuropsychological assessment. Thalamic connectivity defined regions (CDRs) were seg-
mented based on their cortical connectivity using diffusion tractography-based parcellation.
Between-group differences of CDRs and cortico-thalamic tracts DT MRI indices were assessed. A
vertex analysis of thalamic shape was also performed. A random forest analysis was run to identify
the best imaging predictor of global cognitive impairment and deficits of specific cognitive domains.
Twenty-two (43%) MS patients were cognitively impaired (CI). Compared to cognitively preserved,
CI MS patients had increased fractional anisotropy of frontal, motor, postcentral and occipital con-
nected CDRs (0.002<P<0.02). They also experienced more pronounced atrophy in anterior thalamic
regions and abnormal DT MRI indices of all cortico-thalamic tracts. Damage of specific cortico-
thalamic tracts explained global cognitive dysfunction and impairment of selected cognitive
domains better than all other MRI variables. Thalamic CDR DT MRI abnormalities were correlated
with abnormalities of the corresponding cortico-thalamic tracts. Cortico-thalamic disconnection is, at
various levels, implicated in cognitive dysfunction in MS. Thalamic involvement in CI MS patients
is likely related to gray matter rather than white matter damage of thalamic subregions. Hum Brain

Mapp 36:2809-2825, 2015.
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INTRODUCTION

The thalamus is a relay and integration center con-
necting subcortical and cortical regions, which plays a
crucial role in CNS function, being responsible for
awareness, sensory, motor, and cognitive functions
[Johnson and Ojemann, 2000]. Pathological and imaging
studies have consistently detected a high vulnerability to
damage of this strategic gray matter (GM) structure in
multiple sclerosis (MS) patients from the earliest stages
of the disease [Henry et al., 2008]. MS-related thalamic
involvement is clinically relevant, since it has been cor-
related not only to the severity and progression of clini-
cal disability, but also to cognitive dysfunction [Minagar
et al., 2013].

Using advanced magnetic resonance imaging (MRI)
techniques, a number of studies has shown that tha-
lamic atrophy is the most significant MRI correlate of
cognitive impairment both in adult [Batista et al., 2012;
Benedict et al.,, 2006; Benedict et al.,, 2004; Houtchens
et al., 2007] and pediatric [Till et al., 2011] patients with

MS. Other factors which have been analyzed to explain
the role of the thalamus for cognitive deficits in MS
include the presence of diffuse microstructural damage
preceding the development of tissue loss and functional
alterations of this relay station. In this regard, poor cog-
nitive performance has been related to thalamic diffu-
sion tensor (DT) MRI abnormalities [Benedict et al.,
2013; Tovar-Moll et al., 2009] and to increased thalamo-
cortical resting state functional connectivity [Tona et al.,
2014].

The thalamus is an extremely complex structure,
organized in nuclear groups with specific functions and
connections with cortical and subcortical areas. This is
why the study of the whole thalamus could be inad-
equate to explain deficits of specific functions, as sug-
gested by a recent shape analysis study which found an
association between atrophy of the thalamic ventral
nuclear complex and disability [Magon et al., 2014]. To
our knowledge, the relationship between regional tha-
lamic damage and cognitive impairment in MS has not
been investigated, yet.
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TABLE I. Main demographic, clinical, and conventional MRI characteristics of patients with MS and HC enrolled in this study at six European
Group
(SD) (years)

Mean age (SD) (years)
CP/CI patients

Median EDSS (range)
Mean disease duration
Mean T2 LV (SD) (ml)

M/W

B Integration of DT tractography with high-resolution T1
g % § % structural anatomical imaging has allowed a connectivity-

based parcellation of the thalamic subregions and tracing
PP their connections with the cortex [Behrens et al.,, 2003a].
SSEE The application of this technique to a large cohort of
N § © 2 healthy subjects has provided robust correlation between

regional thalamic volumes and tract characteristics with
cognitive performance [Philp et al., 2014].

To shed light on the link between thalamic damage and
neuropsychological involvement in MS patients, in this
multicenter study, we applied the aforementioned
approach to investigate the relation between abnormalities
of regional thalamic MRI measures and connectivity ver-
sus cognitive performance. Our working hypothesis was
that deficits of selected cognitive domains may be linked
to damage of specific thalamic subregions and/or
thalamo-cortical connections.

1452 (67)
779 (58)
674 (34)

786 (51)
616 (54)

1536 (60)
844 (37)
692 (45)

METHODS
Subjects

778 (65)
666 (81)

Subjects were recruited at six European centers (www.

| %«%} ) magnims.eu), which included: (a) the Department of
3 &3 Radiology, VU University Medical Centre, Amsterdam
(Netherlands); (b) the Research Unit for Neuronal Repair

c®sa and Plasticity, Medical University Graz, Graz (Austria);
SRR (c) the Queen Square MS Imaging Centre, University
28 § 2 College London Institute of Neurology, London (UK);
- (d) the Neuroimaging Research Unit, “Vita-Salute” Uni-
s versity, San Raffaele Scientific Institute, Milan (Italy); (e)

| = % i the MRI Center “SUN-FISM”, Second University of
EN Naples, Naples (Italy); and (f) the Department of Neuro-

logical and Behavioral Sciences, University of Siena

SD, standard deviation; M, men; W, women; HC, healthy controls; MS, multiple sclerosis; EDSS, Expanded Disability Status scale; CP, cognitively preserved; CI, cognitively

impaired; LV, lesion volume; NBV, normalized brain volume; NGMV, normalized gray matter volume; NWMYV, normalized white matter volume.

SEEg (Italy).
g Y = Y The inclusion criteria for this study required all subjects
gER to be right-handed [Oldfield, 1971] and aged between 20
P and 65 years. In addition, patients had to have a diagnosis
S 88 of relapsing remitting (RR) MS [Lublin and Reingold,
I8 § E 1996; Polman et al., 2011], and no relapse or corticosteroid
treatment within the month prior to scanning.
s8ac| . One patient and one healthy control (HC) had to be
N A excluded from the final analysis because they did not com-
N % E’ % % plete the scanning protocol.
& The final dataset used for this analysis included 52
S % RRMS patients (19/33 men/women; mean age=40.3 years,
=St s standard deviation (SD)=8.5 years, range=21-56 years;
BE| mean disease duration=84 years, range=2-33 years;
| &8 median Expanded Disability Status Scale (EDSS)
5= TE 7 score=2.0, range=0.0-6.0) and 57 HC (24/33 men/women,
~ERB| =% mean age=36.6 years, SD=9.3 years, range=22-65 years).
2 gz f = % Table I shows the main demographic and clinical charac-
2 ;E = E § teristics of the study subjects divided per site. Sex did not
il % % %: & differ significantly between HCs and MS patients (P=0.6),
§ § § g B whereas HCs were significantly younger than MS patients
S>3 | ¥¥ (P=0.03).
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Local ethics approval was obtained at all sites and all
subjects gave written informed consent.

