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The thalamus plays a crucial role in sensorimotor, cognitive, and attentional circuit
functions. Disruptions in thalamic connectivity are believed to underlie the symptoms of
multiple sclerosis (MS). Therefore, assessing thalamocortical structural connectivity (SC)
and functional connectivity (FC) may provide new insights into the mechanism of intrinsic
functional plasticity in a large-scale neural network. We used resting-state FC measure-
ment and diffusion tensor imaging probabilistic tractography to study the functional and
structural integrity of the thalamocortical system in patients with relapsing-remitting MS
(RRMS) and matched healthy controls. In the thalamocortical connections of RRMS
patients, we found lesion load-related regional FC in the right temporal pole, which
reflected compensatory hyperconnectivity related to lesion-related demyelination. We
also found significant correlations between increased diffusivity and slowed cognitive
processing (PASAT) or the impact of fatigue (MFIS-5), as well as between connective
fiber loss and disease duration. Taken together, the evidence from SC and FC analysis
of the thalamocortical system suggests that minimally disabled RRMS patients exhibit a
dissociated SC-FC pattern and limited regional functional plasticity to compensate for
the chronic demyelination-related loss of long-distance SC. These results also provide
further evidence supporting the notion that MS is a disorder of anatomical disconnection.

Keywords: functional connectivity, structural connectivity, thalamus, relapsing-remitting multiple sclerosis, fiber
tractography

INTRODUCTION

Pathological (Geurts and Barkhof, 2008; Vercellino et al., 2009; Haider et al., 2014) and neuroimaging
(Ramli et al., 2010; Zhou et al., 2010; Bodini et al., 2011) studies have demonstrated the widespread
involvement of gray matter (GM) and white matter (WM) of the brain in multiple sclerosis (MS). In
MS, initially minimal structural damage can be sufficient to trigger a strong response or to dimin-
ish function (Roosendaal et al., 2010; Faivre et al., 2012) because anatomical structures have been
considered to the underlying basis for functions. The disruption of long-distance WM connectivity
may greatly impact the integrity of network function (Zhou et al., 2014a).

Frontiers in Human Neuroscience | www.frontiersin.org 1

January 2016 | Volume 10 | Article 2


http://www.frontiersin.org/Human_Neuroscience/
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2016.00002&domain=pdf&date_stamp=2016-01-25
http://www.frontiersin.org/Human_Neuroscience/archive
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnhum.2016.00002
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:fq.chou@yahoo.com
mailto:chishing@usc.edu
http://dx.doi.org/10.3389/fnhum.2016.00002
http://www.frontiersin.org/Journal/10.3389/fnhum.2016.00002/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2016.00002/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2016.00002/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2016.00002/abstract
http://loop.frontiersin.org/people/265494/overview
http://loop.frontiersin.org/people/211673/overview
http://loop.frontiersin.org/people/310882/overview
http://loop.frontiersin.org/people/310862/overview
http://loop.frontiersin.org/people/310874/overview
http://loop.frontiersin.org/people/310879/overview
http://loop.frontiersin.org/people/310928/overview

Zhou et al.

Thalamocortical Intrinsic Plasticity in RRMS

The thalami are widely interconnected with the cerebral cortex
via long-distance WM tracts (referred to as the connectivity
“backbone”), and the thalami play a central role in the sensory
relay, limbic, and other important functional systems. Growing
evidence pertaining to MS has shown substantial thalamic
degeneration (Rapalino, 2009; Tovar-Moll et al., 2009; Cappellani
et al,, 2014) even in pre-MS patients presenting with a clinically
isolated syndrome (CIS) (Henry et al., 2009). Different local
thalamic alterations, including thalamic microstructural damage
(Tovar-Moll et al., 2009), neuronal loss (Cifelli et al., 2002; Haider
etal., 2014), increased intrinsic oscillation amplitude (Zhou et al.,
2014b), and increased intrathalamic and interthalamic connec-
tivity (Liu et al., 2015b), as well as varying alterations of thalamic
connectivity, including thalamocortical structural disconnection
(Bisecco et al., 2015) and increased thalamocortical functional
connectivity (FC) associated with decreased performance (Tona
et al., 2014), have been described in MS. However, other studies
have reported conflicting findings related to thalamocortical FC
(Liu et al,, 2015a,b). By comparison, relatively little is known
about the relationship between FC and structural connectivity
(SC) with respect to the thalamocortical connections in mini-
mally disabled patients with relapsing-remitting MS (RRMS).
In addition, the thalamocortical system in RRMS patients is an
excellent paradigm for long-distance (interregional) connectivity.
Understanding the thalamocortical system may be particularly
important for diseases of the brain. In the current study, we
hypothesized that both thalamocortical SC and FC, as well as
their correlations with clinical indices, are disrupted in RRMS. To
test this hypothesis, probabilistic tractography and resting-state
FC measurements were combined to characterize the SC of long
WM tracts and FC based on the coherence of intrinsic neuronal
activity in paired thalamic connectivity-defined regions (CDRs)
and exclusive cortical regions (ECRs). Furthermore, we explored
the coupling mechanisms of thalamocortical connectivity that
might underlie the observed alterations in SC and FC. Studying
the relationship between thalamocortical SC and FC may provide
new insights into the neural underpinnings of RRMS.

