
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of experimental orthodontic pain on gray and white matter
functional connectivity

Citation for published version:
Zhang , F, Li, F, Yang, H, Jin, Y, Lai, W, Roberts, N, Jia, Z & Gong, Q 2021, 'Effect of experimental
orthodontic pain on gray and white matter functional connectivity', CNS Neuroscience and Therapeutics,
vol. 27, no. 4, pp. 439-448. https://doi.org/10.1111/cns.13557

Digital Object Identifier (DOI):
10.1111/cns.13557

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
CNS Neuroscience and Therapeutics

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.1111/cns.13557
https://doi.org/10.1111/cns.13557
https://www.research.ed.ac.uk/en/publications/c1416e44-4760-45f2-a7c2-d353f02f9a1a


CNS Neurosci Ther. 2021;27:439–448.     |  439wileyonlinelibrary.com/journal/cns

 

Received: 12 September 2020  |  Revised: 9 November 2020  |  Accepted: 27 November 2020

DOI: 10.1111/cns.13557  

O R I G I N A L  A R T I C L E

Effect of experimental orthodontic pain on gray and white 
matter functional connectivity

Feifei Zhang1,2 |   Fei Li1,2  |   Hong Yang3 |   Yu Jin3 |   Wenli Lai3 |   Neil Roberts4 |   
Zhiyun Jia1,5  |   Qiyong Gong1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. CNS Neuroscience & Therapeutics Published by John Wiley & Sons Ltd.

Zhang and Li are contributed equally to this work. 

1Huaxi MR Research Center (HMRRC), 
Department of Radiology, Functional and 
Molecular Imaging Key Laboratory of 
Sichuan Province, West China Hospital of 
Sichuan University, Chengdu, China
2Research Unit of Psychoradiology, Chinese 
Academy of Medical Sciences, Chengdu, 
China
3State Key Laboratory of Oral Disease, 
Department of Orthodontics, West China 
School of Stomatology, Sichuan University, 
Chengdu
4School of Clinical Sciences, University of 
Edinburgh, Edinburgh, UK
5Department of Nuclear Medicine, West 
China Hospital of Sichuan University, 
Chengdu, China

Correspondence
Zhiyun Jia, Department of Nuclear Medicine, 
West China Hospital of Sichuan University, 
No. 37 Guo Xue Xiang, Chengdu, Sichuan 
610041, China.
Email: zhiyunjia@hotmail.com

Funding information
National Natural Science Foundation, Grant/
Award Number: 81771812, 81971595, 
81621003 and 81820108018; Innovation 
Spark Project of Sichuan University, Grant/
Award Number: 2019SCUH0003; 1·3·5 
Project for Disciplines of Excellence–Clinical 
Research Incubation Project, West China 
Hospital, Sichuan University, Grant/Award 
Number: 2020HXFH005

Abstract
Aim: Over 90% of patients receiving orthodontic treatment experience clinically sig-
nificant pain. However, little is known about the neural correlates of orthodontic pain 
and which has therefore been investigated in the present study of healthy subjects 
using an experimental paradigm.
Methods: Resting-state functional magnetic resonance imaging (rsfMRI) was per-
formed in 44 healthy subjects 24 hours after an elastic separator had been intro-
duced between the first and the second molar on the right side of the lower jaw 
and in 49 age- and sex-matched healthy control (HC) subjects. A K-means clustering 
algorithm was used to identify functional gray matter (GM) and white matter (WM) 
resting-state networks, and differences in functional connectivity (FC) of GM and 
WM between the group of subjects with experimental orthodontic pain and HC were 
analyzed.
Results: Twelve GM networks and 14 WM networks with high stability were iden-
tified. Compared with HC, subjects with orthodontic pain showed significantly 
increased FC between WM12, which includes posterior thalamic radiation and 
posterior cingulum bundle, and most GM networks. Besides, the WM12 network 
showed significant differences in FC with three GM-WM loops involving the default 
mode network, dorsal attention network, and salience network, respectively.
Conclusions: Orthodontic pain is shown to produce an alteration of FC in networks 
relevant to pain processing, which may be mediated by a WM network relevant to 
emotion perception and cognitive processing.

