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Background: Increasing evidence from modern neurcimaging has confirmed that
cervical dystonia (CD) is caused by network abnormalities. Specific brain networks
are known to be crucial in patients suffering from CD. However, changes in network
homogeneity (NH) in CD patients have not been characterized. Therefore, the purpose
of this study was to investigate the NH of patients with CD.

Methods: An automated NH method was used to analyze resting-state functional
magnetic resonance (fMRI) data from 19 patients with CD and 21 gender- and
age-matched healthy controls (HC). Correlation analysis were conducted between NH,
illness duration and symptom severity measured by the Tsui scale.

Results: Compared with the HC group, CD patients showed a lower NH in the right
superior medial frontal gyrus. No significant correlations were found between abnormal
NH values and illness duration or symptom severity.

Conclusion: Our findings suggest the existence of abnormal NH in the default mode
network (DMN) of CD patients, and thereby highlight the importance of the DMN in the
pathophysiology of CD.

Keywords: cervical dystonia, resting-state functional magnetic resonance, network homogeneity, default mode
network, superior medial frontal gyrus

INTRODUCTION

Cervical dystonia (CD) is a disorder of the nervous system characterized by involuntary sustained
contractions of the cervical musculature, causing an abnormal and involuntary rotation or
tilt of the head in specific directions (1). The head may typically turn resulting in torticollis,
laterocollis, anterocollis, or retrocollis (2). CD is the most common type of focal dystonia, and
the first symptoms are frequently exhibited between 40 and 60 years of age. The disorder is often
accompanied by head tremors and chronic neck pain (3). Abnormal posture can cause pain and
lead to significant disability in daily living activities, such as reading and driving (4, 5), which can
lead to unemployment (6, 7). Indeed, there has been reported a substantial negative influence of
CD on employment, with CD-related pain as a particularly important factor (8). Moreover, CD
patients sustain significant psychosocial disability and a decline in their quality of life. Therefore,
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it is important to diagnose patients with CD and offer
these patients an effective therapy, however, the pathological
mechanism of CD is still poorly understood.

It is widely accepted that deficient motor control in dystonia
is related to basal ganglia dysfunction, ultimately resulting in
a systems-level loss of inhibitory function (9-12). Recently,
emerging evidence suggests the probability of widespread
abnormalities in brain networks in which the basal ganglia are
important nodes. This introduced the hypothesis that CD can be
attributed to the dysfunction of specific brain networks, although
their precise role in CD is currently uncertain.

Through the developments of neuroimaging techniques, it
is now possible to investigate details of structural changes and
neuronal activity in the brain that are potentially involved in
the pathophysiology of CD. For example, several structural
neuroimaging studies have reported micro-structural changes in
specific brain regions of CD patients, including the basal ganglia,
thalamus, cerebellum, motor cortex, and supplementary motor
cortices (13-21). Functional magnetic resonance imaging (fMRI)
studies provide the most consistent results (22, 23). Furthermore,
in task-free fMRI research, CD patients were shown to have
altered functional brain connectivity in a couple of resting-
state networks as compared with those of healthy controls (22).
Thus, cervical dystonia is suggested to be a disorder caused
by the dysfunction of multiple neural networks. Recently, we
have studied regional homogeneity (ReHo) changes in CD, and
confirmed that abnormal ReHo existed in brain regions of the
“pain matrix”, salience network (the right insula and bilateral
middle cingulate gyrus), motor network (the right precentral
gyrus), cerebellum and medial prefrontal cortex (MPFC) (24).
However, it remains unclear if the network homogeneity (NH)
is affected in CD patients.

Over recent years, a methods to analyze resting-state fMRI
data have provided a new way to study the previously neglected
field of intrinsic network organization (25). The method named
NH, which is an unbiased assessment of the homogeneity of a
neural network, was first used to study the default mode network
(DMN) of attention-deficit/hyperactivity disorder by Uddin et al.
(25). NH is a voxel-wise that examines the correlation of a voxel
with all other voxels belonging to a specific network of interest.
The NH existed its advantages that have been detail stated in our
previous studies (26, 27). Homogeneity is defined as the average
correlation of the time series of any given voxel with the time
series of all other voxels within the network (25). So far, NH
has been investigated in studies of individuals with somatization
disorder (26), major depressive disorder (28), schizophrenia (27)
and their unaffected counterparts (29).

