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Objective: Carpal tunnel syndrome (CTS) is a common median nerve entrapment neuropathy characterized
by pain, paresthesias, diminished peripheral nerve conduction velocity (NCV) and maladaptive functional
brain neuroplasticity. We evaluated structural reorganization in brain gray matter (GM) and white matter
(WM) and whether such plasticity is linked to altered median nerve function in CTS.
Methods: We performed NCV testing, T1-weighted structural MRI, and diffusion tensor imaging (DTI) in 28 CTS
and 28 age-matched healthy controls (HC). Voxel-based morphometry (VBM) contrasted regional GM volume
for CTS versus HC. Significant clusters were correlated with clinical metrics and served as seeds to define associ-
atedWM tracts using DTI data and probabilistic tractography. Within theseWM tracts, fractional anisotropy (FA),
axial (AD) and radial (RD) diffusivity were evaluated for group differences and correlations with clinical metrics.
Results: For CTS subjects, GM volume was significantly reduced in contralesional S1 (hand-area), pulvinar and
frontal pole. GM volume in contralesional S1 correlated with median NCV. NCV was also correlated with RD
and was negatively correlated with FA within U-fiber cortico-cortical association tracts identified from the

contralesional S1 VBM seed.
Conclusions: Our study identified clear morphometric changes in the CTS brain. This central morphometric change
is likely secondary to peripheral nerve pathology and altered somatosensory afference. Enhanced axonal coherence
andmyelinationwithin cortico-cortical tracts connecting primary somatosensory andmotor areasmay accompany
peripheral nerve deafferentation. As structural plasticity was correlated with NCV and not symptomatology, the
former may be a better determinant of appropriate clinical intervention for CTS, including surgery.
© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Carpal tunnel syndrome (CTS) is a common neuropathy associated
with median nerve conduction block, as well as pain, numbness and
paresthesia in the median nerve innervated territory of the affected
hand. CTS is mainly driven by partial deafferentation secondary to
the compression of the median nerve within the carpal tunnel
(Kiernan et al., 1999). In addition to the peripheral sensorimotor
manifestations of CTS, cortical digit representations in the brain
display expansion, amplification, and/or shifted locus in the primary
somatosensory cortex (S1), as evaluated by both fMRI (Napadow et
al., 2006, 2007; Zanette et al., 2006) and MEG (Dhond et al., 2012;
Tecchio et al., 2002). These studies suggest that the function of the
entire hierarchy of the somatosensory system from the peripheral to
the central sites may be altered in CTS. However, it is unclear whether
this neuroplastic change extends to morphological reorganization in
served.
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brain gray matter (GM) and white matter (WM) and, if so, how it is
associatedwith altered peripheral nerve function and symptomatology.

The last ten years have seen the emergence of models using fMRI
to display the functional dynamics of neuronal plasticity related to
chronic pain (Apkarian et al., 2011; Lotze et al., 2001). More recently,
whole brain and cortical structural MRI methods such as voxel based
morphometry (VBM) and cortical thickness have suggested reduced
GM volume in chronic pain (Apkarian et al., 2004, 2011; As-Sanie et
al., 2012), and cortical thinning in the cases of more severe peripheral
deafferentation, such as peripheral nerve transection (Taylor et al.,
2009). Additionally, diffusion tensor imaging (DTI) is an MRI modali-
ty that has been used to evaluate WM microstructure by assessing
molecular diffusion along (axial diffusivity) and perpendicular (radial
diffusivity) to specific fiber tracts (Mori and Zhang, 2006). DTI mea-
sures have been related to reduced GM morphometry in chronic
pain disorders including fibromyalgia (Lutz et al., 2008) and complex
regional pain syndrome (CRPS) (Geha et al., 2008). CTS is character-
ized by a focal primary neuropathic lesion, which allows for the direct
investigation of the association between brain neuroplasticity and
objective metrics of peripheral pathophysiology.