MATERIALS AND METHODS

Participants

Seventy-eight patients with clinically definite MS at the First
Affiliated Hospital of Nanchang University participated in this
study from May 2010 to June 2015. All patients received a series
of clinical and MRI examinations, including the expanded dis-
ability status scale (EDSS). The paced auditory serial addition test
(PASAT) was used to obtain data related to cognitive processing
speed, and the modified fatigue impact scale (MFIS-5) was exam-
ined to measure the impact of fatigue on physical, cognitive, and
psychosocial functioning. After diagnosis, the recruited patients
were confirmed to exhibit the following characteristics: RRMS
course (Hurwitz, 2009); EDSS score <2.5, which corresponds to
minimal disability (Kurtzke, 2008); lacking visible lesions in the
bilateral thalamus, which corresponds to a normal-appearing
thalamus; and treatment with immunomodulatory medica-
tion. None of the recruited patients experienced any relapses,
which were identified by follow-up neurological assessments

and contrast-enhanced MRI after relapse onset (12 weeks), or
received corticosteroid treatment during the month preceding
MRI acquisition. Healthy control (HC) participants from the
local community were individually matched to the patients by
gender, age, education level, and lack of history of neurological
or psychiatric disorders. After excluding patients who had exces-
sive head motion during scanning [see the Functional Data
Preprocessing section] and those who did not meet the selection
criteria, 20 RRMS patients (18 patients receiving p-interferons; 2
receiving Glatiramer acetate) and well-matched HC subjects were
included in this study.

This study was performed according to approved guidelines
and was conducted in compliance with the principles of the
Declaration of Helsinki; additionally, this study was approved
by the Medical Research Ethics Committee and the Institutional
Review Board of the First Affiliated Hospital of Nanchang
University. All subjects signed written consent forms for partici-
pation in this study.

MRI Data Acquisition

All participants were scanned using a 3.0-T MRI scanner (Trio
Tim, Siemens Medical Systems, Erlangen, Germany). In this
study, T>-weighted imaging (T, WI), Ti-weighted imaging (T, WI),
diffusion tensor imaging (DTI), and rs-fMRI were acquired
as follows: (1) turbo spin-echo sequences for the T,WI scan
[repetition time (TR)/echo time (TE) = 5100/117 ms; field of
view (FOV) = 240 mm X 240 mm; matrix = 416 X 416; slice
number = 22; slice thickness = 6.5 mmj; echo train length = 11;
number of excitations (NEX) = 3; and orientation = axial]; (2)
three-dimensional magnetization-prepared rapid acquisition
gradient-echo (3D MPRAGE) sequences for the high-resolution
TiWI scan (TR/TE = 1900/2.26 ms; FOV = 215 mm X 230 mm;
matrix = 240 X 256; slice number = 176; slice thickness = 1.0 mm;
NEX = 1;and orientation = sagittal); (3) spin-echo single-shot echo
planar imaging (EPI) for the DTTI scan [TR/TE = 7200/104 ms;
FOV =230 mm X 230 mm; matrix = 128 X 128; slice number = 49;
slice thickness = 2.5 mm; NEX = 2; orientation = axial; and 64 non-
linear diffusion weighting gradient directions with b = 1000 s/
mm?* and 1 additional image without diffusion weighting (i.e.,
b = 0 s/mm?)]; (4) an EPI sequence for the rs-fMRI scan (TR/
TE = 2000/30 ms; FOV =200 mm X 200 mm; matrix = 64 X 64;
flip angle = 90°; 30 interleaved axial slices; slice thickness = 4 mm;
interslice interval = 1.2 mm; and number of time points = 240).
During rs-fMRI scanning, all subjects were instructed to keep
their eyes closed, not to think about anything in particular, and not
to fall asleep; and (5) axial conventional T;WI, T,WI, T,-FLAIR
(fluid-attenuated inversion recovery), and contrast-enhanced
T, WI were acquired in the brain for the diagnosis in each subject.
A foam pad was used to minimize the head motion of all subjects.
At the end of the scanning sessions, all the participants reported
that they had not fallen asleep during the scan.

