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Objective. It has been proposed that mechanisms in the central nervous system contribute to the development and mainte-
nance of pain in temporomandibular disorders. In this study, we tested whether spontaneous brain activity and functional connectivity
(FC) were altered in patients with temporomandibular joint synovitis pain.
Study Design. A prospective, cross-sectional design was adopted. Each of 8 patients and 10 healthy controls (HCs) underwent
2 sessions of functional magnetic resonance imaging: mouth closed and mouth open (painful for patients). Regional homoge-
neity (ReHo) was used to measure spontaneous brain activity in each participant. Brain areas with altered ReHo in patients compared
with HCs were identified, and their FCs with the rest of the brain was examined and compared.
Results. Compared with HCs, patients showed decreased pain-related ReHo in the right anterior insula (rAI). The rAI showed a
weaker positive FC with the left middle cingulate cortex (MCC) and a weaker negative FC with the right precuneus in patients
compared with HCs. Furthermore, the rAI-MCC FC showed a negative correlation with pain intensity in patients.
Conclusions. These results provide evidence supporting altered pain-related spontaneous brain activity and functional connec-
tivity in the central nervous system in patients with temporomandibular joint synovitis pain. (Oral Surg Oral Med Oral Pathol
Oral Radiol 2018;126:363–374)

Temporomandibular disorders (TMDs) are considered one
of the most common causes of chronic orofacial pain,1

and pain is the primary symptom that motivates pa-
tients to seek treatment.2 Patients with TMD-related pain
are likely to develop psychological problems, such as de-
pression, anxiety, stress, and sleep disturbances,3 which
lead to a negative effect on long-term quality of life.4

Despite the high prevalence rate of TMDs5 and the
damage to patients’ quality of life, the etiology and patho-
physiologic mechanisms underlying TMD-related pain
remain poorly understood. The long-standing notion that
TMDs are initiated by peripheral mechanisms, such as
malocclusion,6 has been challenged by several facts: (1)
the lack of adequate evidence of peripheral tissue ab-
normalities or specific physical pathology in patients with
TMD,7 (2) increasing evidence of abnormalities in the
central nervous system from brain imaging studies,8,9 and
(3) observations that patients with TMD pain often have
pain in remote body areas10 and enhanced sensitivity to
experimentally induced pain compared with healthy con-
trols (HCs).11 Therefore, it has been proposed that
peripheral factors, such as malocclusion and trauma, only

aggravate pain in TMDs but that central mechanisms ini-
tiate or at least contribute to the development or
maintenance of TMD pain.7,12

Functional magnetic resonance imaging (fMRI) has
been extensively applied to the investigation of neural
activities in a number of pain conditions,13,14 including
TMD pain.8,9 Among functional neuroimaging studies,
resting-state fMRI has become increasingly popular for
examining spontaneous neural activities in a variety of
clinical conditions, mainly because of its practicality in
clinical populations.15,16 It is now widely accepted that
resting-state fMRI is a useful tool to study spontaneous
neural activities at the baseline state; it has been proven
to be physiologically and pathologically meaningful. Pre-
vious studies have reported abnormalities in resting-state,17

task-related brain activities,18 or brain morphology19 in
several typical pain-related brain regions, such as the
insula, the anterior/middle cingulate cortex (ACC/
MCC), the thalamus, the primary (S1) and secondary (S2)
somatosensory cortices, the salience network (SN), and
the default mode network (DMN). However, there have
been inconsistencies among different studies with regard
to the area in the brain where the abnormality was ob-
served and whether the abnormality increased or decreased
in patients compared with HCs.
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Statement of Clinical Relevance

The findings reported in the present study provide new
evidence supporting central mechanisms underlying
pain in temporomandibular disorders, highlighting the
importance of taking the central abnormalities into
account in the treatment of orofacial pain.
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Regional homogeneity (ReHo), a measure of syn-
chronicity of neural activities within a small local area,
is widely used to investigate the state of spontaneous
neural activities during rest.20 ReHo has been adopted to
study many different clinical pain conditions, such as
migraine,15 abdominal pain,21 and idiopathic trigeminal
neuralgia.22 The results of these studies indicate that ab-
normal resting-state neural activities may be observed
by using ReHo in brain areas associated with pain pro-
cessing, such as the insula, MCC, and medial prefrontal
cortex in patients with chronic pain diseases. On the basis
of these findings from our previous studies, we hypoth-
esized that altered spontaneous neural activities measured
by ReHo may also exist in pain-related brain regions of
patients with TMD pain.