Clinical and Neuropsychological Assessment

Within 48 h from the MRI acquisition, MS patients
underwent a neurological evaluation with rating of the
EDSS score and a neuropsychological assessment, per-
formed at each participating site by an experienced neurol-
ogist and neuropsychologist, unaware of the MRI results,
using validated translations of the neuropsychological
tests. Cognitive performance was assessed using the Brief
Repeatable Battery of Neuropsychological Tests (BRB-N)
[Rao et al., 1991], only marginally influenced by language
or cultural differences [Sepulcre et al, 2006]. BRB-N
includes the Selective Reminding Test (SRT) to assess
verbal memory; the 10/36 Spatial Recall Test (10/36 SRT)
to assess visual memory; the Symbol Digit Modalities Test
and the Paced Auditory Serial Addition Test 2” and 3”
[Gronwall, 1977] to assess attention and information proc-
essing speed; and the Word List Generation test to assess
verbal fluency. As previously described [Rocca et al., 2014;
Sepulcre et al., 2006], Z-scores for each of the previous
domains and a global Z-score of cognitive function
(obtained by averaging Z-scores of all tests) were
calculated.

In addition, the Wisconsin Card Sorting Test (WCST)
was administered to evaluate executive functions [Heaton,
1993]. Performance at the WCST was evaluated by com-
puting scores related to the total errors (WCSTte), the
number of perseverative errors (WCSTpe), and the number
of perseverative responses (WCSTpr) [Heaton, 1993].
Patients with a score <2 SD in at least one of these meas-
ures were considered impaired at the WCST [Filippi et al.,
2012; Mattioli et al., 2010; Parisi et al., 2014].

Patients with at least two abnormal tests (defined as a
score more than 2 SDs below the normative value provided
by Boringa et al. [2001] for the BRB-N and by Heaton et al.
[1993] for the WCST) were considered cognitively impaired
(CI) [Lazeron et al., 2005; Portaccio et al., 2009].

MRI Acquisition

Brain MRI scans were obtained using magnets operat-
ing at 3.0 Tesla at all sites (Amsterdam and Naples: GE
Signa; Graz and London: Siemens Trio; Milan and Siena:
Philips Intera). In all subjects, the following sequences of
the brain were collected during a single session: (a)
pulsed gradient spin echo (PGSE) [Stejskal, 1965] single-
shot-echo planar imaging (SS-EPI) sequence with a
double-refocused variant [Reese et al., 2003] on Siemens
and GE scanners to minimize eddy-current distortions,
and single-echo EPI acquisition on Philips scanners. The
following target scan parameters were used: repetition
time (TR): 6,000-12,000 ms; echo time (TE): 70-100 ms,
field of view (FOV): 320 X 240 mm? acquisition matrix:

128 X 96, 50 slices with an isotropic resolution (cubic
voxels) of 2.5 mm; phase encoding direction: anterior-
posterior. Thirty diffusion weighted (DW) volumes
[Jones, 2004] were acquired, each with a different diffu-
sion encoding gradient vector direction, and with a con-
stant b-factor of 900 s/mm?. For one of the two Siemens
scanners where it was not possible to use 30 directions
because of pulse sequence limitations, the maximum
number available (=12) was used, with an increased
number of repetitions such that the product of the num-
ber of DW directions and the number of repetitions was
kept close to 30. Four sites acquired four b0 images, while
the remaining two sites acquired two b0 images. Parallel
acquisition with an acceleration factor=2 was used
[Pagani et al., 2010]. In addition, five repetitions of the b0
image were acquired from one HC per center, to allow
signal-to-noise ratio (SNR) estimation. (b) Dual-echo
turbo-spin-echo (TSE): TR=ranging from 4,000 to 5,380
ms, TE;=ranging from 10 to 23 ms, TE,=ranging from 90
to 102 ms, echo train length =ranging from 5 to 11, 44
contiguous, 3-mm thick axial slices, parallel to the AC-PC
plane, with a matrix size=256 X 192 and a FOV= 240 X
180 mm? (recFOV=75%) and (c) 3D T1l-weighted scan:
TR=ranging from 5.5 to 8.3 ms (for GE/Philips scanners)
and from 1,900 to 2,300 ms (for Siemens scanners);
TE=ranging from 1.7 to 3.0 ms; flip angle ranging from
8°-12°, 176-192 sagittal slices with thickness=1 mm and
in-plane resolution=1 X 1 mm?. Geometric distortions
caused by the nonlinearity of the imaging field gradients
were corrected on 3D T1 weighted scans (2D correction
for Siemens and GE scanners and 3D correction for
Philips).

Conventional MRI Analysis

The analysis of structural MRI data was done centrally
at the Neuroimaging Research Unit (Milan, Italy) by expe-
rienced observers, unaware of subject identity. T2 hyperin-
tense and T1 hypointense lesion volumes (LV) were
measured on dual-echo TSE and 3D Tl-weighted scans,
respectively, using a local thresholding segmentation tech-
nique (Jim 5.0, Xinapse Systems, West Bergholt, UK). Nor-
malized brain (NBV), WM (NWMYV) and GM (NGMYV)
volumes were measured on 3D Tl-weighted scans using
the SIENAx software [Smith et al., 2002], after T1-
hypointense lesion refilling [Chard et al., 2010].

SNR Calculation

SNR was calculated using five repeated acquisitions of
the b0 image and determined as the ratio of the temporal
mean value to the SD, averaged within a region of interest
positioned in a uniform WM area. This method is the
most accurate when multichannel coils are used and the
assumption of homogeneous background noise cannot be
satisfied [Dietrich et al., 2007].
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Connectivity-Based Parcellation of the Thalami
Preprocessing

DW images were first corrected for distortions
caused by the eddy currents and for movements (http://
white.stanford.edu/newlm/index.php/DTI_Preprocessing).
Then, using the FMRIB'’s Diffusion Toolbox (FDT tool, FSL
5.0.5, http://www.fmrib.ox.ac.uk), the DT was estimated
in each voxel by linear regression [Basser et al., 1994] and
fractional anisotropy (FA) and mean diffusivity (MD) maps
were derived. DW data were modeled with 2 fibers per
voxel and distributions of diffusion parameters were
derived (BEDPOSTX Tool in FSL). This step creates the
input files necessary for running probabilistic tractography
[Behrens et al., 2007; Behrens et al., 2003b]. The following
steps are required to relate the b0 image space to MNI
space, where cortical lobes are defined. To compensate for
susceptibility induced distortions that particularly affect
DW data acquired with an EPI read-out, the T2-weighted
TSE image was used as a reference image for nonlinear
registration. After skull stripping using the brain extraction
tool (BET) (fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) [Smith,
2002], the T2-weighted image was rigidly aligned to the b0
EPI image [Jenkinson and Smith, 2001]. Then, a nonlinear
deformation of the b0 image was applied so that it
matched the registered T2-weighted TSE compensating for
distortions, using FNIRT tool in FSL. The T2-weighted TSE
image was in turn rigidly registered to the 3D T1-weighted
image, after skull stripping, and the latter was nonlinearly
registered [Jenkinson and Smith, 2001] to MNI space. All
previous transformations were concatenated and the
inverse of the transformation was also calculated.

