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Abstract: Classical trigeminal neuralgia (TN) is a specific type of neuropathic orofacial pain of which
the plasticity of brain structure and connectivity have remained largely unknown. A total of 62 TN
patients were included and referred to MRI scans. Voxel-based morphometry was used to analyze the
change of gray matter volume. Resting-state functional imaging was used to analyze the connectivity
between brain regions. The results showed gray matter volume reduction in components of the pre-
frontal cortex, precentral gyrus, cerebellar tonsil, thalamus, hypothalamus, and nucleus accumbens
among right TN patient and in the inferior frontal gyrus, precentral gyrus, cerebellum, thalamus, ven-
tral striatum, and putamen among left TN patients. The connections between the right superior frontal
gyrus and right middle frontal gyrus were lower in right TN patients. The connection between the left
precentral gyrus and the left superior frontal gyrus was lower while the connection between bilateral
thalamus was higher in left TN patients. The changes of volume in bilateral thalamus of right TN
patients and left ventral striatum of left TN patients, and the connectivity between bilateral thalamus
of left TN patients were moderately correlated with pain duration. These findings suggest that brain
regions such as the thalamus may not only be involved in processing of pain stimuli but also be
important for the development of TN. The left hemisphere may be dominant in processing and modu-
lation of TN pain signal. Chronification of TN induces volume changes in brain regions which are
associated with emotional or cognitive modulation of pain. Hum Brain Mapp 39:609-621, 2018.  © 2017
Wiley Periodicals, Inc.
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INTRODUCTION

Trigeminal neuralgia (TN) is one of the most common
facial pains. It is most frequently described as a
“stabbing”- or “electric-shock”-like pain that is localized to
the sensory supply area of trigeminal nerve. Neurovascu-
lar compression of the trigeminal nerve at root entry zone
is the most common cause of idiopathic TN [Love and
Coakham, 2001; Maarbjerg et al., 2015]. TN that develops
without apparent cause other than neurovascular compres-
sion is defined as classical TN [Headache Classification
Committee of the International Headache Society (IHS),
2013], which is distinct from trigeminal neuropathy that
has a similar clinical presentation. Trigeminal neuropathy
is defined as a facial pain in the distribution of trigeminal
nerve cause by another disorder (such as herpes zoster
infection and multiple sclerosis) or trauma and is indica-
tive of neural damage. It is more often a constant orofacial
pain and is different from classical TN that presents with
recurring and paroxysmal attacks. TN is often associated
with sensory neurological deficits [Nurmikko and
Eldridge, 2001] and is usually treated by anticonvulsants,
microvascular decompression, or minimally invasive per-
cutaneous lesioning of the trigeminal nerve such as radio-
frequency rhizotomy [Obermann, 2010; Yang et al., 2010].
However, the pathophysiology of classical TN is still
debated. Postoperative histopathological studies have
shown axonal atrophy and demyelination in patients with
TN [Hilton et al., 1994; Love and Coakham, 2001].

Over the past decade, a number of functional and struc-
tural imaging studies have dealt with the topic of pain
processing in human subjects and identified a variety of
brain regions and networks encompassed in pain, includ-
ing the thalamus, basal ganglia, somatosensory (SMC),
prefrontal (PFC), anterior cingulate (ACC), and the insular
cortices [Bushnell et al., 2013; Legrain et al., 2011]. The
thalamus and SMC encode information about sensory fea-
tures, such as the location and duration of pain. The thala-
mus, ACC, insula, and PFC, which have been considered
components of the limbic system, are responsible for
encoding the emotional and motivational aspects of pain
[Bushnell et al., 2013; Lamm et al., 2011]. Neuroimaging
has also been used to investigate the changes in brain
structure and function associated with TN [Becerra et al.,
2006; Blatow et al., 2009; DeSouza et al., 2014; Gustin et al.,
2011; Gustin et al., 2012; Henderson et al., 2013; Moisset
et al., 2011, Obermann et al., 2013; Scrivani et al., 2010].
Although functional and structural changes in the thala-
mus, SMC, PFC, and basal ganglia were frequently
reported, these observed results were somehow heteroge-
neous. Noticeably, most of these studies enrolled patients
with painful trigeminal neuropathy instead of classical
TN, which is a specific type of chronic neuropathic orofa-
cial pain with distinct pathophysiology and alteration in
brain activity [Gustin et al., 2011; Lin, 2014; Youssef et al.,
2014]. Furthermore, a majority of these studies evaluated
brain responses to experimentally induced pain, which

were more likely to reveal the CNS pathways that are
involved in the pain processing of acute TN. The plasticity
of brain and the alterations of connectivity between pain-
associated brain regions in chronic classical TN patients
have remained largely unknown. In addition, the laterali-
zation of processing pain signals from TN has seldom
been discussed.