Another way of studying spontaneous neural activi-
ties during rest is analysis of functional connectivity (FC)
among different brain areas. ReHo measures the syn-
chronicity of neural activities within a small local area,
whereas FC measures the temporal correlation between
distinct brain regions.23

As temporomandibular joint (TMJ) synovitis is one
of the most common and representative subtypes of TMD
in clinical practice, this study aimed to investigate altered
spontaneous neural activities in the whole brain of pa-
tients with TMJ synovitis pain to further explore the
underlying central neural mechanisms in the develop-
ment of TMD-related pain. Considering the complex
interactions among the different areas of the brain during
pain and the effect of long-term painful input on pa-
tients with TMDs, we hypothesized that these patients
would show altered spontaneous neural activities in pain-
related brain regions and altered FCs within pain-
related brain networks. To test this hypothesis, we used
resting-state fMRI, including a pain session and a non-
pain session, to identify pain-related brain activities and
functional connectivities in patients with TMJ synovi-
tis pain. More specifically, we first performed ReHo
analysis and identified the right anterior insula (rAI)
showing altered spontaneous neural activities in pa-
tients with TMJ synovitis pain compared with HCs. We
then examined the changes in FCs between the rAI and
the rest of the brain in these patients.

MATERIALS AND METHODS
Participants
Because several different peripheral mechanisms, such
as TMJ synovitis, myogenous TMD pain, and TMJ sy-
novial chondromatosis, may be involved in TMD pain,
it is still unclear whether patients with TMD pain with
different peripheral mechanisms have different brain ab-
normalities. To reduce possible inhomogeneity of the
patient group, we only focused on patients with TMJ sy-
novitis pain. The detailed inclusion and exclusion criteria
of the patients and healthy controls are given below.

Inclusion criteria for patients. The inclusion criteria
for the patient group were (1) female gender (because
of higher prevalence among women12 and to minimize
gender effects on brain structure and function24,25); (2)
right-handedness (to avoid possible confounding effects
induced by handedness on brain activity26,27); (3) pres-
ence of typical signs of disk displacement and joint
synovitis with unilateral joint pain, according to the Re-
search Diagnostic Criteria for Temporomandibular
Disorders (Group IIIa)2; (4) pain in the open-mouth state
but no pain in the closed-mouth state; (5) open-mouth
pain intensity 5 or greater, as measured by a visual an-
alogue scale (VAS, range 0-10; 0 refers to no pain and
10 refers to the worst pain imaginable); (6) no history
of trauma around the TMJ or systematic diseases, such
as rheumatic arthritis and neoplasia; (7) no history of my-
ogenous categories of TMD/myalgia/fibromyalgia; (8)
pain symptoms restricted to the TMJ area and without
widespread pain in other body regions; (9) pain symp-
toms without swelling; and (10) no history of TMD
treatment, such as analgesics, physical therapy, or lido-
caine injection.

Inclusion criteria for the HC group. The inclusion cri-
teria for the control group were (1) female gender, (2)
right-handedness, (3) no TMD symptoms or any other
orofacial pain disorders, (4) no TMJ pain symptom in
both open-mouth and closed-mouth states.

Exclusion criteria for both groups. For both groups,
the exclusion criteria were (1) pregnancy, (2) history of
any neurologic or psychiatric disorders, (3) history of
substance abuse, (4) presence of other chronic pain dis-
orders in areas other than the TMJ area, and (5) MRI
contraindications.

The selection of patients was based on clinical exam-
ination and MRI examination of the TMJ. In the first stage
of screening, patients were diagnosed by using the Re-
search Diagnostic Criteria for Temporomandibular
Disorders (Group IIIa) by a TMD specialist with expe-
rience in orofacial pain. All patients exhibited typical signs
of disk displacement and pain in the TMJ area, and their
pain intensity was aggravated with increased TMJ func-
tional activities, especially pressure and palpation in the
upward and backward direction. In the second stage, MRI
examination was used to exclude other abnormalities in
bilateral TMJ structures, such as synovial chondromatosis,
calcium pyrophosphate dihydrate deposition disease, and
pigmented villonodular synovitis. Two patients who were
initially recruited but later found to have TMJ synovial
chondromatosis were excluded from the study.

According to the above inclusion and exclusion cri-
teria and the clinical examination and MRI examination
findings, 8 female patients with right-side TMJ synovi-
tis with unilateral open-mouth pain (5 with pain on the
left side and 3 on the right side) and 10 age- and gender-
matched HCs were recruited in the present study. The
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sample size was relatively small because of the strict in-
clusion and exclusion criteria. It is worth noting that power
calculations for sample size estimation are not common-
ly performed in the neuroimaging field because the true
effect size is difficult to estimate. All participants were
recruited from northern China.