In this cross-sectional study, we evaluated CTS-associated GM and
WM reorganization and determined whether such plasticity was
associated with altered peripheral nerve function. We hypothesized
that CTS would show GM volume decrease in contralesional S1 and
primary motor cortex (M1), as these areas have been previously
shown to demonstrate functional neuroplastic change (Napadow et
al., 2006). Furthermore, we hypothesized that the magnitude of
median nerve conduction block, which is the hallmark of CTS
(Kiernan et al., 1999), would correlate with neuroplastic change in
(1) GM somatosensory regions and (2) WM tracts connecting to these
somatosensory regions.

2. Methods

2.1. Subjects

We evaluated 56 subjects including 28 CTS subjects (48.1±9.6,
mean±S.D., 20F) and 28 age-matched healthy controls (HC; 47.3±
9.9, 17F). CTS subjects were enrolled with inclusion criteria: 1) history
of pain and/or paresthesia in median nerve innervated areas for dura-
tion greater than 3 months and 2) delayedmedian sensory nerve con-
duction latency greater than 3.7 ms and/or greater than 0.5 ms
compared to ulnar sensory nerve conduction. Exclusion criteria
were 1) contraindications to MRI, 2) history of diabetes mellitus or
major cardiovascular, respiratory, neurological illnesses, rheumatoid
arthritis, 3) wrist fracture with direct trauma to median nerve,
4) current usage of opioid medication, 5) ulnar neuropathy or nerve
entrapment other than median nerve, 6) cervical radiculopathy or
myelopathy, 7) generalized peripheral neuropathy, or 8.) severe the-
nar atrophy. All subjects were examined by a physiatrist at Spaulding
Rehabilitation Hospital for eligibility, which included the testing of
median and ulnar sensory nerve conduction velocities (Cadwell Sierra
EMG/NCS Device, Kennewick, WA). Symptomatology was assessed
with the Boston Carpal Tunnel Questionnaire (BCTSQ) (Levine et al.,
1993).

HC were also enrolled and evaluated with the same procedures as
CTS subjects in order to exclude CTS.

All study protocols were approved by the Massachusetts General
Hospital (MGH) and Partners Human Research Committee and in-
formed consent was obtained from all subjects.

2.2. Data acquisition

Structural MRI was obtained on a 3.0 T Siemens Trio (Siemens Med-
ical, Erlangen, Germany) equippedwith 32-channel head coil at theMGH
Athinoula A. Martinos Center for Biomedical Imaging (Charlestown).
A multi-echo MPRAGE T1-weighted pulse sequence was used (TR=
2530 ms, TE1/TE2=1.64/30.0 ms, TI=1200 ms, flip angle=7°, FOV=
256x256, slices=176, sagittal acquisition, spatial resolution=1×
1×1 mm3). Diffusion-weighted MRI was also obtained (b-value=
700 s/mm2, directions=60, 32-channel coil, FOV=256 mm, slice
thickness=2 mm, 64slices, voxel size=2×2×2 mm, TR/TE=
8040/84 ms).

2.3. Voxel based morphometry (VBM) analysis

VBM was accomplished by first preprocessing the structural T1-
weightedMRI data using SPM software (SPM8, Institute of Neurology,
London, UK) running under Matlab (version 7.7, Mathworks). All
individual images were processed in a generative model, which in-
cluded tissue classification, image registration and bias correction.
Nonlinear deformations for warping GM andWM images were deter-
mined by DARTEL (Diffeomorphic Anatomical Registration using
Exponentiated Lie algebra: DARTEL toolbox8 (Ashburner, 2007)). The
warped GM and WM images were smoothed with a Gaussian kernel
(FWHM=10 mm), modulated, and registered to MNI space (i.e. the
final DARTEL template brain).