This study uses structural and resting-state functional
magnetic resonance imaging (rs-fMRI) to achieve three
specific aims. The first aim is to analyze regional gray mat-
ter (GM) volume changes, and also evaluate the change of
connectivity between each brain regions with GM volume
change in patients with classical TN. This can help to iden-
tify specific brain areas and networks that may be associ-
ated with the development and persistence of this specific
type of chronic neuropathic orofacial pain. The second aim
is to see the different brain structural and functional
changes between TN patients presenting with right- versus
left-sided symptoms. This may enhance our understanding
of the lateralization of pain processing pathways. Because
brain structural and functional change may be dynamic
and progressively pain-driven over time, the third aim of
this study is to estimate the relation between the duration
of TN with the amplitude of structural and functional
change, which may illustrate the brain plasticity due to
pain chronicity.

MATERIALS AND METHODS
Subjects

Sixty-two patients with TN were prospectively enrolled
into this study. Thirty-six patients suffered from right TN
and 26 suffered from left side TN. Patients presenting
with bilateral TN were excluded. All patients were diag-
nosed with classical TN according to the criteria of the
International Headache Society for TN, and underwent
MRI. Patients on analgesic medication were asked to dis-
continue their medication one day before their scheduled
scanning session. In addition, 19 healthy subjects without
history of neurological disease or any pathological findings
in conventional MRI were enrolled. The study was
approved by the Institutional Review Board of our institu-
tion and all patients gave their written informed consent
prior to their participation in the study.

MRI Instrumentation and Procedures

All data were collected with a three Tesla Siemens Verio
MRI system (Siemens Medical System, Erlangen, Ger-
many) using a 32-channel head coil. 3D MP-RAGE ana-
tomical images were obtained using a gradient echo
sequence (TR=1900 ms; TE=298 ms; FOV =230 mm;
matrix = 220 X 256; slice number: 160, spatial resolution of
0.9 X 09 X 0.9 mm). Functional images were obtained
using a gradient EPI sequence that is sensitive to blood-
oxygen-level-dependent contrast (TR=2500 ms, TE =27
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ms, FOV =220 mm, matrix=64 X 64 X 36, slice
thickness =4 mm. Each scan consisted of 240 image vol-
umes). All subjects were instructed to stay awake and
relax with their eyes closed during scan.

Voxel-Based Morphometry Analysis

The VBMS toolbox (Gaser, C., http://dbm.neuro.uni-jena.
de/vbm/) was used to analyze all anatomical images. Pre-
processing steps included bias-field correction and segmen-
tation into GM, white matter, and cerebrospinal fluid.
Segmented images were registered to standard Montreal
Neurological Institute (MNI) space. The GM images were
then modulated by correcting non-linear normalization wrap
with non-linear-only modulation, while correcting for the
different brain sizes (http://www.neuro.uni-jena.de/vbm/
segmentation/modulation/). Finally, the normalized and
modulated images were smoothed with an 8 mm Gaussian
kernel. The final images can be regarded as relative gray
matter volume with correction for the total intracranial vol-
ume (http://www.neuro.uni-jena.de/vbm/segmentation/
modulation/). Based on these final processed images, voxel-
wised two-sample T tests were conducted to compare left-
sided TN versus normal controls and right-sided TN versus
normal controls. Age and gender were included into these
tests as covariates. Results from each pair were corrected for
multiple comparisons. Family-wise error with an initial
voxel wise threshold of P < 0.05 was used.

Functional Images Processing and Analysis

Functional images were motion corrected, and co-
registered to the individual anatomical image using the
AFNI  package (http://afninimh.nih.gov/afni/).  Six
motion parameters, derivatives of each motion parameter,
forward derivatives of each motion parameter and squared
forward derivatives of each motion parameter were
regressed out from all time-series. The anatomical images
were also partitioned into gray matter, white matter
(WM), and CSF. Each subject’s deformation map obtained
from the anatomical image was applied to the functional
images for normalization into the Montreal Neurological
Institute (MNI) space with the voxel size of isotropic
3 mm. Five principal components from both CSF and WM
were regressed out. A band pass filter ranging from 0.01
to 0.1 HZ was performed on all time-series. Finally, the
functional images were spatially smoothed by a 6 mm
full-width-at-half-maximum kernel.