K E Y W O R D S

functional connectivity, gray matter, orthodontic pain, Psychoradiology, resting-state 
functional magnetic resonance imaging, white matter
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1  | INTRODUC TION

Orthodontic pain is an uncomfortable and dull orofacial pain produced 
by orthodontic treatment such as inserting a separator to produce 
tooth movement.1 More than 90% of orthodontic patients suffer from 
orthodontic pain.2,3 It is thought that pain signals arising in the man-
dible are transmitted to the limbic system, hippocampus and somato-
sensory cortex via the trigeminal ganglion, trigeminal caudate nucleus 
and pathways ascending from the thalamus.4 In a previous study in this 
laboratory,5 compared to healthy controls, the amplitude of low-fre-
quency fluctuation (ALFF) was significantly increased in the left insula 
and right supplementary motor area, and decreased in the right angular 
gyrus, left precuneus, and superior frontal gyrus in patients with or-
thodontic pain. Furthermore, the gray matter (GM) functional connec-
tivity (FC) between the left precuneus and left middle temporal gyrus 
was found to be negatively correlated with scores of pain intensity.

Psychoradiology is an emerging subspecialty of radiology, and 
it's rapid development has led to our better understanding of the 
complex brain abnormalities in patients with Pain6,7,8.

Numerous studies have shown that pain can produce highly sig-
nificant changes in brain structure and function. The brain structure 
that is reported to be most affected is the anterior cingulate cor-
tex (ACC),9-12 and inhibition of the functional activity of ACC can 
relieve pain13,14 and unpleasant pain-related emotion.15 Pain also 
produces activity in the posterior cingulate cortex (PCC),16,17 and FC 
between PCC and right temporoparietal junction is reported to be 
highly significant reduced in patients with pain symptoms.18 These 
two cortices are key nodes of the default mode network (DMN) and 
the salience network (SN), respectively. In patients with trigeminal 
neuralgia, the functional activity of DMN is decreased,19 and FC be-
tween PCC and middle prefrontal cortex is weakened.20 Moreover, 
pain has also been shown to produce alterations in white matter 
(WM). There is compelling evidence that fractional anisotropy mea-
sured by diffusion-weighted imaging is significantly decreased in 
the corpus callosum and corona radiata in patients with trigeminal 
neuralgia.21 Furthermore, the altered microstructure of the corpus 
callosum22 and corona radiata22,23 was significantly correlated with 
pain intensity. Other WM regions, such as the parahippocampal sec-
tions of the cingulum bundle,24,25 tapetum,24 internal and external 
capsule,22,26 and thalamic radiation,22,27 have been reported in pa-
tients with pain symptoms. However, there has been no study of the 
functional role of WM in the neural mechanism of pain.

Originally, the blood oxygenation level-dependent (BOLD) signal 
of resting-state functional magnetic resonance imaging (rsfMRI) data 
obtained for WM was considered to be noise. However, new tech-
niques have demonstrated that the BOLD signals within WM can 
reflect intrinsic neural activity and carry important information.28-32 
The objective of the present study was to use rsfMRI investigating 
whether there were changes in the FC of GM and WM networks and 
the interaction between them in subjects with experimentally in-
duced orthodontic pain compared to matched controls. The hypoth-
esis that FC between pain-related cortex (eg, DMN and SN) and WM 
(eg, thalamocortical radiation) would show significant alterations 

in the early phase of orthodontic pain was tested. This study will 
provide a comprehensive understanding of the neural mechanism of 
orthodontic pain from the perspective of FC between GM and WM.

2  | MATERIAL S AND METHODS

2.1 | Participants

This study was approved by the Research Ethics Committee of West 
China Hospital, Sichuan University, and fully informed written con-
sent of their willingness to participate was obtained from all subjects. 
All 48 subjects were recruited to the orthodontic pain group and 49 
subjects to the control group. All subjects were aged between 18 
and 30 years, right-handed, of Chinese Han nationality, and had no 
history of receiving orthodontic treatment. Exclusion criteria were 
(i) any history of major illness, such as central nervous system dis-
orders, cardiovascular diseases, and severe head trauma with loss 
of consciousness, (ii) other diseases causing orofacial pain, including 
gingivitis and periodontitis, (iii) have malocclusion, (iv) substance or 
non-substance addiction, and (v) claustrophobia, pregnancy, and any 
contraindications for MRI to be performed.