Voxel-wise general linear model (GLM) analysis was performed
contrasting GM volumes from CTS versus HC. Significant differences be-
tween CTS and HC were determined with age and gender as regressors
of no interest. Statistical maps were corrected for multiple comparisons
by false discovery rate (FDR, pb0.05) on the voxel level. We then ac-
cepted only clusters greater than 100 voxels in size in order to limit
the potential for small cluster false positives. In order to avoid possible
edge effects at the GM/WM border, we excluded all voxels with GM
value lower than 0.2. In order to better understand the association
between GM volume and CTS-related pathology, we correlated GM
volumes from all subjects with a) NCV and b) symptom severity. For
the latter, pain symptomswere summarized as the average of questions
1–5, while paresthesia symptoms (numbness/tingling) were summa-
rized as the average of questions 6–10 from the BCTSQ.

In order to account for variability in the laterality of the more
affected hand, the imaging data were also analyzed by mirroring
data across the mid-sagittal plane in CTS subjects whose more affected
hand was the left hand. This analysis was important for brain regions
known to be lateralized relative to peripheral lesions in the somatosen-
sory system such as S1, M1, and ventro-posterolateral nucleus of the
thalamus. This mirrored analysis was used to interpret only these
regions, while the conventional, non-mirrored analysis was used for
all other brain areas.

2.4. Diffusion tensor imaging (DTI) analysis

DTI data processing was performed using the FMRIB Software
Library (FDT v2.0, FSL v.4.1.9). Prior to fitting the diffusion tensor
model, all datasets were skull stripped (Brain Extraction Tool) and
eddy current corrected (eddycorrect). The DTI tensor model was
then fit using voxel-wise linear least squares (dtifit). Probabilistic
tractography was performed in subject-space using Bayesian Estima-
tion of Diffusion Parameters Obtained using Sampling Techniques
(BedpostX). In order to perform tracking, seeds were created using
the results from VBM analyses contrasting CTS and HC (see above).
These MNI-registered regions of interest (ROIs) were transformed
to subject space using FMRIB Non-linear Image Registration Tool
(FNIRT), which calculated an alignment warp between the subject-
space FA maps and the MNI-space FMRIB58 FA map. The VBM-
derived ROIs in subject space were then radially dilated by 1 voxel
to assure intersection with WM and a WM mask was used to exclude
GM voxels. Probabilistic tractography (FA threshold=0.2, max steps
2000, step length=0.5 mm, 5000 iterations per voxel) was then
performed on each subject for each of the seed ROIs. Tracts were nor-
malized across all subjects by dividing each voxel in the tract by the
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total number of waypoints counted in the entire tract (waytotal)
(Johansen-Berg and Behrens, 2009). These subject space tracts were
then warped to MNI space to create a group averaged map, restricted
to a 5% threshold of the normalized waytotal, a previously validated
methodology (Johansen-Berg and Behrens, 2009).

The tracts determined from all 3 ROIs were used to investigate
seed-specific WM connections, and as masks to evaluate any signifi-
cant group differences (CTS-HC) in DTI metrics including FA, AD
(λ1), and RD (average of λ2 and λ3). In WM, AD reflects diffusion par-
allel to axon bundles and is a marker of axonal integrity (Budde et al.,
2009; Song et al., 2003). RD is the magnitude of diffusion orthogonal
to the axonal axis and is modulated by axonal membrane properties
and myelination along fiber tracts (Song et al., 2002, 2003). FA pro-
vides a summary measure of relative difference in AD and RD (degree
of anisotropy) and is scaled from 0 (isotropic) to 1 (anisotropic). In
order to evaluate if WM microstructure within tracts of interest was
associated with CTS-related pathology, we correlated CTS subjects'
FA, AD and RD with median NCV, pain, and paresthesia, as defined
above.

The existence of crossing fibers is an important potential confound
to DTI estimation. To evaluate the probability of crossing fibers, we
calculated the mode of the diffusion tensor, which refers to tensor
shape and is scaled from −1 (planar; AD≈RD, high probability of
crossing fibers) to 1 (linear; AD>RD, low probability) (Ennis and
Kindlmann, 2006).