Based on the VBM analysis results, we generated spheri-
cal ROIs with an 6 mm radius on the peak coordinates of
all abnormal regions for the left TN group and right TN
group respectively (Fig. 4). The average time series were
extracted from each ROIL The Pearson’s correlation
between the averaged time series from each ROI and the
rest of brain were calculated. For each subject, a correla-
tion map was obtained, then Fisher-Z transformed. First of
all, one sample ¢ test is performed separately on both groups

to determine the functional connectivity profile of this seed.
Then to compare each patient group (left and right) to nor-
mal controls, a general linear model was built, with the
functional connectivity strength as the dependent variable,
the diagnosis as the predictor and the age and gender as
covariates. The linear regression model was performed sep-
arately to address the differences between the left TN group
and right TN group to normal controls. FSL’s randomize
function was used to conduct the permutation test based on
the above models. The significant results were thresholded
at FWE corrected P < 0.05.

Statistical Analysis

Statistical analysis tested GM volume differences
between TN patients and healthy controls. Continuous
variables, including age, duration of pain, and intensity of
pain were expressed as mean * standard deviation. The
age of each group was compared by performing the analy-
sis of variance (ANOVA). The difference of gender
between groups was compared using the Pearson 7 test.
To control for age- and gender-related GM changes, age
and gender were implemented into our statistical model
as covariates. The relationship between duration of pain
and GM volume of the significant clusters and functional
connectivity were also explored. The correlations were
estimated by Pearson’s correlation coefficients. A P value
of <0.05 was deemed as a significant correlation.

RESULTS

Demographics and clinical characteristics are summarized
in Table I. No difference in age (ANOVA, P =0.193) or gen-
der (4, P = 0.197) was found in comparing right TN patient,
left TN patient and healthy control groups. The duration of
TN was 69.6 754 months for right TN group and
63.2 £59.0 months for left TN group. The majority of pain
distribution was in V2 and V3 divisions of the trigeminal
nerve. The visual analogue scale (VAS) for pain of all patients
ranged from 7 to 10, which has high subjective pain intensity.

Gray Matter Volume Changes

According to the two-sample test results, GM volume
decrease in the right TN subjects was found in (1) PFC,
such as the superior and inferior frontal gyrus, (2) precen-
tral gyrus, (3) cerebellar tonsil, and (4) subcortical regions,
such as the thalamus, hypothalamus, and nucleus accum-
bens (Fig. 1 and Table II). For patients with left TN, GM
volume decrease was found in (1) PFC, such as inferior
frontal gyrus, (2) precentral gyrus, (3) cerebellum, such as
tonsil, pyramis, and culmen, and (4) subcortical regions,
such as the thalamus, ventral striatum, and putamen (Fig.
2 and Table II). We further calculated the absolute gray
matter volume in milliliter (ml) by multiplying the relative
gray matter volume by the size of image voxel
(1.5 X 1.5 X 1.5 mm) and then divided by 1000.
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TABLE I. Demographics and patient characteristics

Number of patients Healthy subjects (1 = 19) Right TN (n = 36) Left TN (n = 26) P value
Age, years (mean *+ SD) 55.6 8.2 58.0+7.7 59.0*+6.6 0.193
Gender (women/men) 15/4 20/16 18/8 0.197
Duration of TN, months n.a. 69.6 £75.4 63.2 +59.0

Pain location V1/V2/V3 (%) n.a. 11.1/72.2/80.6 15.4/73.1/84.6

Pain intensity (VAS) n.a. 9.3+0.7 94+09

VAS, visual analog scale; TN, trigeminal neuralgia.

Functional Connectivity Changes

To estimate the functional connectivity changes, we uti-
lized the results of VBM to derive several separate ROIs
for left and right TN (Fig. 4). Based on those ROIs, we
performed the seed-based correction to estimate the func-
tional connectivity between ROIs and the whole brain.
The results were summarized in Table III. As compared
to the healthy controls, patients with right TN showed
significantly lower spatial extension of the motor network
and lower connections of the right superior frontal gyrus
with the right middle frontal gyrus (FWE corrected
P <0.05; Fig. 5 and Table III). Patients with left TN
showed lower spatial extension of the salient network
and lower connection between the left precentral gyrus
with the left superior frontal gyrus (FWE corrected
P <0.05; Fig. 6 and Table III). On the contrary, there was
significantly higher connection between the pulvinar of

Total GM volume (ml)

L tonsil

frontal gyrus

Nucleus Accumbens

Z=-6

Hypothalamus

5.4

Rthalamus R superior L thalamus

Inferior frontal gyrus

thalamus

bilateral thalamus (FEW corrected P <0.05; Fig. 7 and
Table III).

Brain Structure and Connectivity That are
Correlated With Pain Duration

Within the left TN group, moderate correlation between
GM volume in the left ventral striatum and pain duration
(r=0.346, P=0.084) was observed (Fig. 3). Within the
right TN group, the GM volume of the ventral posterior
nucleus right thalamus and the medial dorsal nucleus of
left thalamus showed moderate correlation with pain
duration (r=0.362, P=0.039 and r=0.373, P=0.032,
respectively). Both failed to pass multiple comparisons
(Fig. 3). Three outliers with pain duration exceeded the
value of 1.5X interquartile range above third quartile or
outside 3 SD were excluded.