2.2 | Experimental protocol

According to previous findings, orthodontic pain generally occurs 
within 12 hours of treatment, reaches a peak after about 24 hours, 
and then gradually subsides over 3 to 7 days, finally returning to 
baseline over a month.3,33 For each subject in the orthodontic pain 
group, the elastic orthodontic separator was inserted between the 
first and the second molar on the right side of the lower mandible for 
24-hours by an experienced dentist. The elastic orthodontic sepa-
rator was inserted with the aid of two dental floss segments. We 
stretched the separator with two pieces of dental floss and pulled it 
toward the gingiva between the two teeth. Half of the separator was 
below the contact area, and the other half was above the contact 
area.34 Twenty-four hours later, MRI scanning was performed with 
the elastic separator still in-site, which was removed immediately 
after the scanning.

The subjects completed the State Anxiety Scale (SAI) question-
naire35 and visual analogue scale (VAS) recording their perception 
of anxiety and pain intensity. All measurements were tested twice, 
the first before insertion of the elastic separator, and the second 
24 hours after insertion of the elastic separator and before MRI 
scanning. The elastic separator was not inserted, and measurements 
of SAI and VAS were not obtained for the control group.

2.3 | Data acquisition

MR investigations were performed using a Siemens 3T system (Tim 
Trio, Siemens Healthineers, Erlangen, Germany) equipped with 
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an eight-channel head coil. The rsfMRI data were collected using 
an echo-planar imaging (EPI) sequence with the following acquisi-
tion parameters of repetition time (TR) 2 seconds, echo time (TE) 
30 ms, flip angle 90°, slice thickness 5 mm, matrix 64 × 64, a field 
of view (FOV) 240 mm × 240 mm corresponding to a voxel size of 
3.75 mm × 3.75 mm × 5 mm. A total of 205 volumes each comprising 
30 contiguous slices were acquired in a total imaging time of 6 minutes 
50 seconds. During MRI scanning, participants were asked to close 
their eyes and try to avoid thinking about a particular subject. A 3D 
T1-weighted image was also obtained for each subject using a magnet-
ization-prepared rapid gradient-echo (MPGR) sequence with acquisi-
tion parameters of TR 1.96 seconds, TE 2.26 ms, flip angle 90°, matrix 
256 × 256, and FOV 240 mm × 240 mm for 175 contiguous 1-mm-thick 
sections. The images were reviewed by a radiologist to assess whether 
there were any signs of gross brain lesions on the T1-weighted images.

2.4 | Imaging processing

The MRI data were processed using SPM8 (www.fil.ion.ucl.ac.uk/
spm), DPARSFA (rfmri.org/DPARSF), and MATLAB (www.mathw 
orks.com) software. The 3D T1-weighted images were segmented 
into compartments of GM, WM, and cerebrospinal fluid (CSF) using 
the new segment algorithm in SPM8,36 and the rsfMRI data were 
processed in DPARSFA using the following processes: (i) The first 
10 volumes were removed to ensure equilibrium of the magnetiza-
tion, and a slice timing correction was performed, (ii) using the middle 
image as a reference slice, the images were corrected for head mo-
tion and subjects with translation >2.0 mm or rotation >2.0° were 
excluded, (iii) the corrected rsfMRI images were co-registered with 
the 3D T1-weighted anatomical image, (iv) followed by linear detrend-
ing and filtering (0.01-0.1 Hz), (v) regression out of nuisance signal via 
a 24-parameter motion correction and analysis of the mean signal of 
CSF,37 (vi) removal of motion “spikes” with a high framewise displace-
ment >1 mm38 based on a separate regression which did not include 
analysis of the signals from WM and whole brain,31,39 (vii) separate 
smoothing of signals from GM and WM using a filter with full width 
half maximum of 4 mm,31 and (viii) normalization of the processed 
functional images resampled to a voxel size of 3 mm × 3 mm × 3 mm 
to the standard Montreal Neurological Institute (MNI) EPI template.