3. Results

3.1. Demographic and clinical features

The more affected (NCV slowing) hand was the right hand in 19
(67.9%) CTS subjects. Median NCV was significantly slower in CTS
compared to HC (CTS: 36.8±7.1 m/s, HC: 53.1±5.1, mean±S.D.,
pb10−12). There were no differences in ulnar NCV between CTS and
HC (CTS: 55.6±6.9 m/s, HC: 55.0±5.6, p=0.70). All CTS subjects
reported both pain (2.5±0.8, mean±SD, on a scale from 1 to 5), and
paresthesia/numbness (2.7±0.9, mean±SD, on a scale from 1 to 5).
Self-reported CTS symptom duration was 8.5±9.1 (mean±SD) years.
We found a significant inter-subject correlation between pain and par-
esthesia severity (r=0.50, pb0.01) and a weak (trending) negative
correlation between paresthesia and symptom duration (r=−0.30,
p=0.1), while pain (r=−0.11, p>0.5) was not correlated with
symptom duration.

3.2. VBM analyses

VBM analysis revealed that GM volume was reduced in left S1
(Table 1, Fig. 1). This result was more prominent when VBM data
were mirrored across the mid-sagittal plane for left hand affected
CTS (i.e. reduced GMwas in the contralesional S1 hand area). GM vol-
ume was also reduced in the right posterior thalamus (consistent
with the pulvinar) and right frontal pole (Table 1, Fig. 1). A linear
regression analysis in our study sample revealed that NCV was
Table 1
Regional GM volume differences: CTS-HC. MNI coordinates and t-values are listed for
the peak voxel in the cluster.

Region Side MNI
coordinates
x, y, z (mm)

T-value/p-value Cluster
volume
(mm3)

Non-flipped analysis
Thalamus Right 10, −28, 12 −3.74/b0.0001 375
Frontal pole Right 16, 64, −12 −3.68/b0.0001 633
S1 Left −36, −36, 56 −3.58/b0.0001 338

Flipped analysis
S1 Contra −44, −32, 56 −3.65/b0.0001 390
positively correlated to GM volume in contralesional S1 (r=0.45,
pb0.01, Fig. 2). We found a weak (trending) correlation within the
CTS group (r=0.24, p=0.1), while in the HC group, the correlation
was not significant (r=0.18, p=0.2). Neither CTS symptomatology
nor symptom duration had significant correlation with GM volume
decrease in these ROIs.

3.3. Diffusion tensor imaging (DTI) analyses

DTI-based tractography identified a U-fiber cortico-cortical associ-
ation tract connecting S1 (seed cluster defined from the result above)
with pre-central gyrus (putative M1, Fig. 3). WM tracts connecting to
this S1 seed also included superior longitudinal fasciculus (SLF), con-
sistent with SLF II (Makris et al., 2005). The right posterior thalamus
seed generated tracts consistent with the fornix, stria-terminalis,
and inferior fronto-occipital fasciculus. The right frontal pole seed
generated a tract consistent with the uncinate fasciculus. There was
also slightly sub-threshold evidence for connecting fibers of the infe-
rior fronto-occipital fasciculus and frontal aspects of the corpus
callosum.

Within the S1-associated WM tract space, DTI metrics (FA, AD, RD,
and mode) did not differ between CTS and HC. However, in the saddle
region of the U-fiber cortico-cortical tract connecting contralesional S1
with M1, we found that FA was negatively correlated (r=−0.65),
while RD was positively correlated (r=0.72) with NCV (Fig. 4). Within
both of these FA and RD clusters, the DTI mode was positive for CTS
subjects (FA cluster: 0.23±0.20; RD cluster: 0.02±0.14) and was not
correlated to NCV (FA cluster: r=−0.06; RD cluster: r=0.14),
suggesting that crossing fibers did not influence these results. No corre-
lations to NCV were noted for any other DTI metrics. We also did not
find any group differences nor correlations in any other tract space
(thalamus and frontal pole seed spaces), nor significant correlation be-
tween CTS symptomatology and DTI metrics in any of the tracts noted
above.