' Normal group

Rt TN group

R nucleus L precentral

Byrus

L hypo- Linferior
accumbens thalamus frontal gyrus

precentral gyrus Superior frontal gyrus

=1

thalamus

10

Figure I.
The VBM comparison of right side TN vs controls. (A) Bar plot demonstrates the grey matter
volume of each cluster, which are significantly different between right TN and controls and (B)
illustrates the anatomic locations of the GM volume differences. There are significant volume
reductions among patients with right side TN in the superior, inferior frontal, and precentral
gyrus; cerebellar tonsil, thalamus, hypothalamus, and nucleus accumbens. [Color figure can be

viewed at wileyonlinelibrary.com]
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TABLE Il. Regions of reduced gray matter volume in patients with trigeminal neuralgia compared to healthy

controls

Cluster MNI coordinates (MM)
Anatomical region size X Y z Side
Patient with right trigeminal neuralgia
Cerebellar tonsil 1,466 8 —51 —46 R
Cerebellar tonsil 1,353 —34 —51 —45 L
Thalamus, ventral posterior nucleus 1,143 14 =21 0 R
Superior frontal gyrus 411 20 13 60 R
Thalamus, medial dorsal nucleus 341 -6 -10 3 L
Nucleus accumbens 182 9 10 —-12 R
Hypothalamus 119 -6 0 -10 L
Inferior frontal gyrus 108 —50 40 -3 L
Precentral gyrus 106 —58 6 27 L
Patient with left trigeminal neuralgia
Cerebellum, pyramis 1,024 10 —74 —38 R
Thalamus, pulvinar 1,018 18 —-26 2 R
Cerebellar tonsil 457 -27 —-60 —45 L
Cerebellum culmen 398 —40 —52 -39 L
Thalamus, pulvinar 336 —14 —28 2 L
Ventral striatum 297 -12 9 —-14 L
Precentral gyrus 231 -60 3 27 L
Putamen 202 —24 -6 0 L
Inferior frontal gyrus 171 —51 34 6 L

The connectivity between pulvinar of bilateral thalamus
observed in patients with left TN showed significant corre-

lation with pain duration (r=042, P=0.032) (Fig. 7).
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The VBM comparison of left side TN vs controls. (A) Bar plot demonstrates grey matter volume
of each cluster, which are significantly different between left TN and controls. (B) lllustrative ana-
tomic locations of the GM volume differences. There are significant volume reductions among
patients with left side TN in the cerebellar tonsil, pyramis, culmen; inferior frontal gyrus, precen-
tral gyrus, thalamus, ventral striatum, and putamen. [Color figure can be viewed at wileyonlineli-

brary.com]
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Other networks that are significantly different between left
TN and normal subjects did not have any trend to be cor-
related with pain duration.
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Figure 2.
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TABLE Ill. Significant differences in network connectivity between patients with trigeminal neuralgia compared and
healthy controls

MNI coordinates

Cluster (MM)
Connectivity change Seed region Connection size X Y V4 T value
Patient with right trigeminal neuralgia
Lower connectivity Right superior frontal gyrus Right middle frontal gyrus 62 42 32 51 6.85
Patient with left trigeminal neuralgia
Higher connectivity Right thalamus, pulvinar Left thalamus, pulvinar 61 —21 —24 9 4.79
Lower connectivity Left precentral gyrus Left superior frontal gyrus 118 -6 -6 69 5.08

DISCUSSION

Over the past decade, many human neuroimaging stud-
ies have led to the characterization of a network of brain
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regions forming a “pain matrix,” including the thalamus,
basal ganglia, SMC, insular cortex, ACC, and PFC. These
studies have shown that acute noxious stimuli activate
brain regions which are thought to code location and

Pain duration (month)

Pain duration (month)

100 150

" Pain duration (month)
0.25 J—y—.—

50 100 150

Figure 3.