Six cortical regions (frontal cortex, motor cortex, post-
central cortex, posterior parietal cortex, temporal cortex,
and occipital cortex) were derived using the Harvard-
Oxford cortical atlas [Broser et al., 2011], as previously
described [Behrens et al., 2003a].

Using SPM8 software, 3D T1 weighted images in MNI
space were segmented into three classes (GM, WM, and
CSF) and, after thresholding at 50%, binary masks were
obtained.

The thalami were segmented from the 3D T1-weighted
images in native space using the FIRST tool from the
FMRIB Software Library [Patenaude et al., 2011]. This
method uses shape and appearance models derived from a
training set and defined in MNI space. To bring the models
into native image space, normalization is performed using a
two-stage linear registration, to achieve robust subcortical
alignment. To improve the segmentation, in particular for
the delimitation of the boundary with the internal capsule,
the script was modified to calculate both stages of the linear
registration, using single subject FA map and the FA tem-
plate of FSL as reference. The results of segmentation were
all visually checked. Normalized thalamic volumes were
calculated from the FIRST output using the SIENAX scaling
factor [Smith et al., 2002].

Thalamus and T2/T1 lesion masks were registered to
MNI space using the previously calculated nonlinear
registration.

Derivation of thalamic connectivity defined regions
(CDR) and cortico-thalamic tracts

To avoid the effect of lesions on diffusion tractography,
data from HCs were used to create CDR and cortico-
thalamic tract probability maps to be applied to all study
subjects [Pagani et al., 2005]. HC from the center with 12
DW directions were not used to create these probability
maps. The probtrackx tool from FSL [Behrens et al., 2007]
was used to perform probabilistic tractography with vox-
els in the thalamus used as seeds to draw 5,000 samples
from the connectivity distribution and the six cortical
regions as classification targets (curvature threshold =0.2).
This resulted in six thalamic maps, representing for each
voxel of the thalamus the probability of connection to each
of the six cortical regions. As both seed and target regions
were defined in MNI space, the nonlinear registration was
provided as input to the program. Finally, hard segmenta-
tion of the thalamus was performed classifying seed voxels
based on the highest connection probability to target
masks [Behrens et al., 2007; Johansen-Berg et al., 2005].
This approach has already been proven to be highly repro-
ducible [Traynor et al.,, 2010]. This produced exclusive
CDRs, which were averaged across HCs [Johansen-Berg
et al., 2005] to obtain probability maps of each CDR: fron-
tal CDR (F-CDR), motor CDR (M-CDR), postcentral CDR
(PC-CDR), posterior parietal CDR (PP-CDR), temporal
CDR (T-CDR), and occipital CDR (O-CDR) (Fig. 1) [Johan-
sen-Berg et al., 2005].

Probability maps of WM tracts connecting each CDR to
the corresponding cortical target were also obtained, using
CDRs as seed regions and relative cortical masks as way-
points. The following tracts were obtained from each con-
trol: Fronto-Thalamic (F-T) tract, Motor-Thalamic (M-T)
tract, Post-Central-Thalamic (PC-T) tract, Posterior-Parietal
(PP-T) tract, Temporal-Thalamic (T-T) tract, and Occipital-
Thalamic (O-T) tract. After exclusion of thalamic voxels,
the previous tracts were normalized by the total number
of generated tracts that were not rejected by inclusion/
exclusion mask criteria, thresholded, binarized, and aver-
aged to obtain tract probability maps in MNI space

(Fig. 2).

Calculation of cortico-thalamic DT MRI, LV
and atrophy measures

CDR and tract probability maps were transformed back
to native space, thresholded at 33%, binarized and applied
to DT MRI maps of all study subjects to obtain average
values, after exclusion of lesions, CSF and overlapping
voxels [Pagani et al., 2005]. In the same way, CDR and
tract masks were applied to T2/T1 lesion masks trans-
formed to the DTI space to calculate LV. The same
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Figure I.
Thalamic connectivity defined regions (CDRs) probability maps from healthy controls, thresh-
olded at 33%, in Montreal Neurological Institute space: (a) axial 2D view; (b) ventral 3D view;
(c) dorsal 3D view; and (d) left lateral 3D view. Green=frontal CDR, copper=motor CDR, light
blue=postcentral CDR, blue=posterior parietal CDR, red=temporal CDR, yellow=occipital
CDR. L, left; R, right; A, anterior; P, posterior.

procedure was used to calculate mean DT MRI indices
and T2/T1 LV of the whole thalamus, bilaterally. The vol-
ume of each cortical target was calculated by applying
cortical masks to single subject GM maps, after transform-
ing them back to native space. These volumes were nor-
malized using the SIENAX scaling factor [Smith et al.,
2002].

Vertex analysis

To assess group differences of thalamic shape on a per-
vertex basis, vertex analysis was performed using the
signed, perpendicular distance from the average surface,
calculated at each corresponding anatomical point by
FIRST. The projections are scalar values, allowing them to
be processed by univariate statistical methods (randomize
tool, FSL 5.0.5). FIRST creates a surface mesh for each

subcortical structure using a deformable mesh model. The
mesh is composed of a set of triangles and the apex of
adjoining triangles is called a vertex. The number of verti-
ces for each structure is fixed so that corresponding verti-
ces can be compared across individuals and between
groups. Vertex correspondence is crucial for the FIRST
method, as it facilitates the investigation of localized shape
differences through the examination of group differences
in the spatial location of each vertex. When reconstructed
in MNI space, the surfaces have a common reference
frame, although local pose differences may still exist. In
addition to the global affine transformation, pose (rotation
and translation) can be removed with a rigid transforma-
tion by minimizing the sum-of-squares difference between
the corresponding vertices of a subject’s surface and the
mean surface (target). The following options were chosen:
(a) “useReconMNI”: to reconstruct the meshes in MNI
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Figure 2.

Cortico-thalamic tracts probability maps from healthy controls,
thresholded at 33%, in Montreal Neurological Institute space: (a)
coronal 2D view; (b) sagittal 2D view; (c) axial 2D view; and (d)
lateral 3D view of right tracts. Green=fronto-thalamic tract,

space; (b) “useRigidAlign”: to remove additional differen-
ces between the meshes using a rigid transformation [Pate-
naude et al., 2011].

Summary of the Analysis

To summarize, the method consists of a first part aimed
at relating native DTI space to MNI space. This is needed
both for the construction of probability maps from HCs
and for their application to patient data. In the second
step, the thalami and cortical lobes are obtained. In the

copper=motor-thalamic tract, light blue=postcentral-thalamic
tract, blue=posterior parietal-thalamic tract, red=temporo-
thalamic tract, yellow=occipito-thalamic tract. L, left; R, right.

third one, tractography is applied to HC data to segment
the thalami according to their cortical projections. CDR
probability maps are also obtained. Finally, CDRs maps
are applied to HC and patients data. The same procedure
is used to study the tracts connecting each CDR region to
the cortical lobes.