2.5 | Clustering WM and GM networks

To further analyze the rsfMRI data, the first step was to obtain the 
group-level GM and WM masks from the high-resolution T1-weighted 
images. For each subject, the T1-weighted 3D images have been seg-
mented to GM, WM, and CFS according to the maximum probability 
method. Then, these masks were averaged among subjects to obtain 
the percentage of each voxel that was classified as WM or GM. A 
threshold value of 60% was used to define the WM mask, and a value 
of 20% was used to define the GM mask with any voxels contained in 
the WM mask excluded.31 Using the Harvard–Oxford Atlas,40 deep 

gray nuclei which had been incorrectly incorporated were removed 
from the WM mask and labeled as GM. This included the thalamus, 
caudate nucleus, putamen, globus pallidus, and nucleus accumbens. 
The resulting group-level GM mask comprised 42,795 voxels and a 
group-level WM mask comprised 19,576 voxels were co-registered 
to the MNI-EPI template, and the following analyses referred to the 
restricted regions corresponding to these masks. There was no over-
lap between the GM and WM masks.

To create group-averaged WM correlation matrices for clustering 
the WM networks, we calculated the Pearson correlation coefficient 
between each WM voxel and the other WM voxels. Firstly, we used 
the inter-changing grid to resample the WM mask, extracted any sec-
ond voxels along the rows and columns of the image, and moved 1 
between slices to avoid losing the entire data column. Then, for each 
WM voxel, the correlation with all sub-sampled mask nodes was cal-
culated to obtain the whole-brain correlation pattern of each voxel 
(19 576 × 4895 matrices).41 The average matrix was taken from all 
93 subjects’ correlation matrices to obtain a group-level correlation 
matrix. To exclude GM signal, for the correlation between voxels, the 
data used to average across subjects were only taken from subjects 
whose two voxels were identified as WM during segmentation. Vice 
versa for the correlation matrices of GM (42,795 × 4759 matrices).

To identify the GM and WM functional networks, K-means clus-
tering (distance metric-correlation, 10 replicates)31 was performed 
on the rows of the average group-level correlation matrix for the 
GM and WM, respectively. In this way, the GM or WM voxel clusters 
with similar connection patterns to other voxels can be identified. All 
clusters of sizes between 2 and 22 were analyzed with coarse and 
fine granularity to determine the most stable value for the number 
of networks.31

To identified the most stable of the K (the number of clusters), 
we measured the stability of the clustering solution for each number 
of clusters, from 2 to 22.41 The full connectivity matrix was randomly 
divided into 4 folds, with each fold containing the correlations be-
tween all voxels at the quarter sub-sampled masks (19,576 × 1224 
voxels per fold for WM; 42,795 × 1190 voxels per fold for GM). A 
separate clustering of between 2 and 22 was performed for each 
of the 4 folds. According to different characteristics, the clustering 
results should be approximately similar for the number of clusters 
representing stable clustering solutions.41 Therefore, the adjacency 
matrix for each solution was calculated to measure the similarity 
between clustering solutions, and the Dice coefficient was used to 
compare these adjacency matrices. For each cluster number, the av-
erage Dice coefficient was obtained from all four adjacent matrices. 
A K value with a Dice coefficient of greater than 0.85 was consid-
ered a stable solution.38

2.6 | Statistical analysis

Pearson's correlation coefficient was computed between the average 
time courses of pairs of networks and used to construct KGray × KGray, 
KWhite × KWhite, and KGray × KWhite matrix for each subject.32 The FC 
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value was transformed into the Fisher z score. Then, we calculate 
the kurtosis and skewness of all matrices, and the results show that 
all the FC values are between −2 and 2, indicating that the data 
were confirmed to be normally distributed.42 A one-sample t-test 
was then performed to determine the significant FC for each group. 
Subsequently, for these significant FC, two-sample t-tests were 
performed to compare the differences between the orthodontic 
pain group and controls. Finally, partial correlation analysis was per-
formed to examine the relationship between network FC and dif-
ferences in SAI and VAS scores measured at baseline and 24 hours 
after the application of the elastic separator in the orthodontic pain 
group, with age and sex used as covariates. Bonferroni correction for 
multiple comparisons was used for the FC and correlation analyses 
with statistical significance level at P < 0.05.