Thalamic, Lesion Load, and Brain Atrophy
Measurements

The bilateral thalamic boundaries were determined manually
from high-resolution T;WI scans by an experienced neurora-
diologist (EZ., with 6 years of experience) who was blinded to
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the clinical information using MRIcron'. For normalization, the
thalamic fraction (TF) was calculated as the ratio of raw thalamic
volume to the intracranial volume for each subject.

All visible lesions were identified from the T>WI, and a
binary lesion mask was manually drawn by an experienced neu-
roradiologist (F.Z.) using MRIcron. The T.WI was coregistered
with the T1-weighted structural image. Transformation of the
aforementioned T;WI-based individual brain according to the
Montreal Neurological Institute (MNI) standard brain dimen-
sions was used to warp the lesion mask into the MNI space.
The lesion load calculated from the spatially normalized lesion
mask [as the normalized total WM lesion load (TWMLL)]
reflected the TWMLL relative to the standard MNI brain vol-
ume rather than the individual brain volume so that the effects
of differences in brain volume were controlled (Pelletier et al.,
2004; Shu et al., 2011).

To test the reproducibility of our findings, thalamic volume
and lesion load were measured on two separate occasions (at least
3 months apart) in the patients, and the inter-rater reliabilities
were 93.2 and 92.6%, respectively.

The high-resolution T'WI data were segmented into GM,
WM, and CSF using the new segmentation algorithm provided
in Statistical Parametric Mapping 8 (SPM8?). The GM and WM
probability images were then registered and warped into MNI
space using the aforementioned DARTEL process. The brain
parenchymal fraction (BPF) was then calculated as the ratio of
the brain parenchymal (GM and WM) volume to the intracranial
volume.

Characterization of Thalamocortical FC
Functional Data Preprocessing

The rs-fMRI data were preprocessed using the Data Processing
Assistant for Resting-State fMRI Advanced Edition (DPARSFA)
V3.1* in SPM8 running in Matlab 2014b (MathWorks, Natick,
MA, USA). rs-fMRI data preprocessing included the following
steps. The first 10 time points were removed, and the remaining
time points were processed according to slice timing, voxel-
specific head motion calculation [according to the criteria of Van
Dijketal. (2012); between-group differences are shown in Table 1]
and correction to adjust the time series. Additionally, subjects with
head movement in the cardinal directions (x, y, z) of >2 mm and
a maximum rotation (x, y, z) of >2° were excluded. Then, the
corrected images were used for unified segmentation of the T;WI
for non-linear registration and normalization of the functional
images to the MNI space with 3 X 3 X 3 mm’ re-sampling. Next,
spatial smoothing was then performed using a 6-mm full-width—
half-maximum Gaussian kernel. Temporal band-pass filtering
(0.01 Hz < f < 0.08 Hz) was used to reduce low-frequency drift
and physiological high-frequency noise. Finally, multiple regres-
sion was performed to remove the effects of nuisance covariates
from the BOLD data, which included a ventricular signal averaged
from ventricular regions of interest (ROIs), a WM signal averaged

'http://www.nitrc.org/projects/mricron
http://www.filion.ucl.ac.uk
*http://rfmri.org/DPARSF

TABLE 1 | Demographics and clinical characteristics of the RRMS
patients and the control subjects (two-sample t-test for group
comparison).