In this study, we used the NH method to study patients
with CD. Previously, we have used Global-brain functional
connectivity (GFC), voxel-mirrored homotopic connectivity
(VMHC) and ReHo to analyze fMRI data of patients with
CD. Results showed that the GFC and the VMHC in the
supplementary motor area (SMA) were significantly decreased
(30, 31). Furthermore, a negative correlation was found between
the VMHC values in the SMA with the severity of dystonia
(31). Additionally, CD patients showed increased ReHo in the
right cerebellum crus I and decreased ReHo in the right superior

MPEC. The right precentral gyrus, right insula, and bilateral
middle cingulated gyrus also showed increased ReHo values. A
significantly positive correlation was observed between ReHo in
the right cerebellum crus I and symptom severity (24). Therefore,
CD patients had alterations in brain networks of the “pain
matrix”, salience network, motor network and DMN. Given the
NH method was restricted to reveal the neuro-activities of DMN,
thus we expected the NH method making new contributions by
exploring NH in the DMN to understanding the pathological
mechanism of CD. Based on previous findings, we hypothesize
that CD patients would show abnormal NH, particularly the
DMN, and that may further positively correlated with clinical
data such as illness duration and symptom severity.

MATERIALS AND METHODS

Subjects

This study, which was approved by the ethics committee of
the First Affiliated Hospital, Guangxi Medical University, China,
was performed in an outpatient setting in the Department
of Neurology of The First Affiliated Hospital. Patients were
diagnosed based on the 2011 EFNS (European Federation of
Neurological Societies) guideline on the diagnosis and treatment
of primary dystonias. Patients who matched the following
criteria were included in the study: (1) idiopathic cervical
dystonia; (2) no history of botulinum toxin treatment, related
drug therapy, or operation in the previous 3 months; (3) no
history of serious physical or neuropsychiatric disorders; and
(4) right-handedness.

Healthy controls (HC) were simultaneously recruited from
the community. They were group-matched in gender, age, and
were all right-handed. The exclusion criteria for HC individuals
were as follows: (1) diagnosis of secondary spasmodic torticollis;
(2) any history of severe physical or neuropsychiatric disorders;
and (3) any family history of psychiatric or neurological
diseases in their first-degree relatives. Only subjects who had
no contraindications for MRI or exhibited no abnormalities in
conventional MRI scans were included.

The Tsui scale (32) was used to measure the symptom severity
of CD of all patients. Every subject was given information relating
to study procedures and provided written informed consent.

Image Acquisition

Resting-state image acquisition was performed on a Siemens
3.0 T scanner (Erlangen, Germany). All subjects underwent scans
with foam padding and earplugs to minimize head movement
and reduce scanner noise. Every participant was asked to lie still
and relax, eyes closed, and remain awake but avoid thinking
of anything in particular. Subsequently, we confirmed that each
subject had not fallen asleep during the session. For each subject,
the following parameters were used for echo-planar imaging
sequence acquisition: repetition time/echo time (TR/TE) =
2,000/30 ms, slice thickness = 4 mm, flip angle = 90°, gap =
0.4 mm, matrix = 64 x 64, FOV = 24 x 24cm, number of
volumes = 250.
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Data Pre-processing

Data pre-processing was performed using Matlab (33)
(Mathworks) data processing assistant for resting-state
fMRI (DPARSF) (34). The primary process included: slice
timing, realignment, spatial normalization, registration to the
MNI template, and temporal bandpass filtering. Details of
preprocessing are presented in our previous study (26). We
excluded the participants who had more than 2° of angular
rotation in each axis and 2mm of translation in the x-, y-,
or z-direction.

NH Analysis

After data pre-processing, we performed NH analysis on Matlab
(33) (Mathworks). The equation to calculate the NH of CD
patients and HCs has been previously described by Uddin et al.
(25). Briefly, the correlation coefficients of each voxel were
computed against all other voxels within the DMN mask and
averaged to generate the NH maps. Subsequently, the NH maps
were smoothed by a Gaussian kernel of 8 mm with full-width at
half-maximum and used in further analysis.