3  | RESULTS

3.1 | Demographic and clinical characteristics

In subjects with pain, three subjects were excluded on account of head 
motion exceeding 2.0 mm in translation or 2.0° in rotation during fMRI 
scanning and one was excluded because of a potential mental illness. 
So that the orthodontic pain group comprised 44 subjects (24 females 
and 20 males, mean age 21.0 ± 0.9 years, range 19 to 23 years) and 
the control group comprised 49 subjects (27 females and 22 males, 
mean age 21.0 ± 2.6 years, range 19 to 30 years) for the final analy-
ses. There were no significant differences in age (P = 0.958) or sex (P 
= 0.991) between the two groups. Paired t-tests revealed that there 
was no significant change in SAI (P = 0.21) but a significant increase in 
VAS pain intensity score (P = 0.01) 24 hours after the insertion of the 
elastic separator in subjects in the orthodontic pain group. (Table 1).

3.2 | GM and WM networks

The K-means clustering analysis revealed there to be 12 GM net-
works with high stability were defined as lateral visual network 

(GM1), anterior lobe of cerebellum network (GM2), dorsal atten-
tion network (DAN) (GM3), medial occipital network (GM4), DMN 
(GM5), superior frontal network (GM6), SN (GM7), executive control 
network (ECN) (GM8), somatomotor network (GM9), posterior lobe 
of the cerebellum and subcortical network (GM10), orbitofrontal–
temporal network (GM11), and middle temporal network (GM12) 
(Figure 1).

The same K-means approach revealed there to be 14 WM net-
works with high stability which were named as posterior cingulum 
(retrosplenial) bundle and angular WM network (WM1), inferior 
frontal WM network (WM2), corona radiata network (WM3), in-
ferior parietal WM network (WM4), middle frontal WM network 
(WM5), anterior cingulum bundle network (WM6), occipital WM 
network (WM7), orbitofrontal WM network (WM8), middle cingu-
lum bundle network (WM9), precentral/postcentral WM network 
(WM10), brainstem network (WM11), posterior thalamic radiation 
and posterior cingulum bundle network (WM12), cerebellum WM 
network (WM13), and inferior longitudinal fasciculus network 
(WM14) (Figure 1), which was consistent with previous studies.31,38

3.3 | Alterations in FC between GM networks

Compared with the control group, participants in the orthodontic 
pain group showed higher FC between GM3 and GM5 and between 
GM5 and GM7 (for a concise description, we abbreviated them 
as GM3-GM5-GM7, which corresponds to the well known DAN-
DMN-SN networks, and the following texts were similar), and lower 
FC in GM2-GM3-GM8 (Figure 2A).

3.4 | Alterations in FC between WM networks

Compared with the control group, participants in the orthodontic 
pain group showed increased FC between WM12 and three other 
WM networks, including WM1, WM4, and WM14, and decreased 
FC in two pathways, namely, WM1-WM2-WM11-WM3-WM4-
WM5-WM11 and WM5-WM12-WM9 (Figure 2C).

TA B L E  1   Demographic and clinical characteristics of participants with orthodontic pain (ORTH) and healthy controls (HCs)

Characteristics ORTH (n = 44) HCs (n = 49) P values

Demographic factors

Sex (male/female) 20/24 22/27 0.95

Age (years) 21.0 ± 0.9 21.0 ± 2.6 0.99

Without separator 24 h after with separator

Visual analogue scale 13.66 ± 16.35 20.48 ± 18.09 - 0.01

Skewness Kurtosis Skewness Kurtosis

-0.92 0.43 -0.88 -0.28

State Anxiety Scale 27.73 ± 11.00 29.82 ± 10.48 - 0.21

Skewness Kurtosis Skewness Kurtosis

0.02 -0.61 0.17 -0.53
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3.5 | Alterations in FC between GM and 
WM networks

The effects of orthodontic pain on the brain were also reflected in 
FC between GM and WM networks. In particular, compared to the 
control group, the orthodontic pain group showed increased FC be-
tween GM5 and WM4 and in GM6-WM9-GM7-WM2. Furthermore, 
FC was increased between WM12 (posterior thalamic radiation 
and posterior cingulum bundle network) and 9 GM networks (ie, all 
GM networks except for GM1, GM2, and GM10 representing lat-
eral occipital areas, cerebellum, and subcortical areas, respectively). 
Besides, compared to the control group, the orthodontic pain group 
showed decreased FC between GM3 and WM5, between GM8 and 
WM11, and in WM1-GM10-WM2 (Figure 2B).