4. Discussion

This multimodal study investigated CTS-associated morphological
reorganization in the brain's GM and WM, and determined its associ-
ation with altered peripheral nerve function. Our main finding was
that CTS subjects demonstrated reduced GM volume in somatosensory
(S1), visuomotor (thalamic pulvinar), and multisensory integration/
cognitive (frontal pole) processing regions. GM reduction in S1was spe-
cific to the contralesional cortical representation of the hand region.
Moreover, GM volume in S1 was significantly correlated with NCV.
Thus, the slower the median NCV across the wrist, the more pro-
nounced the S1 GM volume reduction. We then used DTI to evaluate
WM microstructure in the specific WM tracts connected to this S1 re-
gion. Interestingly, we found that NCV was negatively correlated with
FA, and positively correlated with RD, within the U-fiber cortico-
cortical tract connecting contralesional S1 with M1. Our results suggest
that CTS, a chronic peripheral neuropathy, also results in structural
remodeling and neuroplasticity in the brain, which is closely linked to
reduced peripheral nerve conduction.

4.1. Reduced GM volume in CTS

While ambiguity exists as to whether GM reductions represent
degenerative atrophy or neuroplastic reorganization (maladaptive
or compensatory), reduced GM volume in CTS subjects is consistent
with findings observed in other chronic pain conditions in humans
(Apkarian et al., 2004, 2011; As-Sanie et al., 2012) and animal models
(Seminowicz et al., 2009), and may also relate to previous VBM find-
ings of use-dependent plasticity (Draganski et al., 2006). In fact, S1
functional plasticity has been correlated with both diminished GM
volume and changes in the diffusion tensor that suggest the growth



Fig. 1. GM volume in CTS was reduced compared to HC. Voxel based morphometry (VBM) demonstrated reduced GM volume in CTS within the contralesional S1 hand cortical
representation. Reduced GM was also noted in right pulvinar and frontal pole. The bar graphs relate mean GM volume from the peak voxel of significant clusters. Error bars denote
standard deviation.
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of new lateral connections in spinal cord injury patients (Henderson et
al., 2011). These findings are interesting as we have previously shown
that CTS patients also demonstrate functional neuroplasticity within
S1 representations of median nerve innervated territories (Napadow
et al., 2006). However, it should also be noted that not all GM mor-
phometry studies demonstrate GMvolumedecrease in chronic pain pa-
tients. For instance, a recent study noted that patients suffering from
temporomandibular disorder (a non-neuropathic pain syndrome) did
not show any GM decrease, while trigeminal neuropathic pain patients
did demonstrate GM decrease in the thalamus and other brain regions
Fig. 2. Reduced GM volume was correlated with median nerve conduction velocity.
Regression analysis found that median NCV correlated with reduced GM volume in
S1. Thus, the slower the velocity and the more disrupted the peripheral nerve function,
the more pronounced was the S1 GM volume reduction. N.B. GM volume was extracted
from each subject from the significant group level S1 cluster.
(Gustin et al., 2011). These results are consistent with our demonstra-
tion of GM volume decrease in CTS patients, as CTS can also be charac-
terized as a neuropathic pain disorder.
4.2. Reduced GM volume in S1