The correlation between total GM volume in each cluster
derived from VBM results and pain duration. (A) In left TN
patients, the volume of left ventral striatum has a moderate cor-
relation with pain duration but do not reach statistically signifi-
cance. (B,C) In right TN patients, 3 outliers which have very

long pain duration were removed. The GM volume in the ven-
tral posterior nucleus of right thalamus and pain duration are
positively correlated. The medial dorsal nucleus of left thalamus
and pain duration are also positively correlated. [Color figure
can be viewed at wileyonlinelibrary.com]
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Left TN group

Z=-12

Right TN group

Figure 4.
The pain related ROIs have been defined based on the VBM results. Two sets of ROIls were
made for left TN and right TN separately. [Color figure can be viewed at wileyonlinelibrary.com]

intensity of pain, such as SMC, and emotional and motiva-
tional aspects of pain such as the insula, ACC, and PFC
[Apkarian et al., 2005; Bushnell et al., 2013; Duerden and
Albanese, 2013; Legrain et al, 2011]. On the contrary,
reports from studies of chronic pain showed more hetero-
geneous changes in structure and function of these brain
regions. The volume of GM involved in pain processing
was decreased in most studies but increased volume of
various brain regions was also frequently reported [Bush-
nell et al., 2013; Cauda et al., 2014; Smallwood et al., 2013;

Right TN

Normal
controls

Normal > Tri

Schmidt-Wilcke, 2015]. Understanding the mechanism that
leads to pain chronification is important for treatments
aimed at reversing cortical reorganization [Gustin et al.,
2012; Hashmi et al, 2013]. In this study, GM volume
reduction in chronic TN patients were found in brain
regions that are known to be associated with the pain per-
ception and modulation like the PFC, precentral gyrus,
cerebellum, and the subcortical structures such as the thal-
amus, hypothalalmus, putamen, and nucleus accumbens.
Up to now, only few neuroimaging studies have focused

Figure 5.
The panel A illustrates the functional connectivity map of right superior frontal gyrus (the seed)
in normal controls and right TN patients. The seed region (blue) is shown in the panel B. The
connection between right superior gyrus (the seed) and right middle frontal gyrus (warm color)
is significantly higher in normal controls than in right TN patients. [Color figure can be viewed

at wileyonlinelibrary.com]
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Left TN

Normal
controls

L't TN

(A)

Normal > Tri

(B)

Figure 6.
The panel A illustrates the functional connectivity map of the left precentral gyrus (the seed) in
normal controls and left TN patients. The seed region (blue) is shown at the first column of the
panel B. The significant group differences are shown in the panel B (warm color). The connec-
tion between left precentral gyrus (the seed) and left superior frontal gyrus is higher in normal
controls than in left TN patients. [Color figure can be viewed at wileyonlinelibrary.com]

on the structural and functional changes of brain in
chronic TN and the reported results were heterogeneous.
Gustine et al. [2011] first reported that in patients of
chronic orofacial pain, there was GM volume reduction in
the SMC, anterior insula, putamen, nucleus accumbens,
and thalamus, whereas GM volume was increased in the
posterior insula. Only 8 out of 21 patients in that study
were classical TN and the GM changes were not found in
this subgroup alone, probably due to lack of statistical
power. Obermann et al. [2013] reported similar results of
GM volume reduction in TN patients in the SMC, orbito-
frontal cortices, thalamus, insula, ACC, cerebellum, and
dorsolateral PFC. DeSouza et al. [2013] observed chronic
TN patient had increased GM volume in the sensory thala-
mus, amygdala, periaqueductal GM, putamen, caudate,
and nucleus accumbens. As studies of other chronic pain
show, not all brain regions of the pain matrix showed sig-
nificant change in studies of TN, generally owing to differ-
ences in sample size, image acquisition, postprocessing,
and other methodological factors [Obermann et al., 2013].
These studies, and our results, suggest that GM volume
change in patients with TN is similar to other causes of
chronic pain. The change of GM volume in patients with
chronic classical TN may be related to the perception and
processing of pain but not specific for this disorder.

The changes of GM volume in chronic pain patients
may reflect the cortical plasticity arising from a long-term,
repeated nociceptive input, pain modulation, and compen-
satory motor response to avoid triggering pain [Peck et al.,
2008; Rodriguez-Raecke et al., 2009]. However, it is not

well understood if the GM volume changes in patients
with TN are a consequence of pain or a predisposing fac-
tor that make patients more susceptible to development of
TN [Obermann et al., 2013]. Although it is widely accepted
that a neurovascular contact in the cisternal segment of
the trigeminal nerve is the primary cause of classical TN,
neurovascular contact alone does not necessarily cause the
disease [Headache Classification Committee of the Interna-
tional Headache Society (IHS), 2013; Hamlyn and King,
1992]. Previous studies reported highly varying prevalence
of neurovascular contact in the general population. Maarb-
jerg et al. [2015] reported that only severe neurovascular
contact with displacement or atrophy of the trigeminal
nerve is associated with classic TN while simple neurovas-
cular contact is common among asymptomatic patients or
normal population. In addition to trigeminal root compres-
sion, pathology in the dorsal horns and trigeminal gan-
glion is also important for developing TN [Devor et al.,
2002]. Activation of the second order wide dynamic range
neurons in lamina V of the dorsal horns and the trigemi-
nal ganglion due to hypersensitivity of tactile A-beta fibers
could promote the perception of pain in response to non-
noxious touch stimuli via convergent information from
both tactile (A-beta) and nociceptive (A-delta and C) fibers
[Devor et al., 2002; Obermann et al., 2013]. Interestingly, in
this study, the GM volume in the ventral posterior nucleus
of right thalamus and medial dorsal nucleus of left thala-
mus are smaller in chronic right TN patients but progres-
sively enlarges with pain duration. The thalamus plays a
critical role in chronic pain processing. Reduced thalamic
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Figure 7.