RRMS patients Control subjects P-values
(n = 20), Mean (n = 20), Mean
(range) (range)
Gender (M/F) 5/15 5/15 0.748
Age (years) 39.35 (20-57) 38.10 (22-51) 0.617
Education level 11.35(6-16) 12.35(9-16) 0.322
(years)
Disease 20.00 (3-37) - n/a
duration
(months)
Normalized 21.68 (0.43-51.49) - n/a
TWMLL
(milliliter)
TF 0.88 x 102 1.17 x 1072 0.10x 10
(0.43-1.46 x 1072 (0.99-1.72 x 1072
BPF 0.83 (0.78-0.86) 0.85 (0.81-0.89) 0.49 x 108
EDSS scores 1.67 (0-2.5) 0 n/a
PASAT scores 84.15 (61-103) 98.60 (83-118) 0.19x 1078
MFIS-5 scores 11.15 (6-17) 0.25(0.0-1.0) 0.10x 1077
Head motion® 0.42 (0.12-0.91) 0.37 (0.13-0.84) 0.402

(mm)

BPF, brain parenchymal fraction; EDSS, expanded disability status scale; F, female;
PASAT, paced auditory serial addition test; RRMS, relapsing-remitting multiple
sclerosis; M, male; mm, millimeters; n/a, not applicable; MFIS-5, modified fatigue
impact scale-5 items; normalized TWMLL, total white matter lesion loads in the
normalized/standard brain; TF, thalamic fraction.

4Head motion according to the criteria of Van Dijk.

from WM ROIs, a global signal averaged across the entire brain,
six head realignment parameters obtained by rigid body head
motion correction, the derivatives of each of these signals, and a
voxel-specific head motion parameter (Yan et al., 2013).

Thalamocortical FC Analysis

The thalamic seed region was placed over the entire bilateral
thalamic CDR using the Functional MRI of the Brain (FMRIB)
Software Library (FSL) template (Behrens et al., 2003). (1) For FC
analysis of seed-based paired ROISs, Pearson’s correlation (r value)
was computed between the preprocessed average time series of
seven thalamic CDRsand the average timeseries of the ECRs. These
seven ECRs, which were previously described in detail (Behrens
et al,, 2003; Johansen-Berg et al., 2005), included primary motor
cortex (M1), primary and secondary somatosensory cortices (S1/
S2), occipital cortices, prefrontal cortex (PFC), premotor (lateral
and medial) cortex (PMC), posterior parietal cortex (PPC), and
temporal cortex. The ECRs were manually outlined on the MNI
standard T;WT using anatomical landmarks. (2) For voxel-based
FC analysis, FC was calculated between the bilateral thalamic
CDRs and each voxel within the ECRs. The resultant correlation
coefficients were transformed into z scores using Fisher’s r-to-z
transformation at the voxel level to better satisfy normality.

Statistical Analysis of FC
(1) For the FC analysis of seed-based paired ROIs, a general
linear model (GLM) and the F-test was used to identify the
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differences in FC for thalamocortical connections between
the two groups (P < 0.05, corrected for multiple compari-
sons using the Bonferroni correction) (SPSS 13.0, SPSS Inc.,
Chicago, IL, USA). Age, gender, BPF, and TF were considered
covariates in the analyses. The alterations of seed-based FC
indicate an average FC between the thalamic CDRs and the
ECRs.

(2) For voxel-based FC analysis, a GLM was used in SPM8 to
identify regions of altered voxel-based FC, based on one-way
analysis of covariance (ANCOVA) considering age, gender,
BPE and TF as covariates followed by post hoc two-sample
t-tests for between-group comparisons. For all tests, statisti-
cal significance was determined with multiple comparisons
by Monte Carlo simulation (Song et al., 2011) [AlphaSim-
corrected voxel-level P-value < 0.01 (FWHM = 6 mm,
10,000 simulations, using every ECR)] combined with
different cluster sizes (calculated using AlphaSim, I > 13
voxels in M1, II > 17 voxels in S1/S2, III > 30 voxels in the
occipital region, IV > 29 voxels in the PFC, V > 24 voxels in
the premotor region, VI > 45 voxels in the PPC, and VII > 30
voxels in the temporal region). The alterations of voxel-based
FC indicate a regional change in the ECRs that connected
with the thalamic segment.

(3) Partial correlation analysis was performed on the RRMS
group to assess the relationship between clinical markers
(disease duration, normalized TWMLL, BPE, EDSS, PASAT,
and MFIS-5 scores) and altered FC considering age, gender,
and TF as covariates of no interest (P < 0.05, corrected for
multiple comparisons using the Bonferroni correction).