Statistical Analysis

Demographic and clinical information, such as sex and age
were recorded. The Chi-square test was used to compare
qualitative variables, whereas the two-sample ¢-test was used
to compare quantitative variables (p < 0.05). The NH analysis
were completed using REST with a two-sample ¢-test. Multiple
comparisons were conducted using a Gaussian random field
(GRF) correction (voxel significance: p < 0.001, cluster
significance: p < 0.005), and the level of significance was set at
the corrected p < 0.05.

Moreover, the mean NH values of brain regions that were
defined as regions of interest (ROIs) that showed abnormal
NH were extracted. Subsequently, further correlation analysis
between these NH values and illness duration and Tsui scores
in the patient group (p < 0.05) were performed. Correlation
analysis of mean NH values of clusters and patient age were
performed using Pearson’s correlations, and correlation analysis
of illness duration and Tsui total score were performed using
Spearman’s correlations.

Reproducibility

Given the small sample size, we used split-half and leave-one-
out validations to assess the reproducibility of the present results.
First, we randomly selected 10 CD patients and 11 healthy
controls from the two groups and analyzed using the same
statistical tests as those employed for the total number of patients.
In parallel, group comparisons may significantly lose statistical
power in the split-half analysis. Thus, we also performed leave-
one-out validations of the reproducibility and robustness of
these results without reduced statistical power. Specifically, we
excluded one CD patient from the group and performed the same
group comparisons based on the permutated sample (e.g., 18 CD
vs. 21 healthy controls). Consequently, a total of 19 two-sample
t-test images were generated. Based on these images, numerous
tests for each voxel revealed significant group differences across

TABLE 1 | Demographics and clinical characteristics of the patients and the
controls.

Variables Patients Controls p-value
(mean =+ standard deviation)

Gender (female/male) 10/9 15/6 0.2202
Age, years 38.74+10.71 39.62 +6.62 0.759°
liness duration, months 24.29 + 31.26

Tsui 16.32 £ 4.45

Tsui, Tsui scale.
aThe p-value for gender distribution in the two groups was obtained by chi-square test.
bThe p-values were obtained by two sample t-tests.

TABLE 2 | Difference in head motion of the patients and the controls.

Testing Translation Rotation
statistic
X y z X y z
T —0.943 -0.781 —0.033 -0.378 —0.845 —-1.148
P 0.352 0.439 0.974 0.707 0.403 0.258

The p values were obtained by two sample t-tests. x, y, z, coordinates of the MNI space. x,
Y, Zrepresented of translation in the x-, y-, or z-direction and angular rotation in each axis.

all 19 two-sample t-tests; these differences were calculated as the
reproducibility of NH between CD patients and HCs.

RESULTS
Subjects

There were no subject excluded due to any contraindications
for MRI or shown changes under conventional MRI scans. No
participants were excluded due to falling asleep during image
acquisition. Two patients were excluded due to excessive head
movement. Therefore, 19 patients and 21 HCs were included
in this study. As listed in Table 1, there were no significant
differences between the patient and control groups in gender
ratio (t-tests, p = 0.220) or age (Chi-square test, p = 0.759).
There were no difference in head motion of the residual patients
and HCs. The detail results were listed in Table 2. Additionally,
in the CD group, 12 patients were bilaterally affected, while the
remaining patients were affected on the left side only. A total
of 17 patients complained of painful neck muscles, and 18 of
19 CD patients reported sensory tricks. Sensory tricks are known
as an abnormal posture and involuntary movements of the head
and neck that can be temporarily improved by specific behaviors,
including light touching the lower part of the cheek, jaw and
posterior neck, leaning against the wall, carrying a backpack or
keeping something in the mouth.

NH: Between-Group Comparison

Compared with HCs, CD patients showed a lower NH in the right
superior medial frontal gyrus. None of the brain regions showed
a significantly increased NH in CD patients compared with those
of HCs. Group comparisons of NH values are shown in (Figure 1;
Table 3).
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FIGURE 1 | NH differences between patients with CD and controls. Red and blue denote higher and lower NH respectively and the color bars represent the t values
from two-sample t-test of the group analysis. NH, network homogeneity; CD, cervical dystonia.