The following describes the four steps:

1. b0 to MNI: (a) brain extraction of the T2-weighted
TSE image (native space); (b) rigid registration of the
T2-weighted TSE image to the b0 EPI image; (c) non-
linear deformation of the b0 image to match the
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registered T2-weighted TSE (to compensate distor-
tions); (d) linear registration of the T2-weighted TSE
image to the 3D Tl-weighted image; (e) nonlinear
deformation of the 3D Tl-weighted image to MNI
space. All intermediate transformations are concaten-
ated to relate native DTI space to MNI space. The
inverse transformation is also calculated.

2. Thalamus and lobes segmentation: (a) segmentation
of left and right thalamus using FIRST on the 3D T1-
weighted image in native space; (b) thalamic masks
are transformed to MNI space; (c) cortical lobes (in
MNI space) are derived from the Harvard-Oxford
cortical atlas.

3. Segmentation of the thalami in CDRs: (a) tractogra-
phy is run using as input the DW data in native
space, thalamus and cortical lobes masks in MNI
space, the direct and inverse nonlinear transformation
obtained at point 1. This results in six maps of proba-
bility that the thalamic voxels are connected to each
lobe, saved in MNI space; (b) after hard segmentation
of the results and average across subjects, CDR prob-
ability maps are produced.

4. Application to patient data: (a) CDR probability maps
are transformed back to native space using the
inverted nonlinear transformation calculated at point
1, thresholded and binarized; (b) relevant indices are
obtained within each region.

Statistical Analysis

Between-group comparisons were performed using the
Mann-Whitney test, Kruskal-Wallis test, and Chi-square
test, as appropriate. Normal distribution assumption was
checked by means of Q-Q plot and Shapiro-Wilk and Kol-
mogorov-Smirnov tests. Skewed distributed variables
were log-transformed before analyses. MRI measures were
compared between groups using a linear mixed model
accounting for between-center heterogeneity, adjusting for
subjects’” age and sex. Pairwise post hoc comparisons were
corrected for multiple comparisons using the Hochberg
method. Multivariate linear mixed models were built
assuming thalamic DT MRI variables as dependent vari-
able and the following hypothetic determinants of tha-
lamic damage as covariates: (1) for whole thalamus: side
specific thalamic volume (right/left), side specific thalamic
T2/T1 LV, NBV, NGMV, NWMYV; (2) for each CDR: CDR
T2/T1 LV, CDR related tract T2/T1 LV and DT MRI indi-
ces, specific cortical target volume. Thalamic covariates
were selected using a stepwise variable selection method,
with a significance level of 0.05 for them both to enter and
to remain in the model.

A random forest analysis (RF) was run to identify the
best predictors, among all MRI variables explored, of
global cognitive impairment as well as impairment at spe-
cific cognitive domains [Breiman, 2001]. An output of the

RF corresponds to variable importance reported as a rank-
ing: each covariate receives a score according to its ability
to classify correctly the patient’s outcome when data are
permuted. For easier interpretation, variable importance
was normalized with respect to the best predictor. For RF
analysis, MRI measures which showed significant correla-
tion (P<0.1 using the Spearman Rank Correlation coeffi-
cient) with neuropsychological scores were considered (to
overcome the problem of false positive discoveries, while
preserving a small risk of false negative results).

All analyses were performed using SAS Release 9.3. For
the RF analysis, we used the package “randomForest” ver-
sion 4.5 implemented in the R software package.

RESULTS

Clinical, Neuropsychological, and Conventional
MRI Measures

Table II summarizes the main conventional MRI features
of MS patients as a whole and according to the presence/
absence of cognitive impairment. Compared to HCs, MS
patients had lower NBV (P<0.0001), NGMV (P=0.001) and
NWMV (P<0.0001). A significant site effect was found for
sex, age, EDSS, NBV, NGMV and NWMYV, whereas no effect
was found for disease duration, T2 LV and T1 LV (Table I).

Twenty-two (42%) MS patients were classified as CL
The domains most frequently involved were: attention and
information processing speed (33% of the patients), execu-
tive functions (27%), verbal memory (21%), spatial mem-
ory (19%), and verbal fluency (19%) (Table III).

The distribution of CI and cognitively preserved (CP)
patients did not differ significantly among sites (Table I).
Compared to CP patients, CI MS patients were significantly
older (mean age=37.9 years, SD=7.8 years for CP and 43.4
years, SD=8.6 years for CI patients; P=0.03), had higher
EDSS (median EDSS=1.5, range 0—4.0 for CP and 2.0, range
1.0-6.0 for CI patients, P=0.03) and T1 LV (P=0.04), as well
as lower NBV (P=0.006), NGMV (P=0.009) and
NWMV(P=0.04). No differences were found for sex
(P=0.10), disease duration (P=0.15) and T2LV (P=0.06).

SNR

The SNR was greater than 20 for all sites (site 1=28, site
2=24, site 3 [with 12 DW directions]=49, Site 4=36, site
5=49, site 6= 42). According to the simulation published
by Behrens et al. [2007], this allows two crossing fibers up
to a separation angle of 60 degrees to be correctly modeled
(for 30 DW directions and b=1,000).

Cortical Target Volumes

Table II summarizes cortical target volume measurements
from HC and MS patients as a whole and according to the
presence/absence of cognitive impairment. All cortical
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TABLE Il. Conventional MRI measures and CT normalized volumes in HC and MS patients with (Cl) and without
cognitive impairment (CP)

HC (57) MS (52) p? CP MS patients (30) CI MS patients (22) p?
Mean T2 LV (ml) (SD) - 11.0 (13.9) - 6.6 (7.3) 169 (18.2) 0.06
Mean T1 LV (ml) (SD) — 5.7 (6.1) — 3.4 (3.1) 8.9 (7.8) 0.04
Mean NBV (ml) (SD) 1526 (80) 1428 (113) <0.0001 1455 (106) 1391 (114) 0.006
Mean NGMV (ml) (SD) 823 (56) 777 (70) 0.001 798 (70) 748 (59) 0.009
Mean NWMV (ml) (SD) 703 (41) 651 (71) <0.0001 657 (54) 642 (89) 0.04
Mean F CT nVol (ml) (SD) 186.1 (19.1) 173.3 (22.2) 0.008 179.3 (21.8) 165.2 (20.4) 0.008
Mean M CT nVol (ml) (SD) 38.9 (4.3) 36.2 (5.9) 0.006 37.9 (5.5) 33.9 (5.8) 0.008
Mean PC CT nVol (ml) (SD) 24.7 (3.1) 23.1 (3.7) 0.006 24.3 (3.6) 21.3 (3.3) 0.002
Mean PP CT nVol (ml) (SD) 57.7 (6.3) 524 (7.1) 0.0002 54.0 (7.4) 502 (6.1) 0.05
Mean T CT nVol (ml) (SD) 136.0 (12.2) 122.8 (14.4) <0.0001 127.0 (12.8) 117.1 (14.8) 0.005
Mean O CT nVol (ml) (SD) 147.1 (13.1) 135.1 (17.5) 0.0001 140.1 (16.3) 128.2 (17.1) 0.004

“Linear mixed model accounting for between-centre heterogeneity, adjusting for age; Hochberg method correction.
SD, standard deviation; HC, healthy controls; MS, multiple sclerosis; CP, cognitively preserved; CI, cognitively impaired; LV, lesion vol-
ume, CT, cortical target; nVol, normalized volume; F, frontal; M, motor; PC, postcentral; PP, posterior parietal; T, temporal; O, occipital.

targets volumes were significantly lower in MS patients ver-
sus HCs, in CI MS patients versus HCs and in CI versus
CP MS patients. Compared to HCs, CP MS patients had
lower PP-target (P=0.05) and T-target (P=0.008) volumes.

