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Abstract

Objectives To identify regions causally influenced by thalamic stroke by measuring white matter integrity, cortical volume, and

functional connectivity (FC) among patients with thalamic infarction (TI) and to determine the association between structural/

functional alteration and somatosensory dysfunction.

Methods Thirty-one cases with TI-induced somatosensory dysfunction and 32 healthy controls underwent magnetic

resonance imaging scanning. We reconstructed the ipsilesional central thalamic radiation (CTR) and assessed its

integrity using fractional anisotropy (FA), assessed S1 ipsilesional changes with cortical volume, and identified brain

regions functionally connected to TI locations and regions without TI to examine the potential effects on somatosen-

sory symptoms.

Results Compared with controls, TI patients showed decreased FA (F'=17.626, p <0.001) in the ipsilesional CTR. TI patients

exhibited significantly decreased cortical volume in the ipsilesional top S1. Both affected CTR (r=0.460, p=0.012) and S1

volume (»=0.375, p = 0.049) were positively correlated with somatosensory impairment in T patients. In controls, the TI region

was highly functionally connected to atrophic top S1 and less connected to the adjacent middle S1 region in FC mapping.

However, T1 patients demonstrated significantly increased FC between the ipsilesional thalamus and middle S1 area, which was

adjacent to the atrophic S1 region.

Conclusions TI induces remote changes in the S1, and this network of abnormality underlies the cause of the sensory deficits.

However, our other finding that there is stronger connectivity in pathways adjacent to the damaged ones is likely responsible for

at least some of the recovery of function.

Key Points

o T1 led to secondary impairment in the CTR and cortical atrophy in the ipsilesional top of S1.

* T1 patients exhibited significantly higher functional connectivity with the ipsilateral middle S1 which was mainly located within
the non-atrophic area of S1.

* Our results provide neuroimaging markers for non-invasive treatment and predict somatosensory recovery.
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Abbreviations

CTR Central thalamic radiation

DTI Diftusion tensor imaging

FA Fractional anisotropy

FC Functional connectivity

FLA Fugl-Meyer and Lindmark Assessment
FMA Fugl-Meyer Assessment

fMRI Functional magnetic resonance imaging
FWE Familywise error

ICV Intracranial volume

MNI Montreal Neurological Institute

S1 Primary somatosensory cortex

SM1 Primary sensorimotor cortex

TI Thalamic infarction

WD Wallerian degeneration

WMHs White matter hyperintensities
Introduction

Stroke is one of the most frequent conditions and a leading
cause of disability. Stroke can cause normal locomotion and
somatosensory impairments, thus impeding participation in
activities of daily living [1, 2]. Somatosensory dysfunction is
estimated to occur in up to half of stroke patients [3] and is
characterized by reduced or no somatosensory experience,
such as pain, touch, and proprioception. Stroke lesions in the
thalamus, the sensory fibers of the top thalamocortical radia-
tion, and the parietal operculum are linked to somatosensory
deficits [4, 5]. The thalamus, a deep gray matter structure for
receiving and relaying somatosensory signals to the primary
somatosensory cortex (S1), plays a critical role in somatosen-
sory function. Thalamic stroke patients exhibit varying de-
grees of somatosensory deficits [6]. Therefore, an investiga-
tion of patients with thalamic infarction (TT) may help eluci-
date brain dysfunction in stroke and the possible role of the
thalamus in somatosensory function.

Central dysesthesia may be associated with hypoperfusion
in the primary and secondary somatosensory cortices, mid-
cingulate cortex, and adjacent supplementary motor area in
patients with thalamic stroke [7]. Moreover, patients exhibit
functional abnormality in unaffected thalamic nuclei [8] or
show enhanced activation in the affected primary somatosen-
sory cortex (S1) [9] and contralateral primary sensorimotor
cortex (SM1) [10]. Within the somatosensory pathways, the
thalamus receives information from the central thalamic radi-
ation (CTR) and relays information to S1, a region with local-
ly confined intrahemispheric anatomic connections to the thal-
amus. However, little is known regarding how TI affects the
anatomic connectivity and function of the S1 and their relation
with somatosensory dysfunction. Therefore, the objectives of
this study are to determine whether TI is associated with

alterations in anatomical loss of S1 and intrinsic functional
connectivity (FC) between the thalamus and S1 in vivo.