3.6 | Three GM and WM networks loops with 
altered FC

Further consideration of the above findings, there were significant 
alterations in FC between GM and WM networks in the orthodontic 
pain group compared to controls corrected for multiple comparisons 
with Bonferroni method and summarized to three loops (ie, combi-
nation of three or more GM and WM networks with at least one 
network in GM and one network in WM), namely, (i) a loop corre-
sponding to GM5-WM12-WM4-GM5 (ie, DMN-posterior thalamic 
radiation-inferior parietal WM network-DMN) with increased FC 
in all connections (Figure 3A), (ii) a loop corresponding to GM3-
WM12-WM5-GM3 (ie, DAN-posterior thalamic radiation-middle 
frontal network-DAN), in which FC between DAN and WM12 was 

F I G U R E  1   Twelve gray matter (GM) networks and 14 white matter (WM) networks were found to have a high stability as measured by 
Dice coefficient in K-means clustering analysis
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increased, while FC was decreased in the two other connections 
(Figure 3B), and (iii) a loop corresponding to GM7-WM12-WM9-GM7 
loop, where there was increased FC between WM and GM networks 
and decreased FC between the posterior thalamic radiation and pos-
terior cingulum bundle network (WM12) and the middle cingulum 
bundle network (WM9) (Figure 3C).

3.7 | Correlation between pain score and 
FC networks

Analysis of the relationship between significantly increased pain 
scores and FC in the orthodontic pain group revealed a negative 
relationship between VAS score recorded immediately before the 
MRI scanning (ie, 24 hours after insertion of the elastic actuator) and 
FC between GM6 and WM9 (r = −0.309, puncorrected = 0.047) and 
GM4-WM12 (r = −0.311, puncorrected = 0.045). However, neither re-
sult survived the correction for multiple comparisons.

4  | DISCUSSION

Analysis of rsfMRI data has shown significant alterations in brain FC 
of both WM and GM networks in subjects with experimentally in-
duced orthodontic pain compared with control subjects. Fourteen 
WM and 12 GM networks were shown to have high stability by 
K-means analysis, and there were two main findings regarding the 
FC of these networks. Firstly, a WM network comprising posterior 
thalamic radiation and posterior cingulum network (WM12) showed 
increased connections with almost all GM networks in the orthodon-
tic pain group. Secondly, the FC of three loops connecting GM and 
WM was significantly altered in the group of subjects with ortho-
dontic pain, namely, (1) DMN-WM12-WM4-DMN, (2) DAN-WM12-
WM5-DAN, and (3) SN-WM12-WM9-SN loops. Until recently, there 
have been only a few studies of WM functional networks, the exist-
ence of which was not well accepted or considered to be of interest. 
Alterations in WM network FC are a prominent aspect of both the 
main findings of the present study.

F I G U R E  2   Three matrices showed significantly altered functional connectivity (FC) in the orthodontic pain group compared with 
controls: (A) FC between gray matters (GM) networks, (B) FC between GM and white matter (WM) networks, and (C) FC between WM 
networks. The values in the graph were represented by P values. The solid lines indicate altered FC between 12 GM networks and between 
14 WM networks, respectively, whereas the dotted lines indicate altered FC between the GM and WM networks in orthodontic pain group. 
Red and blue lines, respectively, represent increased and decreased FC in subjects with orthodontic pain compared with controls,
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4.1 | Increased FC between posterior thalamic 
radiation and GM networks