Characterization of the Connectivity of the

Thalamocortical WM Tract

Structural Data Preprocessing and Probabilistic
Tractography

The thalamocortical WM tracts were examined to investigate
thalamocortical SC, and the data processing procedure is briefly
described below:

1. The diffusion data were corrected for susceptibility- and eddy
current-induced distortion using the “eddy” tool of FSL v5.0*%

2. The “dtifit” function in the FMRIB Diffusion Toolbox (FDT
v2.0°) was used to fit a single tensor model at each voxel of
the preprocessed eddy current-corrected diffusion-weighted
data.

3. Probabilistic tractography was performed using the Bayesian
Estimation of Diffusion Parameters Obtained using
Sampling Techniques X (BEDPOSTX) function in FDT.
BEDPOSTX was used to model 5000 iterations within each
voxel with a curvature threshold of 0.2, a step length of 0.5,
and a maximum number of 2000 steps (Behrens et al., 2007).
Pairwise ROIs, including seven thalamic CDRs and ECRs

*http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY
*http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT

(“AND” logic), were used to calculate a distribution of fiber
orientations.

4. The connectivity of long WM tracts was assigned a normal-
ized probability value of 0.20 (Morris et al., 2008; Khalsa et al.,
2013) and was visually inspected to confirm successful tracing
in each individual by multiple experienced technicians.

5. Features of the long WM tracts (above threshold) connecting
each paired ROIs were compared between the two groups.
The considered features included the strength of a pathway,
as indicated by the volume and the mean track count per WM
region of the paired ROIs (Behrens et al., 2007), and above-
threshold standard DTI parameters, including fractional
anisotropy (FA) and three diffusivity measurements [average
mean diffusivity (MD), axial diffusivity (AD), and radial dif-
fusivity (RD)].

Statistical Analysis of SC

A GLM and F-tests with bootstrapping statistics were used to
identify differences in SC of the thalamocortical tract between the
two groups (P < 0.05, corrected for multiple comparisons) (SPSS
13.0). Age, gender, BPF, and TF were considered as covariates in
the analyses. Partial correlation analysis was performed on the
RRMS group to assess the relationship between clinical markers
and abnormal SC considering age, gender, and TF as covariates of
no interest (P < 0.05, corrected for multiple comparisons).

Relationship between SC and FC

The relationship of SC-FC coupling to thalamocortical con-
nectivity was assessed by partial correlation analysis for each
pair-wise connection. Age, gender, BPF, and TF were considered
covariates in these analyses.

RESULTS

Demographic and Clinical Data

The demographic and clinical characteristics of the 20 right-
handed RRMS patients and well-matched HCs are summarized
in Table 1. Among the 20 RRMS patients, the mean EDSS score
was 1.67, which corresponds to minimal disability. The RRMS
patients were found to have significantly lower TF (mean =+ SD:
0.88 x 1072 + 0.197 X 107%) and lower BPF (mean + SD:
0.83 + 0.022) than the HC subjects. In RRMS patients, sig-
nificantly lower PASAT scores (mean + SD: 84.15 + 11.92)
and higher MFIS-5 scores (mean + SD: 11.15 + 2.96) than HC
subjects indicated slowed cognitive processing and the impact of

fatigue, respectively, due to MS-related damage.

FC Measures of Thalamocortical

Coherence
FC analysis of seed-based paired ROIs was used to measure the
coherence between thalamic CDRs and ECRs for consistency with
the SC analysis. Figure 1A presents the mean FC coeflicients of
the thalamic paired CDR-ECRs. In the RRMS group, there were
no significant differences when compared with the HC group
(corrected P > 0.05, Table S1 in Supplementary Material).
Voxel-based FC analysis was then used to measure regional
neuroplasticity in the thalamic ECRs. Compared with the HC
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group, the RRMS group showed significantly increased FC
between the thalamus and the primary motor cortex (bilateral
M1/paracentral lobule), the occipital cortex (right lingual gyrus),
the PFC [left middle (orbital) frontal gyrus], and the temporal
cortex (right temporal pole) (AlphaSim-corrected P < 0.01); the
RRMS group also showed significantly decreased FC between
the thalamus and the PFC [left middle frontal gyrus and bilateral
superior (medial) frontal gyrus] (Figure 2; Table 2, AlphaSim-
corrected P < 0.01).