This study was approved by the ethics board of the
Peking University Health Science Center in compli-
ance with the tenets of the Helsinki Declaration. All
participants read and signed an informed consent form.

Brain MRI data acquisition
Brain functional and structural MRI data were collect-
ed on a 3.0-T Siemens Tim (total imaging matrix) Trio
scanner (Siemens AG, Berlin, Germany). Participants lay
supine, with their head fixed by a strap and foam pads
to minimize head motion. Ear plugs were used to reduce
the effect of noise. High-resolution T1-weighted struc-
tural images were acquired with a spoiled gradient echo
recall sequence, using the following parameters: repe-
tition time/echo time = 2300 ms/3.01 ms; flip angle = 90
degrees; 176 slices; slice thickness = 1.0 mm; intersec-
tion gap = 0.5 mm; field of view = 256 × 240 mm; and
matrix = 256 × 256. Seven-minute resting-state fMRI data
were obtained with a T2-weighted gradient-echo echo-
planar imaging sequence, using the following parameters:
repetition time/echo time = 2000 ms/30 ms; flip angle = 9
degrees; 30 axial slices; slice thickness = 4.0 mm; inter-
section gap = 0.8 mm; field of view = 210 × 210 mm; and
matrix = 64 × 64. During the scanning period, partici-
pants were asked to relax and stay awake with their eyes
closed.

Experimental paradigm
All participants underwent 2 sessions of resting-state fMRI
scans: a “mouth-closed” session (condition C) fol-
lowed by a “mouth-open” session (condition O). The
“mouth-open” session, aided by a trapezoid rubber
biteblock placed between the upper and lower incisors
to facilitate maximum opening, was designed to create
a painful session for patients, and this was confirmed by
patient-reported pain intensities measured by using a VAS:
mean = 6.69; standard deviation (SD) = 0.80 (0 [no pain]
and 10 [the worst pain imaginable], corresponding to the
2 extremities of the VAS). The order of the 2 sessions
was fixed to avoid any possible carryover effects of pain
in the following sessions. There was a break of approx-
imately 8 minutes between the 2 sessions. All participants
were familiarized with the experimental procedure, es-
pecially the “mouth-open” condition, before the
experiment to reduce patients’ psychological load and
anxiety about the procedures.

To ensure that no pain was felt in HCs during the
“mouth-open” session, the researchers asked all HCs
“whether any painful sensations were felt” when famil-

iarizing them with “mouth-open” condition by placing
a biteblock to facilitate maximum opening. They all re-
ported no pain but only discomfort, so the researchers
did not formally assess pain in HCs by using the VAS
during either the mouth-closed condition or the mouth-
open condition.

In this design, the pain induced in patients during the
“mouth-open” session resembled the clinical pain in pa-
tients with TMD pain. Furthermore, the design allowed
for both within-subject comparison (“mouth-open” session
vs “mouth-closed” session) and between-subject com-
parison (TMD group vs HC group) to extract pain-
related brain activities in patients and minimize the effects
of possible confounding factors as much as possible (e.g.,
stimulation of oral receptors caused by the biteblock).

ReHo analysis
The fMRI data were preprocessed by using the Data Pro-
cessing Assistant for Resting-State fMRI software package
(rfmri.org)28 in the following steps: (1) The first 10
volumes were discarded to avoid nonequilibration effects
of the scanner and to allow participants to adapt to the
scanning environment. (2) The remaining 200 volumes
were corrected for slice timing; spatially realigned for
correction of head motion; spatially normalized to the
standard echo planar imaging (EPI) template in the Mon-
treal Neurologic Institute (MNI) space; and resampled
to 3 × 3 × 3 mm3 voxel size. (3) The time series of each
voxel were cleaned by regressing out the 6 head motion
parameters, the white matter signal, the cerebrospinal fluid
signal, and the global signal; and linear detrended and
band-pass filtered (0.01-0.1 Hz; to remove low-frequency
physiologic noises, such as respiratory and cardiac noises,
and high-frequency noises). All participants’ head motions
were within ±1.5 mm in each translational axis, and within
±1.5 degrees around each rotational axis.