TABLE 3 | Brain regions with significant NH differences in the patients.

Brain regions Peak (MNI) Number of voxels T-value
X y z

Patients < Controls

Right superior medial frontal gyrus 12 63 12 90 —5.9244

X, y, z, coordinates of primary peak locations in the MINI space; T, statistical value of peak
voxel showing NH differences between the patients with CD and the controls; CD, cervical
dystonia; NH, network homogeneity; MNI, Montreal neurological Institute.

Reproducibility

Considering the small sample size of our study, we used split-
half and leave-one-out validations to assess the reproducibility of
our results.

Split-Half
The results of split-half replicated those of the full sample
(Figure 2).

Leave-One-Out Validation

The results indicated a highly reproducible pattern of NH
alteration across these tests, as well as in the overall analysis
(Figure 3).

Correlations Between NH and Clinical

Variables

The abnormal NH in the right superior medial frontal gyrus of
CD patients was defined as the ROIL, from which mean NH values
were extracted. Linear correlations were calculated between these
NH values and the illness duration or Tsui score in the patient
group. No significant correlation was detected between these NH
values and illness duration or Tsui score.

ROC Results

The abnormality found for NH values in the right superior medial
frontal gyrus of CD patients was further validated by the ROC
method. The results supported that the NH values in the right
superior medial frontal gyrus could be applied to differentiate
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FIGURE 2 | Split-half validation. Comparisons of whole-brain NH were performed between 10 CD patients and 11 healthy controls. Blue denote lower NH respectively
and the color bars represent the t value from two-sample t-test of the group analysis. NH, network homogeneity; CD, cervical dystonia.

patients from controls with optimal specificity (85.71%, 18/21)
and sensitivity (94.74%, 18/19) (Figure 4; Table 4).

DISCUSSION

Previous fMRI studies in CD patients were mostly task-based,
which have limitations compared with resting-state fMRI. First,
the introduction of tasks is likely to cause activation in brain
regions associated with the completion of tasks and mask
abnormal spontaneous activities in regions associated with the
pathogenesis of the disease. In addition, it is difficult to choose
tasks related to CD symptoms based on MRI scans. Thus, we
used the resting-state fMRI method to study CD patients. NH
analysis is a new method to evaluate the NH of a distributed
and meaningful network based on the level of a voxel-wise
comparison. This study used the NH method to analyze the fMRI
data of CD patients and HCs. Compared with the HC group, CD
patients showed lower NH values in the right superior medial
frontal gyrus. No brain region had higher NH values in the CD
group compared with those of the HC group. Furthermore, no
significant correlations were found between abnormal NH values
and age, illness duration, or symptom severity.

The right superior medial frontal gyrus is a primary region
of the SMA (35, 36). The SMA, is an important node of the
cortical-basal ganglia loop, as well as a complement to the
primary motor area and is involved in voluntary movement
and advanced motor activities, such as movement and language

initiation. This drea couples the afferent input and efferent output
of the motor cortex area and integrates complicated movement
sequences with memory organization (36). Additionally, it
is linked to the primary motor cortex, premotor area, and
anterior cingulate area. Therefore, decreased NH values of
CD patients in the right superior medial frontal gyrus may
be implicated in the involuntary spasms of focal muscles. In
the aforementioned studies, the SMA was found to have a
decreased function when analyzed using different analytical
methods (i.e, VMHC and GFC) (30, 31). These findings
strongly suggest that SMA dysfunction plays a key role in
CD occurrence.

Of the 19CD patients we included, 17 patients showed
“sensory tricks”. Neurophysiological evidence suggests that
sensory tricks work by reducing abnormal facilitation. Moreover,
this is associated with established dystonia pathogenesis, leading
to the hypothesis that sensory tricks reduce abnormally increased
facilitation-to-inhibition ratios in brains with dystonia (37).
Naumann et al. found that CD patients had a decreased
activation of the contralateral SMA, primary sensorimotor
cortex, ipsilateral parietal regions while the bilateral occipital lobe
was overactivated upon “sensory tricks” stimulation (38). On
the basis of these observations, we postulate that CD patients
exhibit disturbed SMA function, leading to abnormal initiation,
planning of movement, and advanced motor functions, which
may be involved in the mechanism of sensory tricks. Thus, we
hypothesize that the right superior medial frontal gyrus affects
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FIGURE 3 | Leave-one-out validation. The group comparisons based upon the permutated samples (i.e., 18 CD vs. 21 healthy controls) for total 19 times. For each
voxel, the color indicates number of tests where this voxel exhibited significant group differences across the total 19 tests (i.e., the reproducibility).

the function of the SMA thereby contributing to the onset
of CD.