The upper two rows of panel A illustrate the functional connec-
tivity map of the right pulvinar (the seed, shown in the lower
row) in normal controls and left TN patients. For each subject,
the functional connectivity map of this seed region was mea-
sured. The voxel-wise two-sample t test results reveal a higher

volume and biochemical changes indicating neural loss
and reduced inhibitory neurotransmitter content have
been observed in patients of neuropathic pain [Apkarian
et al.,, 2004; Gustin et al., 2011; Henderson et al., 2013].
This can result in more frequent bursting activity of tha-
lamic neurons and in development of thalamocortical dys-
rhythmia [Gerke et al, 2003; Schmidt-Wilcke, 2015].
Henderson et al. reported significant negative correlations
between the connectivity of somatosensory thalamus with
multiple cortical regions and thalamic inhibitory neuro-
transmitter (GABA) content in patients of trigeminal neu-
ropathy [Henderson et al., 2013]. They concluded that
initial loss of neurons in the thalamus results in a loss of
excitatory inputs to the thalamic reticular nucleus, which
in turn leads to reduced GABAergic content of the thala-
mus. This alters thalamic firing patterns and thalamocorti-
cal rhythm, and may result in the constant perception of
pain. Based on our data and in the light of previous
research, we assume that a relatively smaller volume of
thalamus in patients of TN may represent an impaired
ability of the thalamus in procession and modulation of
neuropathic pain signals. This makes patients more sus-
ceptible to the development of TN. Along with the

connection of bilateral pulvinar in the patient group than in nor-
mal controls (the bottom row of panel A). The panel B illus-
trates the connectivity between bilateral pulvinar in left TN and
pain duration is positively correlated. [Color figure can be
viewed at wileyonlinelibrary.com]

duration of the disease, the gradually increased volume of
the thalamus might be due to its role in motor and psy-
chological responses of chronic pain or in response to pain
medications, which usually are antiepileptic agents modu-
lating sodium channels and GABA receptors. Longitudinal
investigations on TN patients with an analysis of substruc-
ture of thalamus and thalamus-associated networks would
add further evidence in this observation.

For the functional connectivity analysis, we utilized
ROIs derived from VBM results as seed regions and per-
formed seed-based correlation with the while brain.
Results of two-sample t tests showed differences in the
salient network for right TN patients and motor network
for left TN patients (Figs. 5 and 6). The salient network,
including the anterior insula and midcingulate cortex, is
responsible for integrating information of an impending
stimulation into perceptual decision-making in the context
of pain [Wiech et al., 2010]. The noxious stimuli can trig-
ger the salience network that ensures prioritized process-
ing through connections with the cognitive and emotional
control networks [Wiech and Tracey, 2013]. Sensory-motor
integration at a reflex such as a motor withdrawal reflex in
response to noxious stimuli is well understood [Borsook,
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2007]. Interactions between pain and motor systems have
long been integrated in several therapeutic approaches
such as physical therapy or exercise or providing pain
relief to enhance motor activity in conditions such as the
back pain or postoperative pain.