ReHo measures the synchronicity of neural activities
within a small local area (typically formed by a voxel
and its neighboring voxels). A brain area with highly syn-
chronous neural activities (i.e., high ReHo) is considered
more functionally organized. ReHo value was calcu-
lated for every voxel within the brain as the Kendall’s
coefficient of concordance of the given voxel and its 26
neighboring voxels.20 A ReHo map for each condition and
each participant was obtained and standardized to z-score
maps (i.e., zReHo maps, mean = 0 and SD = 1 across all
voxels) by subtracting the mean ReHo value across all
voxels and then being divided by the SD of all voxels,
as follows:

zReHo ReHo mean ReHo

SD ReHo
voxel i voxel i all voxels

all v

= − ( )( )
ooxels( )

To test the robustness of the results, an alternative stan-
dardization method was also used: The ReHo value of
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each voxel was divided by the mean across all voxels
within the whole brain, resulting in mean ReHo (mReHo)
maps (i.e., mean = 1), as follows:

mReHo ReHo mean ReHovoxel i voxel i all voxels= ( )

The zReHo or mReHo maps were spatially smoothed
with an 8-mm full-width at half-maximum Gaussian
kernel to lessen error of spatial normalization and improve
data normality.

FC analysis
The same preprocessing steps were performed as in the
ReHo analysis except that the spatial smoothing step was
performed immediately after spatial normalization. A
cluster of voxels in the rAI showing significantly differ-
ent zReHo/mReHo in the TMD group compared with the
HC group were selected as the seed region of interest
(ROI). For each condition and participant, the average
time series across all voxels within the seed ROI were
obtained. FC of the seed ROI with each voxel in the brain
was calculated as the Pearson’s correlation coefficient
between the time series of the given voxel and the time
series of the seed ROI. The correlation coefficients were
then converted to z-values using Fisher’s r-to-z trans-
formation to improve the normality of the data for further
statistical analyses. This FC analysis was performed by
using the software package REST.29

Statistical analyses for ReHo and FC maps
To identify the brain areas with high zReHo/mReHo
values (i.e., significantly >0 for zReHo or significantly
>1 for mReHo), a random-effect 1-sample t test of the
zReHo/mReHo maps was performed for each condi-
tion and each group. The resultant 4 statistical maps (2
conditions × 2 groups) were thresholded by using P < .05,
corrected for multiple comparisons at cluster level by
using a nonparametric Monte Carlo test with 1000 Monte
Carlo simulations and the whole brain mask (using
AlphaSim implemented in the REST software). A “com-
bined ReHo mask” was then created by taking the union
of the 4 thresholded maps. To identify the brain areas
with significant changes in zReHo/mReHo during the pain

state (“mouth-open” session; condition O) compared with
the non-pain state (“mouth-closed” session; condition C)
in the TMD group while controlling for any other changes
unrelated to pain, zReHo/mReHo maps of “mouth-
closed” condition were subtracted from those of “mouth-
open” condition (O – C) in each participant. The resultant
difference maps were then compared between patients
and HCs with a 2-sample t test, performed by using the
Statistical Parametric Mapping software package (http://
www.fil.ion.ucl.ac.uk/spm). The statistical map of the
2-sample t test was thresholded similarly using P < .05,
corrected for multiple comparisons at cluster level by
using a nonparametric Monte Carlo test with 1000 Monte
Carlo simulations and the “combined ReHo mask.” To
examine the relationship between pain intensity and spon-
taneous brain activities, a correlation analysis between
the averaged zReHo/mReHo values of the brain areas
showing altered ReHo and the VAS scores was per-
formed in patients by using the SPSS software, version
17.0 (SPSS Inc., Chicago, IL).

The same statistical analyses described above were also
performed for FC maps to identify the brain areas with
significant changes in FC with the seed ROI in patients
with TMD. Briefly, a random-effect 1-sample t test was
performed to identify the brain areas showing signifi-
cant FC with the seed ROI for each condition and group
(thresholded using P < .05, corrected), and a “combined
FC mask” was generated. The FC difference maps (con-
dition O – condition C) were compared between patients
and HCs by using a 2-sample t test (thresholded using
P < .05, corrected at the cluster level with 1000 Monte
Carlo simulations within the “combined FC mask”). A
correlation analysis between the VAS scores and the av-
eraged FC values of the brain areas showing altered FC
with the seed ROI was performed in patients to examine
the relationship between pain intensity and FCs.

The masks used in the above statistical analyses and
the resultant cluster sizes after correction are provided
in Table I.

The above ReHo and FC analyses were performed by
3 observers with experience in resting-state fMRI data
analysis. The other 2 observers were responsible for data
acquisition and study design.