Alterations in the FC of the WM network comprising posterior tha-
lamic radiation and posterior cingulum network (ie, WM12) were 
prominent in both the main findings of this study of experimental 
orthodontic pain. The thalamus is a main component of the so-called 
pain matrix and is activated by the perception of orthodontic pain 
and its modulation.1,43 This central role arises from the fact that 
there are structural connections between the thalamus and the 
GM of all regions of the neocortex,44 and accordingly, the thalamus 
is involved in integrating and modulating signals from widespread 
brain regions and especially those involved in processing the sensory 
and emotional qualities of pain.45 The observation of increased FC 
between WM12 and nine GM networks reveals a potential mecha-
nism whereby pain signals produced in the thalamus can be trans-
mitted via the thalamic radiation to other brain regions involved in 
pain processing1 such as the amygdala, insula, hippocampus, and 
sensory-motor cortex and so amplify feelings of pain produced by 
the orthodontic elastic separator.45,46

Consistent with a previous pain treatment study revealing that 
the pain can be successfully suppressed by stimulating the thalamic 
nucleus,46 the negative correlation between pain scores and in-
creased FC of GM4-WM12 indicated that restoration of the connec-
tivity between the medial occipital GM network (GM4) and posterior 
thalamic radiation WM network (WM12) may produce pain relief, 
which could be naturally as a functional compensation or neural ad-
aptation to orthodontic pain.5 Therefore, our findings indicated that 
the part of thalamocortical pathways with increased FC are likely 
to be involved in the perception of the sensation of pain relief,45 

and further confirmed the key role of the thalamic radiation in pain 
transmission and regulation4 from the perspective of neuroimaging 
research.

4.2 | Altered FC of three loops connecting GM and 
WM networks

Concerning the second main finding, the FC of three GM-WM loops 
was altered as a result of orthodontic pain. The first GM-WM loop 
to be discussed comprises DMN-WM12-WM4-DMN and thus in-
volves posterior thalamic radiation (WM12), inferior parietal WM 
(WM4), and the DMN, between which there was increased FC in 
subjects with orthodontic pain. Brain activity in DMN has been 
widely reported to be modulated by changes in pain perception47,48 
and self-oriented attention.48 Normally, DMN is active during the 
resting state and becomes deactivated during the performance of 
a task. Accordingly, it might have been expected that FC of DMN 
would be decreased in perceiving a painful stimulation.49 However, 
in previous rsfMRI studies, it has been reported that typical pain-
related deactivation of DMN disappeared in patients with pain for 
whom increased FC of DMN was observed during resting state,50,51 
consistent with the results of the present study. Since the thalamus 
is involved in attention and processing of the emotional dimension 
of pain,52 and a positive correlation has previously been reported 
between rumination and FC in the thalamo-DMN pathway,50 the in-
creased posterior thalamic radiation-DMN FC in the present study 
may reflect persistent attempts by subjects in the orthodontic pain 
group to regulate and manage their feelings of pain. The increased 
FC between the inferior parietal WM network (WM4) and DMN may 

F I G U R E  3   Three circuits between gray matter (GM) networks (shown in purple) and white matter (WM) networks that are altered in 
the orthodontic pain group compared to controls, including (A) the default mode network (DMN)-WM12-WM4-DMN, (B) dorsal attention 
network (DAN)-WM12-WM5-DAN, and (C) salience network (SN)-WM12-WM9-SN. Red and blue lines drawn between different networks, 
respectively, represent increased and decreased FC in subjects with orthodontic pain compared to controls
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reflect excessive attention to orthodontic pain48 and a high degree 
of rumination about the negative effects of pain50 in the experimen-
tal group.