Results of the functional connectivity analysis have
shown that lower connection between components of ipsi-
lateral PFC in patients with right TN. The PFC has been
shown to be activated by pain stimuli and also has clear
implications in pain perception and modulation [Schmidt-
Wilcke, 2015]. The PFC is one of the key regions in affec-
tive, cognitive, and emotional aspects of pain, may be able
to modulate cortico-subcortical and cortico-cortical path-
ways [Lorenz et al., 2003] with inhibitory control of noci-
ceptive transmission system [Fierro et al., 2010]. On the
other hand, the dorsolateral PFC is a target of repetitive
transcranial magnetic stimulation (rTMS) for pain control
[Brighina et al., 2011; Mariano et al., 2015]. Results from
left TN patients showed lower connectivity between the
left precentral gyrus and ipsilateral superior frontal gyrus.
The primary motor cortex (M1) is the key driver of motor
output and may contribute to motor response or move-
ment dysfunction in pain [Chang et al., 2015]. An fMRI
study also showed an increased activation of M1 with
movement of the affected hand in the complex regional
pain syndrome [Maihofner et al., 2007]. Studies of patients
with fibromyalgia showed increased connectivity between
M1 and supplementary motor area [Cifre et al., 2012], and
the reduction of GABAergic and glutamatergic M1 func-
tion is associated with fatigue [Mhalla et al., 2010].
Schwenkreis et al. [2010] reported a close correlation
between M1 disinhibition and chronic neuropathic pain.
Youssef et al. [2014] reported the blood flow increased in
motor-related regions in patients of non-neuropathic pain
but not neuropathic pain. M1 is also a target for chronic
pain therapy with rTMS; and stimulation of M1 can
induce long-lasting, potentially therapeutic brain plasticity
[Klein et al., 2015]. In a study of capsaicin-induced pain,
dorsolateral PFC rTMS was able to revert the effect of pain
on motor cortex [Fierro et al., 2010]. Along with decreased
GM volume in the precentral gyrus detected by VBM, we
assumed that structural changes in the M1 region may
result in disinhibition of M1 activity and consequently
alter cortical connectivity with M1. This may be associated
with brain plasticity and behavior responses in chronic
pain. As M1 is a potential target for pain control and corti-
cal disinhibition may be a specific feature of chronic neu-
ropathic pain [Schwenkreis et al, 2010], further
investigations are necessary to understand how alterations
of M1 connectivity will effect pain related psychological
and behavioral responses and how these alterations can be
modulated by transcranial magnetic stimulation.

Interestingly, patients with left TN showed higher con-
nectivity between pulvinar of bilateral thalamus; and the
connectivity has an increasing trend with the duration of
pain. Thalamus plays a key role in processing of

nociceptive stimuli by projection of nociceptive input from
the thalamus to SMC for detection of the quality (such as
stinging, burning, or aching), location, intensity, and dura-
tion of pain. It also delivers the nociceptive information to
ACC and insula for encoding the emotional and motiva-
tional aspects of pain [Bushnell et al., 2013]. It has been
shown that chronic pain disrupts thalamo-cortical connec-
tions [Cauda et al., 2014; Jensen et al., 2012]. Pulvinar is
the largest of thalamic nuclei and consists of several divi-
sions. It is an association nucleus in the posterolateral por-
tion of the thalamus that has reciprocal connections with
large areas of the frontal, parietal, and occipital cortex
[Yuan et al., 2015]. Stereotactic radiofrequency lesioning of
the pulvinar (pulvinotomy) has been used to alleviate
chronic neuropathic or cancer pain without the production
of motor or sensory deficits [Yoshii et al., 1980; Yoshii and
Fukuda, 1979]. In a magnetic resonance spectroscopy
study, Wang et al. [2014] reported a lower N-acetylaspar-
tate to creatine ratio in the affected side of pulvinar in idi-
opathic trigeminal neuralgia patient suggesting the
existence of thalamic neural dysfunction or loss. Lesions
developing at or near the anterior pulvinar nucleus are
reported to be associated with thalamic pain [Vartiainen
et al.,, 2016]. Moreover, the anterior pulvinar is a target of
spinothalamic afferents, and electrical stimulation of the
anterior pulvinar can evoke thermal and painful sensation
[Lenz et al., 1993, 2010]. These studies, together with our
results of small volume of pulvinar from VBM and higher
connections between bilateral pulvinar, we assume that a
reduction or dysfunction of pulvinar nucleus will trigger
(or lost inhibition) the processing of pain signal and make
people more vulnerable to develop chronic TN. The inter-
nuclear connections of pulvinar and other thalamic nuclei
may play a role in perception and modulation of pain.

In this study, the gray matter volume of brain regions
involved in acute nociceptive stimuli, including SMC,
insula, and ACC were not significantly different between
patients and healthy subjects. In a longitudinal study of
back pain by Hashmi et al., the brain activity for back pain
in acute back pain patients is confined to regions involved
in the acute pain, whereas in the chronic pain patients,
brain activity is confined to emotion-related networks.
Brain activity diminished in time with patients who recov-
ered from acute back pain; whereas in patients with per-
sistent back pain, brain activity diminished in acute pain
regions but increased in emotion-related network [Hashmi
et al., 2013]. Gustin et al. [2012] reported cortical reorgani-
zation and structural change in SMC in patients with
chronic neuropathic pain but not in patients with non-
neuropathic chronic pain. They concluded that the key fac-
tor for the SMC to undergo reorganization is when there is
a constant painful stimulus and S1 input, instead of sub-
type of pain. Patients with painful trigeminal neuropathy
were categorized as a neuropathic pain group in that
study. Painful trigeminal neuropathy is the damage of tri-
geminal nerve caused by other disorders, and
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characterized as episodic sharp and shooting pains com-
bined with constant or long episodes of background aching
and burning pain [Gustin et al., 2012; Headache Classifica-
tion Committee of the International Headache Society (IHS),
2013]. On the contrary, a patient with classical TN, as
enrolled in our study, is characterized by the episodic sharp
and shooting pain without constant background stimuli.
Our results are consistent with their observations that long-
standing persistent pain stimuli may induce gray matter
volume changes among brain regions of acute pain percep-
tion whereas classical TN, episodic pain stimulation, may
lead to changes only in brain regions that are involving in
emotional or cognitive modulation.