Table I. The mask used in each statistical analysis, cluster-defining threshold, and resultant cluster size in the ReHo
and FC analyses

Items

ReHo maps of
each condition
in each group

Pain-related ReHo
changes in patients
with TMDs relative

to HCs

FC maps of each
condition in
each group

Pain-related FC
changes in patients
with TMDs relative

to HCs

Mask Whole-brain mask “Combined ReHo mask” Whole-brain mask “Combined FC mask”
Cluster-defining threshold P < .001 P < .001 P < .001 P < .001
Cluster size (voxels) ≥23 ≥10 ≥23 ≥14

FC, functional connectivity; HC, healthy controls; ReHo, regional homogeneity; TMDs, temporomandibular disorders.
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RESULTS
Average ages (with SD) of 10 HCs and 8 patients were
33.9 ± 7.3 years and 33.5 ± 8.7 years, respectively. There
was no significant difference in age between the 2 groups
(P = .916). Because the results from zReHo and mReHo
were similar, only the results obtained based on zReHo
are reported here.

ReHo
ReHo maps of each condition in each group. The

zReHo maps of each condition in each group are dis-
played in Figure 1. The zReHo maps identified similar
spatial distribution of spontaneous brain activities across
the brain in the “mouth-closed” and “mouth-open” con-
ditions and in both the TMD group and the HC group.
The typical default mode network (including the poste-
rior cingulate cortex (PCC)/precuneus, the medial
prefrontal cortex (MPFC), the bilateral inferior parietal
lobule and the lateral temporal cortex)30 and the task-
positive network (including anterior insula, ACC/MCC
and dorsolateral prefrontal cortex) were clearly evident.

Pain-related ReHo changes in patients with TMDs
relative to HCs. The 2-sample t test of the zReHo dif-
ference maps showed significantly decreased zReHo in
the rAI in patients with TMDs compared with HCs
(Figure 2A). No other brain areas were found. The av-
eraged zReHo values of this rAI cluster were shown for

each condition and each group in Figure 2B. The results
of further 2-sample t tests of the averaged zReHo between
different conditions and groups are given in Table II. The
study did not observe a significant correlation between
the zReHo of the rAI and the reported pain intensity in
patients (Figure 2C).

Functional connectivity of the rAI
FC maps of each condition in each group. Two clear

patterns of the FC maps were revealed in both condi-
tions and both groups (Figure 3): The rAI was (1)
positively correlated with the ACC/MCC, the other key
areas of the SN, and (2) negatively correlated with the
PCC and the MPFC, the key areas of the DMN.

Pain-related FC changes in patients with TMDs
relative to HCs. The 2-sample t test of the FC differ-
ence maps showed that the rAI had significantly decreased
positive FC with the left MCC (Figures 4A and 4B) and
decreased negative FC with the right precuneus in pa-
tients with TMDs compared with HCs (Figures 4D and
4E). The results of further 2-sample t tests of the aver-
aged FCs between different conditions and groups are
given in Table II. Interestingly, pain intensity was found
to be strongly correlated with the rAI-MCC FC but not
with the rAI-precuneus FC: The higher the VAS score,
the weaker was the FC between the rAI and the MCC
in patients (Figure 4C).

Fig. 1. Results of 1-sample t-tests of z-score regional homogeneity (zReHo) maps for different conditions in different groups. A,
Mouth-closed condition in healthy controls (HCs). B, Mouth-open condition in HCs. C, Mouth-closed condition in patients with
temporomandibular disorders (TMDs). D, Mouth-open condition in patients with TMDs. These maps were thresholded at P < .05
(corrected), and only the voxels whose zReHo were significantly greater than 0 are shown.
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DISCUSSION
Decreased ReHo in the rAI in patients with TMD
pain
Results of the ReHo analysis in present study showed
the presence of the DMN in both HCs and patients with
TMDs (see Figure 1). Numerous studies have demon-
strated that the DMN, including the PCC/precuneus and
the MPFC as the key components, is present in the resting
brain of healthy individuals as well as patients with a
number of diseases.30,31 The DMN typically shows stron-
ger activity and FC between its components during rest
than during performance of tasks. It has been sug-
gested to be involved in integrating cognitive and
emotional processing and behavioral and self-referential
processes.32,33

Although the DMN was evident in the TMD group,
they showed decreased ReHo in the rAI compared with
the HCs in the present study. The insula is one of the
brain areas activated most consistently in a variety of ex-
perimental paradigms and receives inputs from and
projects to a variety of brain regions.34 It is thought that
the insular cortex is an integrated area responsible for
multidimensional aspects of interoceptive functions and
is especially critical for pain perception.35 Indeed, the
insula, together with the thalamus, the ACC, and the
primary (S1) and secondary (S2) somatosensory corti-
ces, are the key areas composing the so-called pain
matrix.36,37 Notably, the cluster showing decreased ReHo
in patients with TMDs, as observed in the present study,
is located at the anterior part of the right insula. The an-
terior insula, together with the ACC, are the 2 key nodes
in the SN, which have been hypothesized to integrate
sensory input with visceral and autonomic information
and to detect inputs with high emotional salience.38 In
terms of pain processing, the anterior insula is part of
the medial pain system related to the affective–
motivational and cognitive processing of pain, integrating
interoceptive awareness with its emotional salience.35,38

Therefore, the observation of reduced ReHo in the rAI
suggests a disrupted salience processing of pain in pa-
tients with TMD pain.