The second GM-WM loop to be discussed is DAN-WM12-WM5-
DAN. This is interpreted as comprising the main nodes of the dorsal 
attention network (DAN) in the frontal and parietal lobe, the mid-
dle frontal WM network (WM5), and the posterior cingulum bundle 
which is another important part of WM12, forming a fronto-cingu-
lo-parietal circuit with decreased FC within WM12-WM5-DAN and 
increased FC in DAN-WM12 in subjects of the orthodontic pain 
group than controls. This interpretation is consistent with the results 
of a previous pain-related attention study, in which it was reported 
that the fronto-cingulo-parietal network was functionally disrupted 
under the influence of pain.53 The DAN is likely to be activated in 
attending to pain sensations, which may be reduced by distraction54 
with the possibility that the decreased FC within WM12-WM5-DAN 
may be related to pain relief occurring as a result of functional adap-
tation of the brain to the pain. The additional finding of increased FC 
between the posterior cingulum bundle of WM12 and DAN in this 
loop may be explained by a report that the connection between PCC 
and DAN plays a crucial role in balancing internally and externally di-
rected attention.55 In another study, it was reported that the activity 
of the attention network was the greatest during attention to pain.48 
Furthermore, Yoshino et al have reported that in addition to FC of 
cingulo-DAN being increased as a result of painful stimulation, a 
negative correlation was subsequently found between cingulo-DAN 
FC and decrease in pain intensity after treatment.56 The increased 
FC between WM12 and DAN observed in the present study may 
indicate that orthodontic pain is characterized by attention to the 
pain sensation caused by an external stimulus, namely, the elastic 
separator.

The third GM-WM loop is GM7-WM12-WM9-GM7. GM7 in-
volves bilateral insula, temporoparietal junction, and ACC, which 
are key nodes of SN. The middle cingulum bundle (WM9) is also 
connected with SN and WM12 structurally. In previous studies, 
increased FC of SN57 between insular and PCC18 and between in-
sular and thalamus58 has been reported in patients with chronic 
pain. The increased FC of insular–PCC/thalamus was positively 
correlated with pain duration58 and influenced by imbalances in 
the level of excitatory and inhibitory neurotransmitters.59 The 
excitatory amino acid, glutamate, was found to be increased as 
a result of painful stimulation,60 and it is thus possible that the 
increase of FC, between insula and PCC and between insula and 
thalamus, may be caused by hyperactivity of glutamatergic neu-
rons produced as a result of painful stimulation. The present study 
has added to the above knowledge of increased FC among GM 
networks, suggesting the WM networks (posterior thalamic ra-
diation and middle cingulum bundle) also having an increased FC 
with SN under a painful stimulation. Treatment of the emotional, 
sensory, and perceptual dimensions of pain has been reported to 
produce reductions in the activity of the posterior and middle cin-
gulum bundle,55,61 and pain discomfort has been reported to be 
successfully reduced by cingulate gyrotomy.62 Thus, the decreased 

FC between WM12 and WM9 and between WM6 and WM9 may 
represent an adaption to weaken the feelings of pain. However, 
further studies are required to determine how the alteration in 
GM-WM FC contributes to the neurobiological mechanisms in 
subjects with orthodontic pain.

4.3 | Limitations

The potential limitations of the study should be considered. Firstly, 
the rsfMRI analysis only considered the differences in the magni-
tude of FC between groups and not the direction of the FC within 
and between GM and WM networks. Future research to provide a 
more detailed and directional FC analysis will help to elucidate the 
neurobiological underpinnings of pain arising from orthodontic 
treatments. Secondly, the experimental paradigm employed in the 
present study did not simulate the whole process of orthodontic 
treatment. To further and fully understand the neurological mecha-
nisms that produce orthodontic pain, a longitudinal study is needed 
and will be made more straightforward if orthodontic treatment is 
performed using materials that are compatible with and do not pro-
duce artifacts on MR images.63

5  | CONCLUSION

The present analysis of rsfMRI data revealed alterations in whole-
brain FC in subjects with experimentally induced orthodontic pain 
compared to controls, which included increased FC between poste-
rior thalamic radiation and posterior cingulum network (ie, WM12) 
and most GM networks together with altered FC in three loops of 
GM-WM networks that all included WM12. The familiar GM net-
works of DMN, DAN, and SN were each a prominent feature of re-
spective GM-WM loops which is interpreted as indicating that there 
may be an adaptive alteration of FC between GM and WM networks 
to manage and remediate the debilitating sensations of orthodontic 
pain. The neuroimaging findings that WM networks mediate ortho-
dontic pain sensations and experience facilitates the understanding 
of the neural mechanism of orthodontic pain, potentially support the 
development of effective and comprehensive palliatives and rem-
edies, and may guide the development of methods for pain relief in 
clinical orthodontic pain in the future.
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