Whole and Regional Thalamic Damage

In line with previous MRI and histological findings
[Broser et al., 2011; Harris et al., 1996; Watkins et al., 2001],
DT MRI parameters of the left and right thalamus differed
significantly both in HC and MS patients. For this reason,
the left and right thalami were analyzed separately. Due to
its variability in position, small size and frequent overlap
with other areas in HCs, PP-CDR survived, after threshold
and exclusion of overlapping voxels, only in a small num-
ber of patients. As a consequence, its derived measures
were not considered in the statistical analysis.

The results of the between-group comparisons of whole
and regional thalamic volumes and DT MRI measures are

summarized in Table IV. Compared to HCs, MS patients
had: (1) decreased thalamic volume, bilaterally; (2)
increased FA in the thalamus, F-CDR and O-CDR, bilater-
ally; (3) increased MD in the bilateral F-CDR, bilateral T-
CDR and bilateral O-CDR. Compared to HCs, CP MS
patients had: (1) decreased bilateral thalamic volumes; (2)
increased MD in the bilateral T-CDR. Compared to HCs,
CI MS patients had: (1) decreased thalamic volume, bilat-
erally; (2) increased FA in the bilateral thalamus, bilateral
F-CDR, left PC-CDR and bilateral O-CDR; (3) increased
MD in the bilateral thalamus, bilateral F-CDR, left PC-
CDR, bilateral T-CDR and bilateral O-CDR. Compared to
CP, CI MS patients had: (1) decreased bilateral thalamic
volumes; (2) increased FA in the bilateral F-CDR, M-CDR,
PC-CDR and O-CDR; (3) increased MD in the left thala-
mus, bilateral F-CDR, right M-CDR, left PC-CDR, bilateral
T-CDR, and bilateral O-CDR.

Global and regional thalamic T2 and T1 LV did not dif-
fer between CI and CP MS patients.

TABLE Ill. Number and frequency of patients with MS with abnormal performance at neuropsychological tests and
distribution across centers

All centers Amsterdam Graz London Milan Naples Siena
Cognitive domains (N=52) (N=8) (N=6) (N=7) (N=10) (N=11) (N=10)
Attention/information 17 (33%) 2 (25%) 2 (33%) 2 (29%) 6 (60%) 4 (36%) 1 (10%)
processing speed (%)
Executive functions (%) 14 (27%) 3 (38%) 1 (17%) 5 (71%) 4 (40%) 0 (0%) 1 (10%)
Verbal memory (%) 11 (21%) 3 (38%) 1 (17%) 2 (29 %) 2 (20%) 3 (27%) 0 (0%)
Spatial memory (%) 10 (19%) 0 (0%) 1 (17%) 2 (29%) 3 (30%) 3 (27%) 1 (10%)
Verbal fluency (%) 10 (19%) 2 (25%) 3 (50%) 0 (0%) 1 (10%) 4 (36%) 0 (0%)

Abnormalities of attention, verbal memory, spatial memory and verbal fluency domains were derived from the scores obtained at the
Brief Repeatable Battery-Neuropsychological (BRB-N) battery, abnormalities of the executive functions were derived from the scores

obtained at the WCST. See text for further details.
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TABLE IV. Whole and regional thalamic damage in HC and MS patients with (Cl) and without cognitive impairment (CP)

RIGHT THALAMUS

LEFT THALAMUS

CIMS

patients

CP MS
patients

MS

patients

CIMS

patients

CP MS
patients

MS

patients

P?

pP?

HC

P2

P2

HC

Variable

<0.0001 5.7 (0.8) 4.6 (1.0) <0.0001 6.5 (0.8) 5.3 (1.0) <0.0001 5.8 (0.8) 4.6 (0.9) <0.0001
n.s 0.03

53 (1.1)

6.5 (0.8)

nVol (ml]) (SD)

Whole (SD)

n.s.

0.35 (0.04)
0.76 (0.06)
0.36 (0.06)
0.81 (0.09)
0.40 (0.11)
0.74 (0.05)
0.40 (0.08)
0.75 (0.06)
0.33 (0.06)
112 (0.31)
0.37 (0.07)
0.87 (0.17)

0.34 (0.03)
0.74 (0.03)
0.33 (0.03)
0.76 (0.04)
0.35 (0.06)
0.71 (0.04)
0.35 (0.06)
0.74 (0.04)
0.34 (0.04)
0.92 (0.14)
0.34 (0.05)
0.78 (0.09)

0.34 (0.04)
0.75 (0.05)
0.34 (0.05)
0.78 (0.07)
0.37 (0.09)
0.72 (0.05)
0.37 (0.07)
0.74 (0.06)
0.33 (0.05)
1.00 (0.25)
0.35 (0.06)
0.82 (0.14)

0.33 (0.03)
0.75 (0.03)
0.33 (0.03)
0.76 (0.03)
0.37 (0.06)
0.72 (0.03)
0.38 (0.07)
0.74 (0.04)
0.35 (0.04)
0.81 (0.09)
0.33 (0.05)
0.77 (0.04)

0.36 (0.04)
0.76 (0.05)
0.37 (0.06)
0.79 (0.09)
0.41 (0.09)
0.72 (0.07)
0.44 (0.09)
0.75 (0.07)
0.32 (0.05)
1.16 (0.36)
0.38 (0.07)
0.84 (0.12)

0.34 (0.03)
0.74 (0.04)
0.34 (0.04)
0.75 (0.04)
0.35 (0.06)
0.71 (0.05)
0.38 (0.07)
0.71 (0.04)
0.34 (0.05)
0.90 (0.16)
0.34 (0.03)
0.77 (0.07)

0.04

0.35 (0.04)
0.75 (0.05)
0.35 (0.05)
0.77 (0.07)
0.37 (0.08)
0.72 (0.06)
0.40 (0.08)
0.72 (0.06)
0.33 (0.05)

0.34 (0.03)
0.75 (0.04)
0.33 (0.03)
0.75 (0.03)
0.37 (0.06)
0.71 (0.04)
0.39 (0.06)
0.72 (0.04)
0.34 (0.04)
0.81 (0.09)
0.33 (0.04)
0.77 (0.04)

FA
MD

ns.
0.01

ns.
0.03

0.004
0.02

n.s

0.01

0.04
n.s

FA
MD

F-CDR (SD)

0.0003
0.02

0.0003
ns.