When looking more closely at the ReHo values of each
condition and each group, it was interesting to note that
ReHo was increased in the “mouth-open” condition com-
pared with the “mouth-closed” condition in HCs, given
that both conditions were nonpainful (see Figure 2B). One
possible explanation might be the increased degree of dis-
comfort experienced by the participants while keeping
the mouth open throughout the “mouth-open” session.
Indeed, a trapezoid rubber biteblock was placed between
the upper and lower incisors to ensure maximum mouth
opening and the HCs reported nonpainful but uncom-
fortable sensation in this condition. Such discomfort may
serve as a salient input and thus lead to a higher ReHo
in the “mouth-open” condition in HCs.

Fig. 2. The difference in z-score regional homogeneity (zReHo)
between healthy controls (HCs) and the temporomandibular dis-
order (TMD) group. A, Compared with HCs, the TMD group
showed decreased zReHo in the right anterior insula (blue), which
was used as a seed region for further functional connectivity
analyses. B, The averaged zReHo values of the right anterior
insula (rAI) cluster of each condition and each group. The error
bars indicate the standard error of the mean across partici-
pants. *P < .05, **P < .005. C, Correlation analysis between
the visual analogue scale (VAS) scores and the averaged zReHo
values (“mouth-open” – “mouth-closed”) of the rAI.
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Table II. The statistical results of further 2-sample t tests of the averaged zReHo and averaged FCs across different
conditions and groups (8 patients vs 10 controls)

Comparisons Mean ± SD
T and

P values

zReHo of the rAI TMD(C) versus HC(C) TMD(C): 0.309 ± 0.307
HC(C): 0.257 ± 0.315

T = −0.352
P = .729

TMD(O) versus HC(O) TMD(O): 0.102 ± 0.293
HC(O): 0.576 ± 0.247

T = 3.730
P = .002†

HC(C) versus HC(O) HC(C): 0.257 ± 0.315
HC(O): 0.576 ± 0.247

T = −2.521
P = .021*

TMD(C) versus TMD(O) TMD(C): 0.309 ± 0.307
TMD(O): 0.102 ± 0.293

T = 1.380
P = .189

FC: RAI-MCC TMD(C) versus HC(C) TMD(C): 0.261 ± 0.160
HC(C): 0.293 ± 0.166

T = 0.419
P = .680

TMD(O) versus HC(O) TMD(O): 0.027 ± 0.179
HC(O): 0.357 ± 0.127

T = 4.576
P < .001†

HC(C) versus HC(O) HC(C): 0.293 ± 0.166
HC(O): 0.357 ± 0.127

T = −0.960
P = .350

TMD(C) versus TMD(O) TMD(C): 0.261 ± 0.160
TMD(O): 0.027 ± 0.179

T = 2.750
P = .016*

FC:
rAI-Precuneus

TMD(C) versus HC(C) TMD(C): −0.345 ± 0.151
HC(C): −0.167 ± 0.150

T = 2.487
P = .024*

TMD(O) versus HC(O) TMD(O): −0.212 ± 0.174
HC(O): −0.391 ± 0.142

T = −2.413
P = .028*

HC(C) versus HC(O) HC(C): −0.167 ± 0.150
HC(O): −0.391 ± 0.142

T = 3.436
P = .003†

TMD(C) versus TMD(O) TMD(C):−0.345 ± 0.151
TMD(O): −0.212 ± 0.174

T = −1.626
P = .126

*P < .05.
†P < .005.
C, “mouth-closed” condition; FC, functional connectivity; HC, healthy controls; O, “mouth-open” condition; rAI, right anterior insula; SD, stan-
dard deviation; TMDs, temporomandibular disorders; zReHo, z-score regional homogeneity.