To meet these objectives, diffusion tensor imaging (DTI),
cortical volume, and resting-state FC were used to investigate
the abnormal neural system in stroke patients. DTI has been
used to examine the relationship between white matter tracts
and infarcts [11, 12] and to evaluate the white matter integrity
of tracts by measuring fractional anisotropy (FA) [13].
Cortical volume changes are associated with loss of neurons,
synapses, and nervous tissue rehabilitation [14], and cortical
atrophy is correlated with long-term disability [15]. Resting-
state FC is operationally defined as temporal correlations be-
tween spatially distinct brain regions [16] used to investigate
dysfunctional mechanisms in vivo after stroke [17] and the
neural substrates of stroke recovery [18]. Together, these
methods and studies provide important insights. Thus, we
hypothesized that TI may lead to decreased structural integrity
of the CTR, which may subsequently cause somatosensory
dysfunction and incite progressive functional coupling with
the affected or unaffected regions of the ipsilesional S1.

Methods
Subjects

Patients with single unilateral ischemic thalamic stroke were
recruited. All patients had brain infarcts observed on a
diffusion-weighted MRI scan during the acute phase. The in-
clusion criteria for TI were as follows: (1) first-onset thalamic
stroke patients with a contralateral somatosensory deficit,
manifesting somatosensory deficit at stroke onset; (2) a single
lesion restricted to the ventral posteromedial nucleus and
neighboring regions; (3) more than 6 months after stroke onset
to ensure that patients were at a stable chronic stage. Exclusion
criteria for TI patients and controls were as follows: recurrent
stroke after initial onset; cognitive impairments; other
preexisting brain lesions visible on MRI; scale for white mat-
ter hyperintensities greater than 1; histories of any other neu-
rologic or psychiatric disorders; and poor imaging quality.
Hence, the final subjects were 31 TI patients and 32 age-
and sex-matched healthy controls (21 males; mean age,
60.38 £ 6.06 years) in the study. None of the controls had
neurological or psychiatric disorders. The lesion probability
maps of TI patients are depicted in Fig. 1. Demographic and
clinical data are described in Table 1.

Clinical evaluation
Clinical examinations were recorded before scanning and in-
cluded the optimized Fugl-Meyer and Lindmark Assessment

(FLA) [19] and Fugl-Meyer Assessment (FMA) [20], Barthel
Index, and National Institutes of Health Stroke Scale. Patients
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Fig. 1 Thalamic lesion distribution map. a The map of lesion probability
in the thalamus. b The lesion volume of each thalamic subfield in every
patient. A 25% threshold probabilistic atlas released in the FSL toolbox

with motor deficits were excluded based on the FMA.
Somatosensory function was examined using the Fugl-Meyer
and Lindmark Assessment, which includes a superficial senso-
ry assessment (pain, temperature, and touch), proprioception
(position sense and motion perception), and discriminative
touch (two-point discrimination), for a total of 42 points.

Data acquisition

All MR images were acquired using GE Signa Hdxt 3-T scan-
ner (General Electric Medical Systems) with a standard eight-
channel head coil. The effect of scanner noise was decreased
using earplugs. Head movement was reduced with foam pad-
ding. The scan parameters of the high-resolution 3D-T1 were
previously described [21].

All subjects were asked to relax and remain still with their
eyes closed while remaining awake (confirmed with a post-
scan debriefing) during resting-state functional magnetic res-
onance imaging (fMRI) acquisition. The fMRI data were ac-
quired with a gradient-echo image pulse sequence with the
following parameters: axial slices =33, thickness/gap =4/
0 mm, matrix = 64 x 64, TR =2000 ms, TE =40 ms, flip an-
gle =90°, field of view =240 mm % 240 mm, slices =33, and
volumes = 240.

In DTT acquisition, a single-shot, spin-echo planar imaging
sequence was used in contiguous axial planes that covered the
whole brain. Diffusion-sensitized gradients were applied
along 30 non-collinear directions with a b value of 1000 s/
mm?. In addition, eight sets of =0 images were obtained
with the following imaging parameters: repetition time/echo
time = 11,000/77.6 ms, field of view =256 mm x 256 mm,
matrix = 128 x 128, flip angle =90°, slice thickness/gap =3/
0 mm, and slices = 53.

No hemispheric asymmetry of the thalamocortical path-
ways was quantitatively observed [22], and the lateralization
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was used to mask the thalamus subregions. ¢ Averaged volume
distribution (mean + SE) in each thalamic subfield in the TI group. The
infarcts were mainly located in the sensory function subfield

of brain function was found at the cognitive networks [23]. We
flipped the imaging data from right to left along the midline
for the patients with right thalamus lesions. After flipping, the
left side of the image corresponded to the ipsilesional hemi-
sphere, and the right side corresponded to the contralesional
hemisphere.