SC Measures of Thalamocortical

WM Tracts

Figure 3 shows the WM tracts identified by probabilistic tracking
of thalamocortical seeds. The SC strength was assessed by meas-
uring the mean track count, the volume, and the log(N track)
along the above-threshold reconstructed tracks (Figures 1B-D;
Tables S1 and S2 in Supplementary Material). In the RRMS
patients, a reduced track count of the thalamocortical temporal
WM tract (3.878 X 10° vs. 4.623 X 10°) and a smaller volume
of the thalamocortical occipital WM tracts (2.651 X 10° mm? vs.
3.555 x 10° mm?) were detected when compared with the HC
subjects.

Structural connectivity integrity were assessed by measuring
the standard DTI parameters of the above-threshold recon-
structed tracts (Figures 1E-H; Tables S1 and S2 in Supplementary
Material). Compared with the HC subjects, in the RRMS patients,
decreased FA values were detected in the thalamocortical motor,
somatosensory, and prefrontal WM tracts, and increased dif-
fusivity values for MD, AD, and RD were detected in all seven
thalamocortical tracts (P < 0.05, Table S1 in Supplementary
Material), excluding the AD values of the thalamocortical motor,
somatosensory, and premotor tract.

Partial Correlation Analysis between
Clinical Markers and Abnormal
Connectivity Indices in RRMS Patients

In RRMS patients, partial correlation analyses revealed that
increased FC of the right temporal pole positively correlated with
the lesion loads (the normalized TWMLL) (Figure 4A, p = 0.551,
P = 0.027). No relationship was detected between other tracts
with abnormal FC and clinical markers (P = 0.124—0.915).

In RRMS patients, partial correlation analyses revealed that
decreased log(N track) of the thalamocortical temporal WM
tract negatively correlated with disease duration (Figure 4B,
p = —0.476, P = 0.034). A positive correlation was detected
between the MFIS-5 score and the MD (Figure 4C, p = 0.566,
P = 0.022) and the RD values for thalamocortical somatosen-
sory WM tract (Figure 4D, p = 0.533, P = 0.034). Additionally,
a relationship was detected between the AD values for the
thalamocortical prefrontal WM tract and both the PASAT
score (Figure 4E, p = —0.606, P = 0.013) and the MFIS-5 score
(Figure 4F, p = 0.578, P = 0.019). However, in the RRMS group,
partial correlation analysis revealed no significant relationship
between decreased SC strength, decreased FA, or increased
diffusivity values and BPF (P: 0.085-0.986) or the normalized

TWMLL (P = 0.058-0.843); in addition, no significant relation-
ship was detected between the EDSS score (P = 0.075-0.951) and
decreased SC strength, decreased FA, or increased diffusivity
values.

Structural-Functional Coupling Measures
in RRMS Patients

Partial correlation analyses did not reveal structural-functional
coupling for the abnormal thalamocortical occipital connectivity
in RRMS patients (P = 0.051-0.983).

DISCUSSION

In this study, we found a structural disconnectivity, as reflected
by thalamocortical integrity and strength, but detected intrinsic
functional plasticity, primarily reflected by regional hyperconnec-
tivity, in minimally disabled RRMS patients. In the thalamocorti-
cal connections of RRMS patients, we found lesion load-related
regional FC in the right temporal pole. We also found significant
correlations of MS-related structural abnormalities with slowed
cognitive processing (PASAT), the impact of fatigue (MFIS-5),
and disease duration. The results of this study, which linked the
demyelination-related structural disconnectivity of the long WM
tract and regional functional hyperconnectivity, provide new
insights into the intrinsic functional plasticity of thalamocortical
connections in RRMS patients.

Disconnectivity of Thalamocortical WM

Tracts

The potential of probabilistic tractography to detect abnormalities
inlong WM tracts has been suggested in recent studies of patients
with MS (Gorgoraptis et al., 2010; Hu et al., 2011; Zhou et al,,
2014a). In the present study, connectivity-based analysis derived
from probabilistic tractography between seven paired thalamic
CDR and ECRs showed demyelination-related structural discon-
nectivity reflected by the SC integrity and strength of SC in the
thalamocortical connection.