The right superior medial frontal gyrus was suggested as a
key node of the DMN (39). Besides, a neuroimaging study that
investigated several subregions of the human superior frontal
gyrus (SFG) showed a strong functional connectivity with the
anterior cingulate cortex of the DMN (40). The DMN performs
functional connectivity enhancement and exhibits a high level
of neural activity in the resting state but it is inactivated when
performing targeted tasks or behaviors. Its main function is
to maintain self-referential activity, monitoring the self and
surrounding environment (41), and environmental positioning
(42). The DMN is known to exhibit abnormal neuro-activity
in several neurological and neuropsychiatric disorders, such
as Alzheimer’s, Parkinson’s, epilepsy, schizophrenia (27, 43,
44), and major depressive disorder (28). In another study,
we observed abnormal regional activity of this network (the
right cerebellum crus I and superior medial prefrontal cortex)
(24). Lower NH values of the right superior medial frontal
gyrus in CD patients might therefore influence the function
of this region and result in loss of top-down regulation. This
might be a basal pathological change associated with self-
referential activity, self and environmental monitoring, and
environmental positioning, consequently disturbing posture
control. In another word, lower NH in the right superior
medial frontal gyrus contributed to disturb the DMN function

on posture controlling or rather contraction of the cervical
musculature involuntary and sustained in CD patients. Thus, the
right superior medial frontal gyrus was an evidence of abnormal
function of DMN in patients with CD. On this basis, we speculate
that the DMN may also be involved in the occurrence of CD
therefore it could be expected as a potential biomarker for
further study.

We observed asymmetric activity patterns in CD that
were primarily involved in the right-hemispheric dystonia-
related connectivity pattern. It is important to note that the
asymmetric activity patterns were not an accidental finding,
as we have noted in other studies in patients with CD (24).
This phenomenon has been previously reported, for instance,
during finger movements (45) and in the resting state (22). A
possible explanation for the laterality of the right hemisphere
may be due to its dominance in position control; ie., the
right hemisphere determines response modifications so that
it is dominant for position control (46). However, how this
pattern relates to the pathogenesis of CD remains to be
further studied.

Strikingly, no significant correlations were found between
abnormal NH brain regions and CD clinical data such as illness
duration and severity of symptoms. This suggests a corollary
that the abnormality of this region is an inherent abnormality
of dystonia. The most likely reason is that abnormalities in
the cortex and not only the basal ganglia are a cause for
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FIGURE 4 | Receiver operating characteristic (ROC) curves using the mean
NH in the right superior medial frontal gyrus to separate the patients from
healthy controls. NH, network homogeneity.

TABLE 4 | ROC analysis for differentiating patients from healthy controls.

Brain regions Area under Cut-off Sensitivity Specificity
the curve point

Right medial superior 0.950 0.80 94.74%, 85.71%,

frontal gyrus 18/19 18/21

ROC, receiver operating characteristic, NH, network homogeneity.

this disorder. Thus, we suggest that abnormalities in the
right superior medial frontal gyrus are intrinsic to CD. In
addition, as presented in Table 3, the sensitivity and specificity
of the ROC analysis in the right superior medial frontal
gyrus were 94.74 and 85.71%, and the area under the curve
of the right superior medial frontal gyrus was >0.7, an
acceptable accuracy for established diagnostic indicators. Hence,
we suggest that decreased NH in the right superior medial frontal
gyrus might be utilized as a potential biomarker to diagnose
CD patients.

There are several limitations to our study. First, the sample
size was small. Second, dystonic posturing was minimal in the
supine position or absent during scanning in all patients. To
confirm whether this was a specific sensory trick is challenging.
Therefore, the influence of a sensory trick on the analysis could
not be fully eliminated. Moreover, physiological noises including
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