Measurement of stroke lesion volumes

Stroke lesion volumes of TI at both the acute and chronic
phases were measured by using MRIcron software (available
at www.nitrc.org/projects/mricron) based on the acute phase
diffusion—weighted images and chronic T1-weighted images,
respectively.

Data preprocessing

The DTI data were preprocessed using FMRIB’s free software
FSL (Oxford Center for Functional MRI of the Brain). The
preprocessing for DTI data includes eddy current correction,
brain extraction, reconstruction, registration, whole brain
transform track, definition of region of interest (ROI), and
tract CRT.

The cortical volume was calculated with FreeSurfer V.5.3.0
(Martinos Center for Biomedical Imaging center, MGH,
http://surfer.nmr.mgh.harvard.edu/). The images were
sequentially preprocessed as follows: skull stripping,
intensity normalization, transformation into Talairach space,
segmentation of subcortical white and gray matter structures,
surface Atlas registration, surface extraction and calculating
cortical volume.

Resting-state fMRI data were preprocessed with SPMS8
(Wellcome Centre for Human Neuroimaging, UCL, http://
www.fil.ion.ucl.ac.uk/spm/software/spm8&8/). The
preprocessing for resting-state fMRI data includes slice
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Table 1T Demographics and clinical information of the controls and
patients with thalamic infarction

Controls TI patients p value
Age (years) 60+6 58+9 0.245%
Gender (female/male) 11/21 10/21 0.859°
Systolic pressure (mmHg) 133 +13 136 £10 0.086"
Diastolic pressure (mmHg) 77+ 10 78+8 0.187°
Fast Glucose (mmol/L) 6.11+£2.02  6.54+2.19 0.848%
Smoking, current or 15/17 12/19 0.513°

quit <5 years (no
smoking/smoking)

Alcohol intake 8/24 6/25 0.590°
Dyslipidemia 12/20 8/23 0.319°
WMH grade 1.75£096 1.65+1.10 0.689"
Duration (month) 8.58 (6.00-18.00)
Lesion location (left/right) 16/15
Lesion volume (cm’) 0.40 (0.13-0.83)
Somatosensory scores 27.65+3.02
Pain 3.68+0.98
Temperature 2.97+0.80
Touch 3.194+0.00
Proprioception 12.71 £ 1.60
Stereognosis 1.77+0.43
Two-point discrimination 3.39+0.62

The continuous data are presented as the mean + SD
71 thalamic infarction
* Differences between the groups were assessed by f test

® Differences between the groups were assessed by y? test

timing, realign, normalize, smooth, detrend, nuisance regres-
sion, and filter.

Detailed descriptions of our preprocessing procedures for
analyzing DTI, resting-state fMRI data, and cortical volume
are in the online-only Supplementary materials.

Multimodal MRI analyses

First, the general linear model was applied to quantitatively
compare FA differences in the affected CTR between TI pa-
tients and healthy controls with age, gender, and intracranial
volume (ICV) as nuisance variables (p <0.05, Bonferroni
corrected). The correlation between the FA values of the af-
fected CTR and the somatosensory function score was ana-
lyzed in the TI group.

Second, we performed vertex- or voxel-wise comparisons
between TI patients and healthy controls in terms of the corti-
cal volume and resting-state FC in the ipsilateral hemisphere.
The general linear model was used to test group differences in
these measures using age, gender, and ICV as nuisance vari-
ables. Multiple comparisons were corrected using a familywise

error (FWE) with an initial height threshold of p = 0.001 and a
cluster level corrected to p < 0.05.

The correlation between the volume of the S1 region and
resting-state FC of the S1 and somatosensory function was
explored in the TI group. For all correlation analyses, we used
partial correlations to factor out age, gender, and ICV, and
p <0.05 was considered statistically significant.

Third, the script written by Preacher and Hayes [24] was
used to conduct a mediation analysis using SPSS 16.0, which
investigated whether the mediating variable affects the rela-
tion between an independent variable and dependent variable
(for details, please see supplementary materials).