Fig. 3. Results of 1-sample t tests of functional connectivity (FC) maps for different conditions in different groups based on the
seed region obtained from the z-score regional homogeneity (zReHo) values. A, Mouth-closed condition in healthy controls (HCs).
B, Mouth-open condition in HCs. C, Mouth-closed condition in patients with temporomandibular disorders (TMDs). D, Mouth-
open condition in patients with TMDs. These maps were thresholded at P < .05 (corrected). Warm color indicates positive FC,
and cold color indicates negative FC.
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In contrast, the TMD group showed a decrease in
ReHo, although not significant one, in the “mouth-
open” condition (i.e., during the pain state) compared with
the “mouth-closed” condition (i.e., during the non-pain
state). After controlling for the possible confounding effect
of the discomfort caused by the biteblock, the decrease
in ReHo in the TMD group compared with HCs became
clearly evident (see Figure 2A). This seems to contra-
dict the notion that pain, as a salient input, would increase
the salience-related neural activities as commonly ob-
served in acute pain studies.38 However, brain responses
to chronic pain have been shown to be different from those
to acute pain.39 The decreased ReHo of the rAI in pa-
tients with TMD pain could be a consequence of long-
term, frequent pain input resulting in an overload in the
SN. A previous brain morphology study in myofascial-
type TMD found a decrease in gray matter density/
volume in the ACC and the anterior insula,19 reflecting
a local atrophy associated with hyperactivity in pain-
perceptive brain structures. This previous finding is, to
some extent, consistent with the current finding; that is,
atrophy of a brain area is likely to lead to decreased ac-
tivity in this area.

Decreased positive FC between the rAI and the
MCC in patients with TMD pain
The present study found that the FC between the rAI and
the MCC was significantly decreased in the TMD group
compared with HCs (see Figure 4A). In contrast to HCs,
who showed slightly greater FC during the “mouth-
open” condition than during the “mouth-closed” condition,
the TMD group showed clearly decreased FC during the
“mouth-open” condition (i.e., the pain state) (see
Figure 4B). The ACC and the middle part of the cingu-
late cortex are key nodes of both the SN38,40 and the so-
called pain matrix, possibly because of its role in the
affective–motivational and cognitive processing of pain,
automatic attention associated with pain, salience de-
tection, and response selection.41 The anterior insula and
the ACC/MCC, the 2 key nodes of the SN, are com-
monly found to be coactivated in many experimental
paradigms.38,42 The decreased FC between the rAI and
the MCC in patients with TMDs may reflect a discon-
nection within the SN, possibly because of the same
mechanism underlying the decreased ReHo in the rAI
observed in the present study—that is, an overload caused
by frequent painful input in patients with TMD pain.43

This is further supported by the negative correlation
between pain intensity and the rAI-MCC FC: The higher
the VAS score, the weaker is the FC between the rAI and
the MCC in patients.

It is worth noting that a previous fMRI study using a
similar design investigated the FC between the insula and
the rest of the brain.17 In this previous study, the FC maps
of 4 seed regions (the left and the right anterior insula

and the left and the right posterior insula) were exam-
ined. In a somewhat similar manner to the present study,
each participant was scanned during a non-pain resting
state and a pain task session. However, in contrast to the
present study, the FC maps obtained from the resting
session and the task session were not compared direct-
ly but were examined separately. The authors found
increased FC between the right anterior insula and the
right thalamus during the resting session and increased
FC between the rAI and the ACC during the task session
in patients with TMDs. In the present study, the results
did not show any increased FC associated with the rAI
in the TMD group compared with HCs. One possible ex-
planation for the discrepancy in the results of the 2 studies
might be the difference in the severity of pain in the pa-
tients in the 2 investigations. In the previous study, as
the authors pointed out, the study patients were only
mildly affected and were likely at the beginning of the
chronification process and/or in a compensation stage,
and thus they probably do not represent the clinical picture
of “severely disabled” TMD. In the present study, all pa-
tients had severe pain (open-mouth pain ≥5 measured by
the VAS). Therefore, the results of the 2 studies might
represent different brain alterations at 2 different
chronification stages in TMD.