For the functional connectivity analysis, we utilized
ROIs derived from VBM results as seed regions. By doing
so, we were able to estimate how functional connectivity
changes of those regions along with GM volume loss. As
we mentioned above, it has not been well understood if
the GM volume changes in patients with TN are a conse-
quence of pain or a predisposing factor that make patients
more susceptible to the development of TN [Obermann
et al., 2013]. Smaller GM volume in patients of TN, as
shown in this study, may represent an impaired ability in
procession and modulation (loss of inhibition or altered
thalamic firing) of neuropathic pain signals[Alshelh et al.,
2016; Henderson et al., 2013]. On the other hand, central
sensitization or use-dependent synaptic plasticity can
occur when there is the sustained or repetitive activation
of nociceptive afferent fibers [DeSouza et al., 2016; Woolf,
2010]. The GM or neurons change the gain of their
response to sensory input such that they have amplified
responses to noxious stimuli. This change is triggered by
intracellular cascades, which lead to facilitated excitatory
transmission and depressed inhibition [Woolf, 2010]. This
may be the reason of altered connectivity between the
regions of GM loss and other brain regions.

In this study, 58% patients suffered from right TN,
which is slightly more than left TN. This is in line with
previous studies [Bangash, 2011; Mueller et al., 2011] and
suggests that TN behaves quite differently to other painful
disorders that generally assumed to be more common on
left side of body [Merskey and Watson, 1979]. Hypothesis
for pain lateralization is that right and left hemispheres
differ in their abilities to integrate and discriminate sen-
sory inputs [Merskey and Watson, 1979]. However, this
hypothesis was not supported by studies attended to con-
firm these findings, or by numerous neuroimaging studies
of pain. Thus the theory of pain lateralization is not sus-
tained [Campbell et al., 1985, Obermann, 2012]. In this
study, we analyzed the GM volume and connectivity
changes for patients with right and left TN separately. In
general, although there is no significant GM volume differ-
ence between left and right TN patients, it seems that
regions of GM volume loss were more limited in ipsilat-
eral hemisphere among patients with left TN, while it was
distributed in bilateral hemisphere among patients with

right TN (Table II). Moreover, the functional connectivity
between pulvinar or bilateral thalamus was higher in left-
sided TN patients (Table III). Based on these results, it is
possible that left hemisphere is dominant in processing
and modulation of TN pain signal and the left precentral
gyrus and the left thalamus may play a key role in inter-
hemispheric signal transduction. Further investigation
with more solid scientific evidence is needed to support
these assumptions.

We recognize some limitations in this study. The pain
characteristics, such as pain intensity and pain distribution
(V1, V2, or V3 of trigeminal nerve), were mixed in one
patient group. Furthermore, TN is known to exhibit sub-
stantial variability in physical and cognitive symptoms.
This heterogeneity might be translated into structural and
functional brain phenomenology and thus limits the preci-
sion and specificity of the interpretation of generalization.
We noted that this is a common issue in studies of TN but
it is important for a better understanding of the specific
orientation and lateralization of brain structure and func-
tion in terms of chronic pain. Studies with large character-
ized samples and many common features of TN
symptomatology are necessary. Second, this is a cross-
sectional study without a longitudinal imaging or clinical
data collected. Although common features have been pre-
sented in the literatures as well as in this study, the plas-
ticity of brain should be different in each individual and it
is important in studying brain modulation in the chronic
pain population.

In conclusion, the TN is due to neurovascular compres-
sion of the trigeminal nerve and can result in structural
and functional changes of brain. The left hemisphere may
be dominant in processing and modulation of TN pain sig-
nal, but this needs further investigations. Brain regions,
especially the thalamus, are not only involved in process-
ing of pain stimuli but also important for the development
of classical TN, and may help us to estimate the risk of
developing classical TN in patients with vascular compres-
sion of the trigeminal nerve. Our findings also demon-
strate that chronification of this specific type of
neuropathic pain induces changes in GM volume of brain
regions involved in the emotional or cognitive modulation,
and is different from that of painful trigeminal neuropathy
and other non-neuropathic pain. These results have impor-
tant clinical implications regarding the etiology of TN and
the cortical plasticity which can be the target of treatments
aiming at reversing cortical reorganization.
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