In CTS, the median nerve is compressed at the carpal tunnel,
resulting in ischemia (Seiler et al., 1989), inflammation, and elevated
tunnel pressure. This pathophysiological sequence of events triggers al-
tered afferent input from affected digits, and decreased nerve conduc-
tion along median nerve sensory fibers (Kiernan et al., 1999). Thus, S1
GM decreases in CTSmay be the consequence of partial deafferentation
or desynchronization in S1 inputs, and Taylor et al. recently found that
peripheral nerve transection (a more severe form of deafferentation)
was also associated with reduced GM in contralesional S1 (Taylor et
al., 2009). However, this previous study did not associate contralesional
S1 GM reductions with slowing of peripheral conduction velocities, an
important finding in our study that strongly links peripheral patho-
physiology with altered brain morphology. While histological changes
supporting this structural plasticity are unknown, a number of animal
studies have demonstrated that use-dependent structural plasticity is
associated with GM increase mediated by neuronal (Lerch et al.,
2011), and dendritic spine remodeling (Thomas and Baker, 2012; Xu
et al., 2009). In turn, GM reduction has been hypothesized to bemediat-
ed by events ranging fromneuronal or glial death (May, 2008) to loss of
dendritic spine density (Metz et al., 2009).

As GM reduction in S1 was specifically associated with decreased
impulse conduction along the median nerve, similar to what we found
for functional brain reorganization in CTS (Napadow et al., 2006,
2007), we propose that cortical reorganization in CTS extends to struc-
tural change, triggered by chronically altered peripheral afference. In-
terestingly, GM decreases in contralesional S1 correlated with reduced
median NCV and not symptomatology. Multiple CTS studies have
found thatmediannerve conductiondoes not correlatewell with symp-
tomatology (Green et al., 2012; Mondelli et al., 2000). Symptoms such

image of Fig.�2


Fig. 3. Significant clusters from the VBM analysis served as seeds to evaluate the WM tracts connected to regions showing reduced GM. [Left column] To create the seeds, significant
VBM clusters (red) were dilated andmasked by their WM intersection (green). [Right columns] Probabilistic WM tractography identified that the contralesional S1 VBM cluster was
mainly connected to contralesional M1 via a U-fiber cortico-cortical association tract. The right posterior thalamus (pulvinar) seed generated tracts consistent with the fornix,
stria-terminalis, and inferior fronto-occipital fasciculus. The right frontal pole seed generated a tract consistent mainly with the uncinate fasciculus.
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as pain and paresthesias can fluctuate and are self reported. On the
other hand, NCV is an objective electrophysiological marker evaluating
the severity of an impaired median nerve, and was directly correlated
with reduced GM in contralesional S1.

4.3. WM microstructure in S1/M1 cortico-cortical tract associated
with NCV

We further found that greater FA and lower RD in a saddle region of
the cortico-cortical U-fiberWM tract connecting S1 toM1was correlat-
ed with NCV. This result suggests that enhanced axonal coherence and
myelination which can produce lower RD (Song et al., 2003, 2002)
within theWM connecting the pre- and post-central gyri, is also specif-
ically associatedwith reduced peripheral nerve function.Myelination in
the CNS can be induced or inhibited by increased or decreased neuronal
activity, respectively (Demerens et al., 1996). Thus, WMmicrostructure
in association with NCV may represent compensatory mechanisms for
facilitating communication between S1 andM1. S1/M1 communication,
aswell as S1 communicationwith premotor and other prefrontal senso-
rimotor integration centers via the SLF (which was also found to be
connected to our specific S1 seed), is critical for fine motor control
(Shinoura et al., 2005), a functional deficiency in CTS (Radwin et al.,
2004). Additionally, previous studies have suggested that GM volume
reduction occurs secondary to functional brain plasticity (Seminowicz
et al., 2011). Our previous studies have noted significant functional
plasticity for somatosensory afference reaching S1 (Napadow et al.,
2006, 2007). While confirmatory evidence awaits longitudinal studies,
we suggest that the GM and WM changes are downstream from the
previously noted functional neuroplasticity.
4.4. Reduced GM volume in thalamus