Decreased negative FC between the rAI and the
precuneus in patients with TMD pain
In contrast to the positive correlation between the rAI
and the MCC, the correlation between the rAI and the
precuneus was negative in both the HC and TMD groups.
The negative correlation between these 2 areas was ex-
pected, as they belong to 2 different brain networks
usually found to be anticorrelated.32 The precuneus is a
key node of the DMN and has been well documented
to be negatively correlated with task-positive networks,
such as the SN.44 The SN is thought to play an impor-
tant role in keeping the balance between internal-
oriented state and external activity and, thus, in regulating
or coordinating activity in other networks, such as pro-
moting deactivation of the DMN in response to a salient
stimulus.45 It has been reported that damage to the in-
tegrity of SN structure leads to ineffective coordination
in DMN activity, which has a negative effect on cogni-
tive task performance.46 The decreased anticorrelation
between the SN and the DMN in the TMD group, as ob-
served in the present study (see Figures 4 D and E),
suggests disruption of balance between the 2 networks,
and this might explain the cognitive deficit observed in
patients with chronic pain.47 Indeed, altered functional
connectivity between the insula and the DMN have been
reported in several chronic pain conditions. However, the
directions of the change were inconsistent: Increased FC
was reported in fibromyalgia48 and chronic low back
pain,49 but decreased FC was reported in irritable bowel
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Fig. 4. The difference in functional connectivity (FC) between the healthy controls (HC) group and the temporomandibular dis-
orders (TMD) group based on the seed region obtained from the z-score regional homogeneity (zReHo) values. A, D, Compared
with the HC group, the TMD group showed decreased positive FC (blue) between the right anterior insula (rAI; seed region) and
the left middle cingulate cortex (MCC; connected region, the brain area shown in blue) (A) and Decreased negative FC (red-
yellow) between the rAI (seed region) and the right precuneus (connected region, the brain area shown in red-yellow) (D). B, E,
The averaged rAI-MCC FC z-scores (B) and the averaged rAI-precuneus FC z scores (E) of each condition and each group. *P < .05,
**P < .005. C, F, Correlation analysis between the visual analogue scale (VAS) score and the averaged rAI-MCC FC z scores (C)
and between the VAS score and the averaged rAI-precuneus FC z scores (F) (“mouth-open” – “mouth-closed”). The result showed
that the higher the VAS score, the weaker was the FC between the rAI and the MCC.
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syndrome.24 One possible explanation for the inconsis-
tency might be that different mechanisms underlie
different chronic pain conditions. However, it could also
result from the differences in patients’ pain severity, an-
alytical methods, or even imaging modalities used in these
studies. For example, Napadow et al.48 used indepen-
dent component analysis and Hong et al.24 used “seed
regions–whole brain” connectivity analysis. Most pre-
vious studies used fMRI data, while Loggia et al.49 used
cerebral blood flow data obtained by arterial spin label-
ing technique.

Limitations
There were several limitations to the present study. First,
the study only included typical TMJ synovitis with severe
pain (VAS >5) in the patient group to make the sample
as homogeneous as possible. This led to a relatively small
sample size, and therefore, the present study should be
considered a pilot study. Second, although pain-related
brain changes in TMDs are likely to be a result of complex
interactions between the general pain system and the brain
areas specially related to orofacial pain, the brain areas
(i.e., rAI, MCC, and precuneus) identified in the TMD
group in the present study are part of the general central
pain systems common to all pain conditions but not spe-
cific to orofacial pain. Two facts could have prevented
the orofacial pain-specific areas from being detected in
the present study: (1) The changes in these areas (e.g.,
the corresponding area in S1) were not significant enough
to be detected with the small sample size of the present
study; and (2) the side of the pain location was not con-
sistent across patients in the present investigation. Future
studies with a larger sample size and a patient group with
pain on the same side are needed to confirm the results
of the present research. A large sample size will also allow
for investigation of differences in spontaneous brain ac-
tivity and connectivity between patients with TMD pain
on different sides. In addition, more advanced analyti-
cal methods, such as machine learning techniques, may
be adopted to identify brain changes in TMD because
these techniques have been shown to be more sensitive
in detecting differences between conditions or groups.50-53

Third, it remains undetermined whether there is a causal
relationship between pain and changes in ReHo and FC
in patients with TMDs. In other words, it is unclear
whether chronic pain results in the abnormal spontane-
ous neural activities reflected by the ReHo and FC or the
abnormal neural activities in these patients make them
more susceptible to pain.

CONCLUSIONS
Using an experimental design with a pain state (i.e., the
open-mouth state) of high clinical relevance and with the
ability to perform both within-subject and between-
subject comparisons to minimize possible confounding

effects, the study examined the pain-related, spontane-
ous neural activities and connectivities in patients with
TMD pain compared with HCs. The study found that TMD
pain was associated with reduced synchronization of re-
gional neural activities within the rAI and reduced FCs
with the MCC and the precuneus. These results provide
evidence supporting a functional maladaptation of the SN
and its interaction with the DMN in patients with TMDs.
These findings highlight the potential of fMRI exami-
nation in understanding and treating TMD pain in clinical
practice because it can help clarify the underlying mecha-
nisms and etiology of TMD pain and lead to the
development of new medicines or treatment methods that
can act on identified central neural targets.
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