Regarding SC strength, our study revealed a decreased N
track/log(N track) for the temporal thalamocortical WM tract
and decreased volume of the thalamocortical occipital WM tract;
this findings demonstrated decreased SC strength accompanied
by a loss of long WM track quantity in patients with RRMS.
Damage to the thalamocortical temporal (Bozzali et al., 2013)
and occipital WM tracts (Roosendaal et al., 2009; Klistorner et al.,
2015) has been identified in previous studies of MS patients. In
this study, we also found disease duration-associated atrophy of
the temporal thalamocortical WM tract. That is, the longer the
duration of illness, the smaller the temporal thalamocortical WM
tract.

In terms of SC integrity, RD reflects the restriction of water
movement by both the axonal membrane and the myelin sheath of
WM and is potentially useful as a marker of myelination (Klawiter
et al, 2011; Janve et al., 2013). Similarly, a strong association
between AD and axonal pathology was previously described in
animal models (Song et al., 2003). In our study, increased dif-
fusivity in the thalamocortical tract disruption of the integrity
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FIGURE 1 | A set of functional and structural analyses of thalamocortical connections in patients with relapsing-remitting multiple sclerosis (RRMS)
and healthy control (HC) subjects. (A) Resting-state functional connectivity correlation coefficient (r values) for each thalamocortical connection. (B-D) The
strength of structural connectivity [based on average peak track number, volume, and log(N track)] of each connection. (E-H) The integrity of structural connectivity
based on above-threshold (0.2) standard DTl parameters, including the fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD)
for each thalamocortical connection (*P < 0.05, **P < 0.01, **P < 0.001).

of axons (AD) and myelin (RD) in MS patients, this evidence (Tavazzi et al., 2007; Henry et al., 2009; Gorgoraptis et al., 2010;
supports the existence of anatomical disconnections and micro- ~ Hawellek et al., 2011; Sbardella et al., 2013). In MS patients, WM
structural damage that have been reported in previous studies ~ may undergo an unpredictable combination of demyelination,
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FIGURE 2 | Altered functional connectivity of the paired thalamic segment and exclusive cortical regions in relapsing-remitting multiple sclerosis
(RRMS) patients at the voxel level (P < 0.01, AlphaSim-corrected). (A) The connectivity-defined region (CDR) and the exclusive cortical region (ECR) of the
motor cortex, (B) occipital CDR-ECR, and (D) temporal CDR-ECR show only increased FC in RRMS patients. (C) Co-existing increased and decreased FC of the
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TABLE 2 | Brain areas of altered functional connectivity in relapsing-remitting multiple sclerosis (RRMS) patients compared with healthy controls

(P < 0.01, AlphaSim-corrected).

Specific cortical region Brain regions

Peak Number of Peak location (MNI space)

intensity-value voxels
X y z

RRMS patients > healthy controls
Motor Bilateral M1/paracentral lobule 5.43 321 -15 =27 75
Occipital Right lingual gyrus 2.97 41 18 —-69 -12
Prefrontal Left middle (orbital) frontal gyrus 3.29 33 -33 60 -3
Temporal Right temporal pole 4.90 35 33 15 -45
RRMS patients < healthy controls
Prefrontal Left middle frontal gyrus -2.85 30 -33 18 39

Bilateral superior (medial) frontal gyrus -3.13 39 6 30 45

M1, precentral gyrus; MNI, Montreal neurological institute.

gliosis, axon loss, and inflammation, which could result in FA
disturbances (Bruck, 2005; Moll et al., 2011; Lassmann, 2013).
This complex condition is evidenced by the different relative
distributions of AD and RD, leading to apparently normal FA
but increased MD values (Klistorner et al., 2015). Therefore, the
FA profile may have “underestimated” microstructural alterations
in the thalamocortical tract in this study. Additionally, we found
that diffusivity positively correlated with the MFIS-5 scores in the
somatosensory and prefrontal thalamocortical WM tracts, and
these findings indicated that demyelination-related structural
disconnectivity plays a major role in the impact of fatigue on
physical, cognitive, and psychosocial functioning. Moreover,
increased AD values for the prefrontal thalamocortical tract cor-
related with slowed cognitive processing (PASAT). Given that the

PFC has been assumed to play a major role in the processing of
complex cognitive information, the negative correlation between
the AD value of prefrontal thalamocortical tract and the PASAT
scores might account for the cognitive symptoms observed in
RRMS patients.