Results
Lesion distribution in the thalamic subregions

In our study, 31 patients had thalamic infarcts, which were
mainly located in the ventral posterolateral nucleus and neigh-
boring region. Figure 1a shows the probability map of a lesion
in the thalamus in all patients. Behrens et al [25] identified
seven specific subregions in the thalamus that connected to
distinct cortices. In the present study, the region of the lesion
was located at the sensory subregion of the thalamus with the
highest probability, which was connected to the somatosenso-
ry cortices. We also calculated the volume of each thalamus
subregion for every patient (Fig. 1b). As shown, lesions in the
sensory subfield had the largest volume in every patient.
Because of different sizes of each subregion within the tha-
lamic connectivity atlas, we first divided the volume size of
the lesion for each subject by the size of the template within
each subregion of the thalamus and then averaged the percent-
age of the lesion in seven subregions (Fig. 1c) for the TI
group. The result confirmed that the sensory subregion
(mean = 37.74%) had the largest percentage of the lesion with-
in seven subregions.

Structural connectivity within ipsilesional central
thalamic radiation

An example of fiber tracts connecting the thalamus to the S1 is
shown in Fig. 2a and b. The general linear model analysis
showed that the TT patients had a significantly decreased FA
(F=17.626, p <0.001, Fig. 2c) in the affected CTR. A signif-
icant positive correlation was found between the FA value of
the affected CTR and the somatosensory function score (r=

0.460, p=0.012, Fig. 2d).

Cortical volume analyses

Compared with the controls, the TI patients demonstrated re-
duced cortical volume in the ipsilesional top part of the S1 (top
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Fig. 2 The changes in the a
integrity of the CTR and the

association with somatosensory

scores in the TI patients. a Fiber
tractography between the left

thalamus and primary

somatosensory cortex in one

control subject. b Fiber

tractography between the

ipsilesional thalamus and the

primary somatosensory cortex in

one patient with TI. ¢ Compared

with the controls, the patients with

thalamic infarctions exhibited a

decreased FA value of the affected

CTR. d There was a significant

positive correlation between the C
FA value of the CTR and the
somatosensory function score in

the TI patients. CTR, central 0.70- 0.7 =0.460, P=0.012
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S1 region, peak Talairach coordinates =— 16, — 25, 68; peak z
score =4.002; and cluster size =653 mmz) and ipsilesional
lateral bottom S1 (peak Talairach coordinates =—156, — 19,
27; peak z score=5.401; and cluster size =535 mmz)
(Fig. 3a). We then extracted and compared the mean cortical
volumes of the ipsilesional top S1 region. The ipsilesional top
S1 volume decreased in the TT group (Fig. 3b). The somato-
sensory function score was positively correlated with the
ipsilesional top S1 volume in the TI patients (»=0.375, p=
0.049) (Fig. 3c), suggesting that the smaller volume of the
ipsilesional top S1 region corresponds to more severe somato-
sensory dysfunction.

Functional connectivity and statistical analysis
of the thalamus

Figure 4b presents a connectivity map of a lesion with the rest
of the whole brain in the control group. One dominant cortical
connection within S1 was located at the top S1, which coin-
cided with the atrophic region in S1. However, compared with
the top S1 region, the middle and bottom of the S1 were less
functionally connected to the lesion site of the thalamus.
Compared with the controls, the TI patients demonstrated
increased FC between the ipsilesional non-infarcted thalamus
(Fig. 4a) and ipsilesional middle and bottom of the S1/M1
(Montreal Neurological Institute (MNI) coordinates = — 39,

@ Springer

—36, 60; peak z score =4.14; and cluster size =273 voxels),
the contralesional S1/M1 (MNI coordinates =21, — 51, 72;
peak z score =4.06; and cluster size= 1131 voxels), and the
contralesional occipital middle gyrus/occipital bottom gyrus
(MNI coordinates =42, — 87, — 15; peak z score =4.42; and
cluster size =787 voxels) (Fig. 4c). We then extracted and
compared the FC value of the ipsilesional top S1 region.
The results showed that the FC value of the ipsilesional mid-
dle and bottom of'the S1 increased in the TI group (p < 0.001).
In addition, the somatosensory function score was positively
correlated with the FC value between the ipsilesional thalamus
and the middle S1 region (»=0.371, p = 0.048, Fig. 4d), sug-
gesting that higher connectivity with the ipsilesional middle
and bottom S1 regions corresponds to less severe somatosen-
sory dysfunction.