0.0009
0.01

FA
MD

M-CDR (SD)

0.006
0.02

n
n.s.

n.s
0.005

n.s
n.s.

FA
MD

PC-CDR (SD)

n.s
ns.
0.0005

0.007
0.002

n
n.s.
<0.0001
0.0009

0.002

0.002
n.s.
<0.0001

n.s
ns.
<0.0001

FA
MD

T-CDR (SD)

0.005
0.003

0.0005
0.01

1.01 (0.29)
0.35 (0.05)
0.80 (0.10)

FA
MD

O-CDR (SD)

“Linear mixed model accounting for between-centre heterogeneity, adjusting for age and sex; Hochberg method correction.

SD, standard deviation; HC, healthy controls; MS, multiple sclerosis; CP, cognitively preserved; CI, cognitively impaired; nVol, normalized volume; CDR, connectivity

defined region; F, frontal; M, motor; PC, postcentral; T, temporal; O, occipital.

Average is expressed in units in mm?/s*10 e —3, FA is a dimensionless index.

Cortico-Thalamic Tracts

The results of the between-group comparisons of DT
MRI measures of the normal-appearing white matter
(NAWM) and T2/T1 LV of each cortico-thalamic tract are
summarized in Table V. Compared to HCs, MS patients
had: (1) decreased FA in the bilateral T-T tract and bilat-
eral O-T tract; and (2) increased MD in all tracts, except
for bilateral PC-T tract. Compared to HCs, CP MS patients
showed: (1) decreased FA in the T-T tract and O-T tract,
bilaterally and (2) increased MD in all tracts, except for
bilateral PC-T tract. Compared to HCs, CI MS patients
showed: (1) decreased FA in the left PP-T tract, bilateral T-
T tract and bilateral O-T tract and (2) increased MD in all
tracts, except for right PC-T tract. Compared to CP, CI MS
patients had: (1) decreased FA in the bilateral T-T tract
and bilateral O-T tract and (2) increased MD in the bilat-
eral F-T tract, bilateral M-T tract, left PC-T tract, left PP-T
tract, bilateral T-T tract, and bilateral O-T tract.

Compared to CP patients, CI MS patients had higher T2
LV of the bilateral F-T tract and left O-T tract (P values
ranging between 0.002 and 0.02) and higher T1 LV of the
right F-T tract, left PP-T tract and right O-T tract (P values
ranging from 0.001 to 0.04).

Thalamic Shape Analysis

Between-group comparisons of vertex analysis revealed
significant atrophy (P<0.05) in: (1) MS patients versus
HCs in the whole thalamus, bilaterally; (2) CP MS patients
versus HCs in the whole thalamus, bilaterally, except for
the left M-CDR, left PC-CDR and posterior-medial portion
of T-CDR, bilaterally; (3) CI MS patients versus HCs in the
whole thalamus, bilaterally; (4) CI versus CP MS patients
in the whole right thalamus and in the left thalamus,
except for the PP-CDR, O-CDR and posterior portion of T-
CDR (Fig. 3). At a P<0.01, the distribution of atrophy in
the right and left thalamus was similar.

Determinants of Thalamic Damage

Global thalamic FA was not associated with any param-
eters of the model. For all FA CDRs, except for right PC-
CDR, the principal association was found with FA in the
corresponding cortico-thalamic tract (P ranging from
0.0003 to <0.0001, partial R square=0.1-0.3, slope=0.4-
0.9). For all MD CDRs, the principal association was found
with MD in the corresponding cortico-thalamic tract
(P<0.0001, partial R square=0.3-0.4, slope=0.8-1.3).

Random Forest Analysis

Figure 4 summarizes the results of RF analysis per-
formed to identify the MRI variables significantly associ-
ated with global cognitive performance as well as with
performance at specific cognitive domains. Whenever
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TABLE V. Diffusion tensor MRl measures of cortico-thalamic tracts in HC and MS patients with (Cl) and without cognitive impairment (CP)

RIGHT TRACTS

LEFT TRACTS

Pa

CP MS patients CI MS patients

a

MS patients

HC

Pa

CP MS patients CI MS patients

MS patients ~ P?

HC

Variable

n.s.

0.46 (0.03)
0.81 (0.07)
0.49 (0.04)
0.76 (0.06)
0.46 (0.04)
0.77 (0.06)
0.43 (0.05)
0.84 (0.06)
0.32 (0.04)
1.37 (0.23)
0.45 (0.04)
0.90 (0.08)

0.45 (0.03)
0.77 (0.04)
0.49 (0.03)
0.73 (0.03)
0.47 (0.03)
0.74 (0.03)
0.45 (0.06)
0.82 (0.07)
0.34 (0.04)
1.17 (0.15)
0.48 (0.04)
0.84 (0.05)

0.46 (0.03) n.s.

0.47 (0.03)
0.009 0.76 (0.03)

n.s

0.47 (0.03)
0.80 (0.07)
0.50 (0.05)
0.75 (0.05)
0.46 (0.03)
0.74 (0.03)
0.41 (0.03)
0.83 (0.07)
0.32 (0.05)
1.34 (0.27)
0.46 (0.04)
0.88 (0.06)

0.46 (0.03)
0.77 (0.05)
0.50 (0.03)
0.72 (0.03)
0.48 (0.03)
0.77 (0.05)
0.43 (0.03)
0.80 (0.05)
0.35 (0.03)
1.18 (0.16)
0.48 (0.04)
0.82 (0.05)

n.s.

0.46 (0.03)
0.79 (0.06)
0.49 (0.04)
0.73 (0.04)
0.47 (0.03)

FA 047 (0.03)
MD 0.75 (0.04)

M-T tract (SD) FA  0.50 (0.04)

F-T tract (SD)

0.002
n.s.

<0.0001

0.79 (0.06)
0.49 (0.04) ns.

<0.0001

n.s.

0.50 (0.03)
0.72 (0.03)
0.48 (0.04)

0.002  0.75 (0.04)

n.s.

0.02
n.s.

<0.0001

n.s.

0.74 (0.05)
0.47 (0.04)

0.01
n.s.

<0.0001

n.s.

MD 0.71 (0.03)

PC-T tract (SD) FA 0.48 (0.03)

n.s.

0.76 (0.05) n.s.

0.74 (0.04) n.s.

MD 0.74 (0.03)

PP-T tract (SD) FA  0.43 (0.04)

n.s.

0.44 (0.06) n.s.

0.46 (0.05)

0.79 (0.05)
0.007  0.40 (0.03)
0.0003 1.03 (0.08)
0.008 0.51 (0.03)
0.009 0.80 (0.04)

n.s.

0.42 (0.03) ns.

n.s.