Reduced GMwas also found in the right thalamus, consistent with
the pulvinar nucleus. The pulvinar is a higher order relay important
for cortico-cortical communication in the visual system (Sherman,
2007) and may also contribute in visuomotor integration (Grieve et
al., 2000). Deprivation of afferent input leads to GM reduction in the
posterolateral thalamus (Draganski et al., 2006), and other thalamic
nuclei, such as the pulvinar, may also be affected due to thalamo-
thalamic interactions (Elias et al., 2012). Reduced pulvinar GM may
relate to disrupted visuomotor integration underlying the deficient
psychomotor performance noted in CTS (Radwin et al., 2004). DTI
analysis found that WM tracts leading to/away from this pulvinar re-
gion were consistent with the fornix, stria-terminalis, and inferior
fronto-occipital fasciculus, tracts likely to relay visuospatial informa-
tion to prefrontal cortical regions supporting executive control over
fine motor commands (Grieve et al., 2000). Interestingly, pulvinar
involvement in pain was also recently highlighted by Sprenger et
al., who found that lesions in the ventral posterior/pulvinar border
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Fig. 4. DTI metrics were correlated with median nerve function. A linear regression constrained by the tract identified using the S1 VBM seed found that fractional anisotropy (FA)
and radial diffusivity (RD) correlated with CTS subjects' median nerve conduction velocity (NCV). For FA, a cluster in the saddle region of the U-fiber bundle connecting the
post-central and pre-central gyri demonstrated a negative correlation with median NCV. For RD, a near identical cluster in the saddle region demonstrated positive correlation
with median NCV. Lower velocity (i.e. greater peripheral pathology) was associated with higher FA and lower RD in this region.
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zone most readily predicted whether or not post-thalamic stroke pa-
tients developed pain (Sprenger et al., 2012).

4.5. Reduced GM volume in frontal pole

Reduced GM was also found in the frontal pole, which appears to
be important for monitoring cognitive and motor outcomes as well as
multi-sensory integration and executive motor control (Tsujimoto et
al., 2010). Decreased GM in the frontal pole may contribute to im-
paired executive control of motor responses demonstrated in psycho-
motor testing (Radwin et al., 2004). However, our DTI analysis found
that WM tracts leading to/away from this frontopolar region were
consistent with the uncinate fasciculus, a limbic tract that has been
associated with affective and cognitive dysfunction (Tartaglia et al.,
2012), and which connects the frontal pole with the medial temporal
lobe. Thus, future studies should further explore how affective di-
mensions of CTS symptomatology and psychomotor disruption relate
to reduced GM in the pulvinar and frontal pole, as well as plasticity in
WM tracts connected to these regions.

4.6. Limitations

A limitation of our study was that we did not include severe CTS
subjects, and future research will need to clarify if severe CTS with
motor dysfunction and atrophy will also demonstrate GM decrease
in motor processing regions. Additionally, as structural plasticity
following chronic pain may be reversible (Seminowicz et al., 2011),
future longitudinal studies should evaluate if effective treatment
that ameliorates symptomatology and improves median NCV can
also normalize GM volume. Finally, a significant correlation between
GM volume and median NCV was only found in the combined CTS
and HC group, and may have been partially due to the significant
group differences noted between these groups. However, a trending
correlation was also noted within the CTS group, suggesting that this
relationship was not solely due to the group difference. Ultimately,
greater power may be needed for this relationship to reach significance
in CTS subjects, who presented with a reduced dynamic range com-
pared to the combined CTS and HC groups.

5. Conclusions

CTS demonstrated significant GM reductions in the contralesional
hand area of S1, as well as right frontal pole and pulvinar. S1 GM re-
duction was correlated with NCV. In addition, WM microstructure
within cortico-cortical U-fiber tracts connecting contralesional S1 with
M1 was also correlated with NCV. Thus, structural plasticity in cortical
GM and WM occurred as a consequence of peripheral neuropathy in
CTS, which supports the view that CTS is not just a peripheral disorder
but is accompanied by CNS remodeling. Finally, these results under-
score the importance of nerve conduction studies in determining
appropriate clinical interventions, including surgery.
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