Relationship between structural and functional
connectivity

The relationship among structural damage, FC, and anatomic
connectivity in the CTR is presented in Fig. 5a, which shows
that the decreased volume in the top S1 region is connected to
the probability map of the ipsilesional CTR in the TI patients.
The mediation analyses also revealed that the FA in the CTR
had a significant indirect effect on somatosensory dysfunction
via the ipsilesional top S1 volume (Fig. 5b). To examine
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Fig. 3 The volume changes in the S1 and their associations with the
somatosensory score in the thalamic infarction patients. a The white
matter surface representations show a significant (p <0.05 corrected)
difference in the cortical volumes of the thalamic patients and control
subjects. Cool colors (blue and green) indicate decreases in the thalamic
infarction patients. Light gray areas represent gyri, and dark gray areas

whether the atrophic region would overlap with regions that
showed increased FC with the ipsilesional thalamus, we
mapped two results in Fig. S5c. The atrophic region (blue)
did not overlap with the regions that showed increased FC
with the ipsilesional thalamus (red).

Discussion

In this study, we used a lesion-inducing method to investigate
remote structural and functional changes in the S1 and rela-
tionships among these alterations in the patients with TL. TI
patients exhibited secondary impairment in the ipsilesional
CTR and decreased cortical volume in the ipsilesional top

800T  =0.375,=0.049

7001
6001

500

volume(mm?3)

400+

300 T T T T 1
15 20 25 30 35 40

scores of somatosenso ry

represent sulci. b Compared with healthy controls, the patients with
thalamic infarction exhibited decreased volume in the primary
somatosensory cortex. ¢ A significant positive correlation was observed
between the reduction of the ipsilesional top S1 and somatosensory
function in TI patients. CL, contralesional; IL, ipsilesional

region of S1. Moreover, increased functional coupling be-
tween the ipsilesional thalamus and middle S1 regions oc-
curred after TI. Surprisingly, the region exhibiting increased
FC was adjacent to the region demonstrating decreased corti-
cal volume in the TI patients. We found increased FC in the
ipsilesional middle S1, indicating that this region is highly
important in somatosensory recovery after stroke.

Our main findings were a marked decrease in FA in the
ipsilesional CTR and decreased cortical volume in the
ipsilesional top S1 region, which connected with the CTR in
the TI patients. These results indicate that chronic TI led to
secondary impairment in the CTR and top S1, which are in
relationship with somatosensory dysfunction. As previously
shown in neuropathological studies, degeneration of the distal
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ROI
Lesion

Fig. 4 The changes in resting-state FC and their associations with the
somatosensory score in the TI patients. a The region with infarction in the
left thalamus was labeled lesion (in orange), and the region with no
infarction was labeled the ROI (in light blue). The lesion region in the
left thalamus and sensory subregion in the right thalamus (in green) were
symmetric. b One-sample # test showed the FC maps with the location of
the lesion in the left thalamus as the seed in controls. The threshold was

parts of nerves after injury to the proximal axon or cell body is
referred to as Wallerian degeneration (WD), which occurs in
both the peripheral and central nervous systems. In the central
nervous system, WD is characterized by a highly stereotypical
course, starting with disintegration of the axonal skeleton and
membrane within days after injury, followed by degradation
of the myelin sheath and infiltration by macrophages and mi-
croglia, with subsequent atrophy of the affected fiber tracts
[26, 27]. Consistent with these studies, we found abnormal
fiber integrity in the TI patients using FA, a common summary
measure that reflects the directionality of molecular motion
and is sensitive to the microstructural integrity of fibers.
Taken together, the reduced FA in the ipsilesional CTR may
reflect the phenomenon of WD to some extent.

The fibers of the ventral posterolateral thalamic nucle-
us via the posterior limbs of the internal capsule mainly
project to the top and middle regions of the S1, which are
responsible for somatosensory function. In the study, we
found that patients with TI show somatosensory deficits
and cortex atrophy in the top region of the S1. Therefore,
we confirmed the thalamus-S1 pathway by using a lesion-
inducing method and a non-invasive technique in vivo.
This result was consistent with studies showing focal at-
rophy in cortical regions with a high probability of
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set at p <0.05, cluster size > 100 voxels. ¢ Increased FC with the non-
lesion region as the seed was found in the TI patients compared with that
in the controls, which are indicated by warm colors. d Positive correlation
of the FC values of the ipsilesional S1 and the somatosensory score in TI
patients. CL, contralesional; FC, functional connectivity; IL, ipsilesional;
L, left; R, right; ROI, region of interest

connectivity with the incident infarct [28-31] and long-
term disability in patients with subcortical stroke [15, 21,
28]. These results were also potentially due to secondary
neurodegeneration, although the precise mechanism un-
derlying the influence of TI on cortical atrophy has not
been elucidated. In addition, the decreased FA of the CTR
may have a direct or indirect effect on somatosensory
deficits in TI individuals via decreased S1 volume, sug-
gesting that TI may affect the CTR first, followed by the
S1 area. However, more research is needed to determine
the order of degeneration.