0.002
<0.0001
<0.0001
<0.0001
<0.0001

0.83 (0.07)
0.33 (0.04)
1.26 (0.21)
0.47 (0.04)
0.87 (0.07)

0.02

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.81 (0.06)
0.34 (0.05)
1.25 (0.23)
0.47 (0.04)
0.85 (0.06)

MD 0.78 (0.04)
FA 0.40 (0.03)
MD 1.03 (0.10)
FA 051 (0.04)
MD 0.80 (0.07)

0.01
<0.0001

T-T tract (SD)

0.001

O-T tract (SD)

0.0009

“Linear mixed model accounting for between-centre heterogeneity, adjusting for age and sex; Hochberg method correction.

SD, standard deviation; HC, healthy controls; MS, multiple sclerosis; CP, cognitively preserved; CI, cognitively impaired; F-T, fronto-thalamic; M-T, motor-thalamic; PC-T,

postcentral-thalamic; PP-T, posterior parieto-thalamic; T-T, tempo-thalamic; O-T, occipito-thalamic; FA, fractional anisotropy; MD, mean diffusivity.

Average MD is expressed in units in mm?/s*10 e —3, FA is a dimensionless index.

possible, the five most important MRI predictors are listed.
The best predictor of global cognitive performance was
left O-T tract MD. Considering performance at specific
cognitive domains, impairment of attention/information
processing speed was predicted by T1 LV of the left O-T
Tract, followed by T2 LV of the left F-T tract; verbal mem-
ory impairment was predicted by MD in the left F-CDR,
followed by MD in the right F-CDR; spatial memory
impairment was associated with T1 LV of left M-T tract
followed by MD in the left T-T tract; verbal fluency
impairment was associated with FA in the O-CDR and
MD in the left F-T tract; finally executive function was
associated with MD in the right F-=CDR and T2 LV of the
right PC-T tract.

DISCUSSION

In this cross-sectional multicenter study, we applied
advanced MRI techniques and sophisticated methods of
analysis to investigate cortico-thalamic disconnection and
its contribution to cognitive dysfunction in RRMS patients.
To this aim, we used a validated and reproducible method
to segment the thalamus in six CDRs, based on their corti-
cal connections [Behrens et al., 2003a; Johansen-Berg et al.,
2005; Traynor et al., 2010].

Our analysis of global thalamic atrophy provided results
which are in line with the available literature in MS, that
is that thalamic atrophy occurs in RRMS patients [Minagar
et al., 2013] and is more severe in patients with cognitive
impairment [Batista et al., 2012; Benedict et al., 2006, 2004;
Houtchens et al., 2007].

The core results of our study are those obtained by the
analysis of regional DT MRI parameters derived from tha-
lamic normal appearing (NA) tissues (with the exclusion
of focal visible lesions), which showed significant modifi-
cations in MS patients compared to HCs. We will discuss,
in particular, FA abnormalities detected in this structure
rather than MD ones, since they have been largely debated
in literature and harbour major speculative implications
[Cappellani et al. 2014b; Ciccarelli et al., 2001, Hannoun
et al.,, 2012, Mesaros et al., 2011; Tovar-Moll et al., 2009].
Compared to HCs, MS patients experienced significantly
increased FA in the whole thalamus, F-CDR and O-CDR,
bilaterally, with a similar trend in all regions, except for
bilateral T-CDRs, where a trend toward a reduced FA was
found. Increased MD in the bilateral F-CDRs, T-CDRs and
O-CDRs was also present. An increased FA in the thala-
mus in MS patients has already been described by several
studies [Ciccarelli et al., 2001, Hannoun et al., 2012; Tovar-
Moll et al., 2009], using different methodologies. Specifi-
cally, previous thalamic DT MRI studies applied either a
region-of-interests analysis, without considering the ana-
tomical connections and subdivisions of this structure, or
sampled the thalamus as a whole. Importantly, decreased
thalamic FA in patients with MS [Cappellani et al., 2014b;
Mesaros et al., 2011] and clinically isolated syndromes
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Figure 3.

Results of vertex analysis in Cl versus CP multiple sclerosis
(MS) patients for the left and right thalami overlaid on thalamic
connectivity defined regions (CDRs) in Montreal Neurological
Institute space: (a) ventral 3D view; (b) dorsal 3D view; (c) ante-
rior 3D view; and (d) posterior 3D view. Gray represents the

(CIS) [Cappellani et al. 2014a] has also been reported. Vari-
ous factors might contribute to explain discrepancies
among available studies, including not only clinical char-
acteristics of patients studied, but also the technique
applied to segment the thalamus. In this regard, one
potential problem is the contrast at the boundaries with
the internal capsule that smoothly degrades due to the
presence of WM fibers terminating in the thalamus. We
tried to control for this using the contrast offered by FA
maps for improving the segmentation (see methods).
Other approaches might have biased their results by the
contamination of WM surrounding the thalamus.

Regional and side differences of FA behavior can be
explained by the complex structure of the thalamus and
the previously described left/right thalamic asymmetries
[Harris et al., 1996; Watkins et al., 2001]. The thalamus is
composed of GM nuclear groups interconnected by highly

region of the thalamus more atrophic in Cl versus CP MS
patients (P<0.05). Green=frontal CDR, copper=motor CDR,
light blue=postcentral CDR, blue=posterior parietal CDR,
red=temporal CDR, yellow=occipital CDR. L, left; R, right; A,
anterior; P, posterior.

anisotropic WM fascicles [Hannoun et al., 2012]. Addition-
ally, thalamic GM also appears to show some degree of
anisotropy that might be explained by the origin or termi-
nation of myelinated tracts. The increased FA detected in
the majority of thalamic regions, although not always sig-
nificant, may be an expression of a more prominent GM
damage (or a greater effect of damaged GM due to its pro-
portion in interested areas). Notably, increased FA has
also been detected in cortical GM of MS patients [Calabr-
ese et al.,, 2011; Filippi et al,, in press; Poonawalla et al.,
2008] and has been related to alterations of the neuronal
cell micro-organization, including loss of dendritic arbori-
zation [Mukherjee et al., 2002], synaptic stripping [Hasbani
et al,, 2001] and local activation of microglia cells [Han-
noun et al., 2012]. In contrast to the other thalamic regions,
the T-CDR showed a nonsignificant reduction of FA in MS
patients, which might reflect the presence of intrathalamic
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Figure 4.

Results of the random forest analysis. Normalized variable
importance of the five most important MRI variables in predict-
ing global and specific cognitive scores. For verbal memory, only
four variables were associated. MD, mean diffusivity; FA, frac-

WM damage in thalamic subregions with a higher propor-
tion of WM [Hannoun et al., 2012]. As a consequence, FA
decrease in intrathalamic WM and in thalamic origin/ter-
mination of myelinated tracts could balance the increase of
intrathalamic GM FA [Hannoun et al., 2012].