Regional Intrinsic Functional Plasticity in

Thalamocortical Connections

In this study, FC analysis of seed-based paired CDR-ECRs
represented a simple and straightforward FC metric of thalamo-
cortical connections. To date, various MS-related FC alteration
patterns have been reported, including decreased FC between the
thalamus and several cortical regions (Liu et al., 2015b), increased
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FC between the thalamus and the basal ganglia and the insular,
frontal, and parietal cortices, and other changes (Tona et al,
2014). Other functional MRI studies have also shown reduced
distributed or regional thalamocortical FC (Liu et al., 2015b). In
our study, we found this connectivity to be primarily reflected
by regional hyperconnectivity in the thalamocortical connection
at the voxel level (Figure 2). In MS patients, initially minimal
structural damage can be sufficient to trigger a strong functional
response until the exhaustion of compensation (Roosendaal
etal., 2010; Faivre et al., 2012). The positive correlations observed
between regional FC and the lesion load appear to demonstrate
that compensatory hyperconnectivity in the right temporal pole
is related to MS lesion-related demyelination (Bodini etal., 2011).
Our results suggest a compensatory response maintaining func-
tion at the large-scale level due to structural damage to connect-
ing pathways in minimally disabled patients with RRMS.

SC-FC Coupling Measures

In general, distinct regions that are clearly and directly linked by
long WM tracts also exhibit extensive functional communica-
tion (Greicius et al., 2009; Zhou et al., 2014a). This relationship
pattern, SC-FC coupling, has previously been investigated using
both SC and FC analyses in MS patients (Zhou et al., 2014a).
In minimally disabled MS patients, a relationship between the
disrupted SC and the increased FC was observed in the connec-
tions of paired DMN subregions; this result revealed a specific
compensatory mechanism in response to structural damage
(Zhou et al., 2014a). However, in the present study, no significant

relationship between SC and FC measures was observed in the
thalamocortical connection. Our finding is consistent with the
results of a study by Hawellek et al. (2011), who found dissociation
of the SC-FC. Although, this SC-FC relationship is inconsistent
with our study of the DMN (Zhou et al., 2014a), it is plausible that
this relationship is more likely to be active over time. Validating
or supplementing the findings of this study is warranted in the
future.

Study Limitations

First, the examination of large ROIs from thalamic CDR-ECRs
can blur the results of seed-based FC analyses. In the present
study, we defined seven paired thalamic CDRs and ECRs as ROls,
which were kindly provided by Heidi Johansen-Berg and Timothy
Behrens at FMRIB® (Behrens et al., 2003). We also provided the
results of a voxel-level analysis of thalamic FC as a supplement.
Additionally, there are a few limitations to probabilistic tractog-
raphy, including the possibly highly reproducible topology of
the reconstructed pathways (Behrens et al., 2007; Khalsa et al.,
2013) and the lack of a statistical consensus on the probabilistic
tractography threshold (Morris et al., 2008). A limited assessment
of cognitive function was implemented in this study. Finally, as an
explorative study, our findings of altered SC and FC of thalamo-
cortical connections warrant validation or supplementation in
the future.

Chttp://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ Atlases
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FIGURE 4 | Partial correlation analysis between structural or functional connectivity indices and clinical markers in RRMS patients. (A) Increased FC
of the right temporal pole positively correlated with the lesion loads (the normalized TWMLL) (p = 0.551, P = 0.027). (B) Decreased log(N track) of the
thalamocortical temporal tract negatively correlated with disease duration (p = —0.476, P = 0.034). (C,D) A positive correlation was detected between the MFIS-5
score and the MD (p = 0.566, P = 0.022) and the RD values (p = 0.533, P = 0.034) of the thalamocortical somatosensory tract. (E,F) A relationship was detected
between the AD values of the thalamocortical prefrontal tract and the PASAT (p = —0.606, P = 0.013) and MFIS-5 scores (p = 0.578, P = 0.019).

CONCLUSION

In conclusion, compared with HC subjects, minimally disabled
RRMS patients exhibited structural disconnections and regional
intrinsic functional hyperconnectivity in thalamocortical system.
The evidence from SC and FC analyses of the thalamocortical
tract suggests a dissociated SC-FC pattern and limited regional
functional plasticity to compensate for chronic demyelination-
related long-distance structural disconnectivity in minimally
disabled RRMS patients.
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