FC mapping of lesions in normal subjects revealed that
the TI region was more connected to the atrophic top re-
gion of the S1 and less connected to the adjacent middle
and bottom S1 regions. However, between-group compar-
isons of the non-lesioned thalamus demonstrated that the
patients exhibited significantly increased FC between the
ipsilesional thalamus and regions adjacent to the atrophic
region in the ipsilesional S1. Several studies have demon-
strated the contribution of the unaffected sensorimotor cor-
tex to somatosensory and motor recovery after stroke
[31-33]. And previous research have also suggested that
the functional contribution of perilesional regions to lan-
guage recovery [34] and increased FC is helpful to
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Fig. 5 Relationship between the structural and FC in the thalamic
infarction patients. a Volume difference in the ipsilesional S1 and FC
difference in the ipsilesional S1 and fiber tract in the affected CTR in
the TI patients. b Mediation effects of the volume difference in the
ipsilesional S1 on the relationship between the FA value of the affected

restoration of motor function in the chronic poststroke
phase [35-37]. Using PET, Weder et al [38] reported that
patients with chronic thalamic or basal ganglia infarcts
showed activation of the bilateral sensorimotor cortex dur-
ing the performance of a somatosensory discrimination
task using the area contralateral to the affected hand.
Interestingly, in the present study, the region that did not
overlap with structurally damaged top S1 also showed en-
hanced FC with the ipsilesional thalamus, suggesting that
increased FC occurred in the ipsilesional unaffected S1
area. Increased FC in the non-atrophic S1 region might
be related to axons sprouting to establish new connections
and novel projection patterns [39, 40]. However, the con-
cept of a compensatory effect is still speculative and re-
quires further evidence. Another possibility is that the in-
creased activity with the sensory cortex not only served as
compensation but also might reflect a primary pathophys-
iological change in TI, as a consequence of abnormal tha-
lamic outflow. Because other diseases, such as Parkinson’s
disease [41], show increased cerebro-cerebellum FC in pa-
tients as a result of abnormal activity of the thalamus, these
results might reflect pathophysiological change. In addi-
tion, the TI patients demonstrated increased FC between
the ipsilesional thalamus and contralesional occipital

¢=0.562 p=0.0004

dysfunction

CTR and somatosensory dysfunction. ¢ The relationship between the
decreased volume and increased FC in the ipsilesional S1. CL,
contralesional; CTR, central thalamic radiation; FA, fractional
anisotropy; FC, functional connectivity; IL, ipsilesional; S1, primary
somatosensory cortex

middle and bottom gyri. Recent DTI tractography research
predominantly revealed direct white matter pathways be-
tween the thalamus and occipital cortex [25, 42]. Arcaro
et al [43] reported that the pulvinar of the thalamus was
functionally connected with the occipital cortex. Lam et al
[44] demonstrated that resting-state connectivity within
and between motor and frontoparietal networks is associ-
ated with motor outcome. Thus, the increased FC with the
occipital cortex might be similar with increased coupling
with S1 in this study, suggesting a compensation effect or a
pathophysiological change in TI.

A major limitation of the present study is the lack of infor-
mation about the other senses, namely, sight, smell, taste, and
hearing. We considered only the evaluation of sensory expe-
riences associated with somatosensory dysfunction (pain,
temperature, touch, proprioception, two-point discrimination,
and stereognosis) and did not measure other senses. However,
our results may be reflective of the neuroimaging mechanisms
underlying the dysfunctional somatic sensation. Second, the
present research adopted FC methods to show higher FC be-
tween the unaffected region and the affected thalamus, which
was associated with better somatosensory function; however,
the corresponding neurobiological basis is poorly understood.
Further work is needed, and a longitudinal sample of stroke
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patients with somatosensory deficits and more behavioral
measures would help validate the findings and explore their
clinical implications.

Conclusions

In conclusion, thalamic lesions were not only associated with
microstructural white matter injury in the CTR and impaired
cortical volume of the S1 but also resulted in increased func-
tional coupling to the non-atrophic S1 region. However, the
enhanced middle S1 FC which is adjacent to the damaged
ones may be responsible for at least some of the recovery of
somatosensory function.
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