Compared to CP MS patients, those with CI had higher
FA in the bilateral F-CDR, M-CDR, PC-CDR and O-CDR.
The most prominent increase of FA observed in CI MS
patients could be explained by a more severe damage to
the GM in this group. F-CDR involves parts of the anterior
nuclear complex, which has an essential role in cognition
because of its projection to prefrontal areas [Behrens et al.

tional anisotropy; LV, lesion volume; CDR, connectivity defined
region; Thal, thalamic; F, frontal; M, motor; PC, postcentral; F-T,
fronto-thalamic; M-T, motor-thalamic; PC-T, postcentral-thalamic;
PP-T, posterior parietal-thalamic; O-T, occipito-thalamic.

2003a]. M-CDR includes voxels connecting to motor and
premotor areas and contains the ventral anterior nucleus,
ventro-lateral anterior, and posterior nuclei [Behrens et al.,
2003a], which are relevant for integration between subcort-
ical structures and motor and premotor cortical areas
[Nieuwenhuys et al., 2008]. In addition, regional analysis
of thalamic atrophy showed greater involvement of ante-
rior regions (including F-CDR and M-CDR) in CI MS
patients. In support of this, a previous study in HCs has
shown more severe atrophy with aging in the anterior por-
tion of the thalamus, involving regions containing the
anterior and dorso-medial nuclei [Hughes et al., 2012].
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The O-CDR contains some intralaminar nuclei [Behrens
et al., 2003a], which are relevant in integration of func-
tions, receiving converging inputs from many different
structures, projecting diffusely to the cortex and being
interconnected extensively with the reticular thalamic
nucleus [Nieuwenhuys et al, 2008]. As a consequence,
their involvement could be expression of the relevance of
integrating function of thalamic nuclei for cognition. To
summarize, we postulate that increased FA observed in
the majority of thalamic subregions might reflect promi-
nent GM damage, more relevant in CI MS patients. The
decreased FA observed in T-CDR, although not significant,
is likely related to WM damage, present in all MS patients.

Our approach also enabled us to estimate DT MRI indi-
ces in the WM tracts connecting the different thalamic sub-
regions to the cortex. In agreement with several DT MRI
studies, such an analysis showed decreased FA and
increased MD in the majority of the tracts analyzed
[Dineen et al., 2009; Hulst et al., 2013; Mesaros et al., 2012;
Yu et al., 2012). While MD abnormalities affected diffusely
these WM tracts, FA decrease was restricted to a few
tracts, and in particular to the bilateral T-T tract and bilat-
eral O-T tract in the comparison between CI and CP MS
patients. Surprisingly, FA reduction was not found in the
F-T tract, which is particularly relevant for cognition
[Hughes et al., 2012]. Such a negative result might be due
to the wide extension of the F-T tract, which involves also
areas where WM tracts are less coherently oriented, with a
consequent reduction of FA sensitivity to detect significant
abnormalities [Jones, 2003].

To define if and how damage in a given pathway influ-
enced regional thalamic abnormalities, we also investi-
gated the association between CDR damage and
abnormalities of other components of the cortico-thalamic
circuit, specific for each CDR. Interestingly, such an analy-
sis demonstrated that for all FA CDRs (except for right
PC-CDR), the principal association was with FA in the cor-
responding cortico-thalamic tract, with a positive slope. It
is tempting to speculate that these findings could reflect
an influence of NAWM tract damage on the CDR abnor-
malities possibly due to demyelination and that thalamic
GM damage might be a partially independent process.

To assess which of the many variables analyzed played
a prominent role in explaining global and specific cogni-
tive dysfunction, we used a RF approach, which allows
robust estimation of the associations between different var-
iables. The RF approach is an established and highly accu-
rate classifier, which can handle a large number of input
variables even when the number of observations is small.
Unlike a classic correlation analysis, no adjustment for
multiple comparisons is needed. By introducing an appro-
priate level of randomness, it produces accurate estimates
of associations handling the problem of correlated predic-
tors and showing which among them is the best one [Brei-
man, 2001]. Not unexpectedly, RF analysis demonstrated
that damage to specific thalamo-cortical connections
explained patients’ global cognitive profile as well as

impairment at specific cognitive tests, thus confirming the
notion that cognitive impairment in MS is mostly the
result of a cortico-subcortical disconnection [Dineen et al.,
2009; Hulst et al., 2013; Mesaros et al., 2009, 2012]. In par-
ticular, O-T tract damage was the most relevant predictor
of global cognitive dysfunction, followed by T1 LV and
regional thalamic diffusivity abnormalities. Attention/
information processing speed performance was substan-
tially modulated by focal lesions in WM tracts connecting
the thalamus with occipital and frontal areas, particularly
relevant for this function [Chiaravalloti and DeLuca 2008;
Whelan et al., 2010]. Verbal memory performance was
associated with MD in the left F-CDR, confirming the rele-
vant role of these thalamic areas in cognitive functions.
Spatial memory deficits were associated with damage to
M-T and T-T tracts, connecting thalamic subregions (with
relevant integrations functions) with frontal ant temporal
areas, implicated with this function [van Asselen et al.,
2006; Whelan et al., 2010]. Disconnection between the thal-
amus and the cortex as a causative mechanism of cognitive
deficits is also supported by the association between
verbal fluency performance and damage to M-T tracts as
well as between executive functions and damage to the M-
CDR.

Our study is not without limitations. First, the small
sample size and the variability of DT MRI in a multicenter
context may limit the general applicability of our findings.
To mitigate this issue, we used a DT MRI sequence and
statistical approach previously tested in a multicenter set-
ting [Pagani et al., 2010]. To increase the number of sub-
jects in the study, we included a site with an acquisition
scheme of 12 DW directions. Although not optimal for the
study of the WM [Jones, 2004], such a scheme can be con-
sidered sufficient for limiting the variability of FA and
MD in the thalamic GM [Jones, 2004]. Clearly, the low
angular resolution sampling in this case did not allow esti-
mation of the 2 fibers modeled per voxel. To mitigate this
effect, data from this center were not used to build proba-
bility maps. Second, despite age being included as a cova-
riate in all statistical analyses, we cannot completely rule
out the possibility that our findings were influenced by
the MS patients being older than the HCs. Third, we used
HC derived masks to extract DT MRI values in MS
patients, due to limitations of the tractography approach
in the context of this pathology; the working hypothesis is
that the shapes of CDRs are preserved in MS patients or
that their modifications can be captured by a nonlinear
warping from changes at the thalamic boundaries. Forth,
using tractography-based segmentation we were unable to
separate thalamic WM and GM to better characterize FA
modifications within this structure. In the same way, the
use of the tensor model and its derived indices does not
allow separation of the contribution of different fiber tracts
that cross within a voxel. More sophisticated approaches,
such as a multitensor model, are needed for this purpose.
Fifthly, the use of the same set of HCs both for creating
the probability maps and for extracting HCs metrics may
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have biased the results. Finally, in the study of the deter-
minants of thalamic damage, we did not consider subcorti-
cal and spinal regions connected with the thalamus.

In conclusion, our study shows that cortico-thalamic dis-
connection is, at various levels, implicated in cognitive
dysfunction in MS. These results, obtained in a multicenter
context, encourage the use of thalamic measures in multi-
center studies, such as clinical trials, of these patients.
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